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1. INTRODUCTION

Hyperbolic actions of higher rank abelian groups are markedly different from
single hyperbolic diffeomorphisms and flows and display a multitude of rigidity
properties such as measure rigidity and cocycle rigidity. We refer to the survey
[78] as a starting point for these topics, and [11,22,23,80] and [17,52,84] for more
recent developments concerning measure and cocycle rigidity, respectively. In this
paper, we concentrate on the third major rigidity property: classification and global
differential rigidity of such actions.

Smale already conjectured in 1967 that generic diffeomorphisms only commute
with their iterates [77]. In the hyperbolic case this was proved by Palis and Yoccoz
in 1989 [63,64]. Recently, Bonatti, Crovisier and Wilkinson proved this in full
generality [5]. Much refined local rigidity properties were found in the works of
Hurder and then Katok and Lewis on deformation and local rigidity of the standard
action of SL(n,Z) on the n-torus in which they used properties of the action of
higher rank abelian subgroups [40,48,49]. This led to investigating such actions
more systematically.

Let us first coin some terminology. Given a foliation F, a diffeomorphism a
acts normally hyperbolically w.r.t. F if F is invariant under a and if there exists a
C° splitting of the tangent space TM = E$ & TF @ EY into stable and unstable
subspaces for a and the tangent space of the leaves of F. More precisely, we assume
that £ and E are contracted uniformly in either forward or backward time by a
(see Definition 4.1 for precise definitions).

All manifolds discussed will be assumed to be connected unless otherwise stated.
This will often be superfluous, since we often assume the existence of a continuous
action of a connected group with a dense orbit.

Definition 1.1. Let k,l € Z>o, k+1 > 1, and RF x Z' ~ X be a locally free
C' action on a compact manifold X. If a € R* x Z* acts normally hyperbolic to
the orbit foliation of R¥, we call a an Anosov element, and o an Anosov action. If
k+ ¢ > 2, the action is called higher rank.

Let A C R*¥xZ* denote the set of Anosov elements, and p : R¥+4\ {0} — RPF+¢-1
denote the projection onto real projective space. We say that an action is totally
Anosov if p(A) is dense in RP*+¢-1,

An action RF x Z¢ ~ X is called transitive if there exists a point z € X such
that (R¥ x Z%) - x is dense in X. An Anosov action is cone transitive if there exists
an open cone C' C R**¢ such that C N RF x Z consists of Anosov element, and
there exists some x € X such that (C N (RF x Z%)) - z is dense in X.

Remark 1.2. Note that higher rank Anosov Z‘-actions correspond to £ commuting
diffeomorphisms with at least one being Anosov. However, when k& > 1, Anosov
elements of the action are not Anosov diffeomorphisms, as they necessarily act
isometrically along the R¥-orbit foliation. For example, an R! Anosov action is an
Anosov flow, and in this case every nonzero element will be Anosov. In general,
the set of Anosov elements is a union of open cones which we will explain later.
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CARTAN ACTIONS OF HIGHER RANK ABELIAN GROUPS 733

Definition 1.3 is critical to the structure theory of higher rank abelian actions.

Definition 1.3. Let k+¢ > 1 and R* x Z¢ ~ X be a C" action on a C'* manifold
X, r>1. A C?-rank one factor, s < r is

e a C'* manifold Y and a C® submersion 7 : X — Y,

e a surjective homomorphism o : RF x Z¢ — A, where A is a compact exten-
sion of R or Z, and

e a locally free, faithful C* action A ~ Y such that 7w(a-z) = o(a) - 7(x).

The factor is called a Kronecker factor if Y = T¢ for some d € Z,, and the
action of A is by translations and transitive (in the group-theoretic sense).

Remark 1.4. If X is a compact manifold, R x Z* ~ X is an Anosov action,
and w : X — Y is a Kronecker factor, it is not difficult to see that any two
elements related by a stable or unstable manifold must be sent to the same point.
In particular, there are no Kronecker factors of an Anosov Z‘ action, and the
only Kronecker factors of an Anosov R¥ action correspond to projecting onto the
coordinates of the acting group (and any such action is transitive on T¢).

Our definition coincides with another one that is often used: one may alter-
natively define a C*-rank one factor as a factor for which a cocompact subgroup
A" C RF x Z! acts by a single flow or diffeomorphism after projecting ((R* x Z*)/A’
corresponds to compact extension of Definition 1.3).

The lack of a rank one factor can be interpreted as an irreducibility condition:
many actions with rank one factors are represented as skew-products in the corre-
sponding category where the base of the skew product is a flow. One may similarly
define measurable and continuous (C?) factors of the action, in which the regularity
conditions are relaxed. It is clear that every smooth rank one factor is topological,
and every topological rank one factor is measurable. Forbidding smooth rank one
factors is therefore weakest of the possible no rank-one factor assumptions.

There are natural examples of higher rank actions coming from homogeneous ac-
tions, e.g. by the diagonal subgroup of SL(n,R) on a compact quotient SL(n,R)/T
or actions by automorphisms of Lie groups, e.g. by commuting toral automor-
phisms. More generally, genuinely higher rank actions should be algebraic in the
following sense (see Part IT for examples of such Anosov actions):

Definition 1.5. An algebraic action is an action of R¥ x Z!, k41 > 1, by compo-
sitions of translations and automorphisms on a compact homogeneous space G/I.
The action is homogeneous if it consists only of translations.

Remark 1.6. In other settings, algebraic actions allow for actions by translations
and automorphisms on a double homogeneous space K\G/T', where K is compact.
In particular, this often appears for Anosov actions, even in rank one. However, in
the Cartan setting, we will always have that K = {e}.

Katok and Spatzier proved local C* rigidity of so-called standard actions with-
out rank one factors in [50], generalizing the earlier works by Hurder [40, Theorem
2.19] respectively Katok and Lewis [48, Theorem 4.2]. This gives evidence for Con-
jecture 1.7 of Katok and Spatzier (posed as a question in [13] and as a conjecture
in [38, Conjecture 16.8]).

Conjecture 1.7 (Katok-Spatzier). All higher rank C*° Anosov actions on any
compact manifold without C*° rank one factors are C* conjugate to an algebraic
action after passing to finite covers.
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734 RALF SPATZIER AND KURT VINHAGE

Due to an example recently discovered by the second author, the conjecture as
stated here is false. However, a weakened version of the conjecture may hold, in
particular, by strengthening the Anosov assumption to totally Anosov. Further-
more, the counterexample can be constructed only for actions of RF x Z¢, k > 2.
When k£ < 1, the conjecture may still hold. This paper also contains several new
examples of totally Cartan actions, which illustrate that each of our assumptions
is necessary, which are described in Section 8.

Weakened versions may also hold in the C" setting, possibly with loss of reg-
ularity in the conjugacy. This loss of regularity occurs in many rigidity theorems
for partially hyperbolic actions, see, e.g. [17]. The minimal value of r for which
rigidity holds is still mysterious.

Conjecture 1.7 is reminiscent of the longstanding conjecture by Anosov and
Smale that Anosov diffeomorphisms are topologically conjugate to an automor-
phism of an infra-nilmanifold [77]. The higher rank and irreducibility assumptions
allow for much more dramatic conclusions: First, the conjugacy is claimed to be
smooth. For single Anosov diffeomorphisms, smooth rigidity results are not possible
as one can change derivatives at fixed points by local changes. Furthermore, Farrell
and Jones and later Farrell and Gogolev constructed Anosov diffeomorphisms on
exotic tori [24-26] (although after passing to a finite cover, the exotic structure
becomes standard). Thus not even the differentiable structure of the underlying
manifold is determined. Secondly, the conjecture applies equally well to Z* and
Rk-actions. There is no version of the Anosov-Smale conjecture for Anosov flows.
Even topological rigidity is out of reach as there are many flows which are not even
orbit-equivalent to Anosov flows, see for instance the Handel-Thurston examples
[36]. In addition, Anosov flows may not be transitive, such as the Franks-Williams
examples [31].

Significant progress has been made on this conjecture in the last decade. For
higher rank Anosov Z* actions on tori and nilmanifolds, Rodriguez Hertz and Wang
[73] have proved the ultimate result: global rigidity assuming only one Anosov ele-
ment, and that its linearization does not have affine rank one factors. This improves
on the results of [71], and together they are the only known results that assume
the existence of only one Anosov element in the action. In fact it followed earlier
work by Fisher, Kalinin and Spatzier [29] for totally Anosov actions, i.e. Anosov
actions with a dense set of Anosov elements. As knowledge of the underlying man-
ifold is required, this is really a global rigidity theorem. Finally, in the same vein,
Spatzier and Yang classified nontrivially commuting expanding maps in [79]. This
was possible as expanding maps were known to be C° conjugate to endomorphisms
of nilmanifolds (up to finite cover) thanks to work of Gromov and Shub [34, 76].
Of course, a positive resolution of the Anosov-Smale conjecture, combined with the
results above, would automatically prove the Katok-Spatzier conjecture for higher
rank Z* actions.

Much less is known for R* actions or when the underlying manifold is not a torus
or nilmanifold. We will concentrate on the so-called totally Cartan actions. For
a totally Anosov action «, a coarse Lyapunov foliation is a foliation whose leaf at
x is the path component containing = of the maximal (nontrivial) intersections of
stable manifolds N;W; (z) for some fixed Anosov elements a; (see Section 4.1 for a
thorough discussion and definition). If « preserves a measure p of full support, this
can be phrased in terms of Lyapunov exponents (see Section 4.2), thus the name.
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Definition 1.8. A (totally) Anosov action of A =RF x Z!, k+1>1, A~ X, is
called (totally) Cartan if all coarse Lyapunov foliations are one dimensional.

We remark that while our theorems hold when k41 = 1, their conclusions reduce
to well-established theorems about Anosov diffeomorphisms of surfaces and Anosov
flows on 3-manifolds. Indeed, when k + [ = 1, the Cartan condition will force the
stable and unstable manifolds to have dimension one.

The notion of a Cartan action has had varying incarnations: one may insist that
each coarse Lyapunov foliation is 1-dimensional and that for each coarse Lyapunov
foliations W, there exists a € R¥ x Z‘ such that W = W (as defined in [40]);
or one may define a Cartan action to be an action of Z"~! on an n-manifold (as
defined in [48] and [43]); or we may use our definition, which coincides with the one
given in [47]. Tt by far is the weakest of the possible definitions, is implied by all
the others and there are many examples which satisfy Definition 1.8 which do not
satisfy the alternatives.

Kalinin and Spatzier classified C* totally Cartan actions of R¥ for k > 3 in [47]
on arbitrary manifolds under the additional hypothesis that every one-parameter
subgroup of R¥ acts transitively and « preserves an ergodic probability measure
w of full support. Later, Kalinin and Sadovskaya proved several strong results in
this direction for totally nonsymplectic (TNS) actions of Z*, i.e. actions for which
no two Lyapunov exponents (thought of as linear functionals on Z‘) are negatively
proportional. They also treated higher dimensional coarse Lyapunov spaces but
required additional conditions such as joint integrability of coarse Lyapunov foli-
ations or nonresonance conditions, as well as quasi-conformality of the action on
the coarse Lyapunov foliations [44,45]. Recently, Damjanovi¢ and Xu [20] general-
ized their results relaxing the quasi-conformality conditions but still requiring joint
integrability or nonresonance. The joint integrability or nonresonance conditions
are useful to force the coarse Lyapunov subspaces to “commute,” which guarantees
that the action is on a torus.

We improve on the assumptions appearing in these works in the following ways:

e We establish a new method of building homogeneous structures, which
allows for resonances and nonintegrability, allowing for complete classifica-
tion.

e We do not require the existence of an ergodic invariant measure of full
support (we only require cone transitivity of the R* x Z* action).

e We do not directly require (cone) transitivity or ergodicity for subactions
(e.g. the ergodicity of one-parameter subgroups), instead deducing their
transitivity by understanding their relationship to rank one factors.

e Our conditions are purely dynamical and do not require topological as-
sumptions or an underlying model.

e We build rank one factors of the action using only dynamical input, and
still obtain a classification in their presence.

We begin by establishing the main result, where the action has no rank one
factors. We actually prove more, allowing Kronecker factors of the action, i.e.,
factors which are translations of a torus. This allows us to discuss the case of ZF
actions by passing to a their suspension (the suspension will always have a transitive
T* factor). We discuss suspensions and their relationship to Kronecker factors in
Section 4.9.
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736 RALF SPATZIER AND KURT VINHAGE

Theorem 1.9 (Main theorem). Let RF x Z¢ ~ X be a C? cone transitive, totally
Cartan action, and assume no finite cover of the action has a non-Kronecker C1¢
rank 1 factor for some 0 € (0,1). Then the action is C?-conjugate to an affine
action (up to finite cover). Furthermore, if the action is C°°, and one instead
assumes that there are no non-Kronecker C* rank one factors of finite covers of
the action, then a C*° conjugacy exists.

Remark 1.10. The assumption of cone transitivity follows from transitivity with
some additional assumptions (such as the existence of a measure of full support, or
the existence of a transitive Anosov element). For more on the relationship between
these transitivity conditions for Anosov actions, see Lemma 4.17.

Remark 1.11. Due to the examples constructed in [83], the totally Cartan assump-
tion may not be relaxed to the Cartan assumption. This shows that the assumption
of totally Cartan is optimal.

We will use Theorem 1.9 in the proof of the full classification result. In addition,
we describe all homogeneous (in fact, affine) totally Cartan actions, see Section 7. If
one assumes that the action is Lyapunov orientable (Definition 1.8), then one may
replace the assumption that every finite cover of the action has no non-Kronecker
rank one factors with the assumption that the action itself has no non-Kronecker
rank one factors. Therefore, in general, one only needs to check up to 2dim(X)—k_
fold covers of X. Alternatively, one may assume that there are no orbifold factors
of a given action.

To describe the structure of a general totally Cartan R¥ x Z° action, we first
need a few additional structural features, which we now describe. Let A be the set
of coarse Lyapunov exponents of the totally Cartan action (see Section 4.2). Then
let S C R* be defined by S = ﬂﬁeA ker 8. We call S the Starkov component of the

R*-action.

Remark 1.12. One may alternatively describe the Starkov component as the set of
a € R* satisfying any (and hence all) of the following conditions:

(1) @ has zero topological entropy.

(2) {a*: k € Z} is an equicontinuous family.

(3) a does not have sensitive dependence on initial conditions.

(4) @ is not partially hyperbolic (with nontrivial stable and unstable bundles).

See Lemma 19.2. Therefore, the condition that an action has trivial Starkov
component is equivalent to 0 being the only element satisfying any of the above
conditions.

The Starkov component can be considered the “trivial” part of the R* action,
and we can safely ignore it after passing to a factor. Lemma 19.3 constructs the
Starkov factor of R¥ ~ X, which we denote by RF¥=¢ ~ X = X/S. The Starkov
factor carries all of the relevant hyperbolic behavior on X.

In addition to Theorem 1.9, we can completely describe the structure of totally
Cartan actions (even with rank one factors). For a more precise statement, see
Theorem 20.1.

Theorem 1.13 (Structure theorem). If R¥ ~ X is a C* (or C?), cone transitive,
totally Cartan action with trivial Starkov component, then X is a homogeneous C'*°
(resp. CY9 for any 1 > 6 > 0) fiber bundle over a closed submanifold of product
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of 3-manifolds. The action covers a (restriction of a) product of Anosov 3-flows,
preserves the fiber bundle, and both the action and holonomies are algebraic maps
when restricted to fibers.

We cannot dispose of the condition that the Starkov factor is trivial, or that the
actions cover a restriction of the product of Anosov flows, as shown in Sections 8
and 8.3. The case of Z¢ actions has a simpler statement, due to the absence of a
Starkov component.

Corollary 1.14 (Rigidity of Z¢ actions). Let a : Z* ~ X be a C? cone transitive,
totally Cartan action. Then, up to finite cover, X is a C*? fiber bundle (for any
1>60>0) over (T?)™ for some m, whose fibers have a canonical C*? nilmanifold
structure (i.e., are parameterized by a transitive C1% nilpotent group action). The
Z* action maps fibers to fibers, and descends to (a restriction of) the product of m
C1? Anosov diffeomorphisms on (T2)™.

Furthermore, each a(a) and the stable and unstable holonomies are induced by
automorphisms of the nilmanifold structure when restricted to fibers. Finally, if
the action is C*°, so are the Anosov diffeomorphisms, the submersion and the
nilmanifold structure.

We can also apply Theorem 1.9 to obtain a global rigidity result for totally
Cartan actions on spaces of the form X = M\G/T', with G a semisimple Lie group
and M a compact subgroup. This result is complementary to the global rigidity
results for Anosov Z* actions (for which the best results are given in [73], see the
discussion above).

Corollary 1.15 (Global rigidity for Weyl chamber flows). Let G be a semisimple
linear Lie group of noncompact type without compact factors, I' C G be a cocompact
lattice such that T' projects demsely onto any rank one factor of G, and M be a
connected compact subgroup of G such that M NT = {e}. Define X = M\G/T to
be the corresponding double-homogeneous space. Fix any k > 1. Then there is at
most one C™ (or C2), transitive, totally Cartan R*-action on X, up to C>° (resp.
CY9 for every 0 > 0) conjugacy and linear time change. Such an action exists if
and only if G is R-split, and in this case, M = {e}, k = rankg(G) and the action
is the Weyl chamber flow on G/T.

Theorem 1.9 also has an immediate application to the Zimmer program of clas-
sifying actions of higher rank semisimple Lie groups and their lattices on compact
manifolds. We refer to Fisher’s recent surveys [27,28] for a more extensive dis-
cussion. This program has been a main impetus for seeking rigidity results for
hyperbolic actions of higher rank abelian groups. We consider the following class
of actions

Definition 1.16. Let G be a semisimple Lie group. We say that a C" action
G ~ X is totally Cartan if it is locally free, and there exists a connected abelian
subgroup A C G such that the restriction of the G-action to an A-action is totally
Cartan. We say that the action is strongly transitive if for every one-parameter
subgroup L C G which is not in the kernel of the projection onto a simple factor
of G, L has a dense orbit.

Remark 1.17. If G preserves a ergodic fully supported measure, then any action
of G is strongly transitive by considering the Howe-Moore theorem. Furthermore,

This is a free offprint provided to the author by the publisher. Copyright restrictions may apply.



738 RALF SPATZIER AND KURT VINHAGE

if G has a totally Cartan action, then G is R-split, and strong transitivity of the
G-action implies cone transitivity of the restriction.

Corollary 1.18 (Classification of totally Cartan G-actions). Let G be a connected
semisimple Lie group without factors locally isomorphic to PSL(2,R). Suppose that
G ~ X is a C? strongly transitive, totally Cartan action of G. Then a finite cover
of the action is CY0 (for any 1 > 6 > 0) conjugate to a homogeneous action of G
on a homogeneous space H/A via an embedding G — H. If the action is C™, so is
the conjugacy.

Remark 1.19. We still get rigidity when rankg(G) = 1 here, but for uninterest-
ing reasons. Indeed, the Cartan condition will require that such a G is locally
isomorphic to PSL(2,R), which we assume does not occur.

2. SUMMARY AND STRUCTURE OF THE PAPER

The paper is organized into 5 parts, with the proofs in the last three. In Part
I, we review several important preliminary topics, as well as prove some “folklore”
theorems (for instance, the generalization of the Anosov closing lemma to R¥ ac-
tions, Theorem 4.15). Many such results had been proven in specialized cases or
stated without proof in other works. In Part II, we recall some standard construc-
tions to build totally Cartan R*-actions, as well as some new constructions of exotic
examples. In Part III, we discuss the relationship between transitivity conditions
for subactions and the existence of rank one factors. In Part IV, we show that if
an action satisfies a transitivity condition equivalent to the nonexistence of rank
one factors, then the action is homogeneous. In Part V, we use the structural re-
sults of the first two parts to prove the full structure theorem, as well as establish
applications of the main theorems.

2.1. Parts I and II: Developing the toolbox. Parts I and I appear before the
main arguments and results of the paper. Part I begins by summarizing necessary
algebraic tools in Section 3, which recalls results in topological groups which we
will use in Part IV.

Section 4 contains many results which are folklore theorems and/or adaptations
of classical theorems in Anosov flows to Anosov RF-actions. This includes the
Anosov closing lemma (Theorem 4.15), which appeared in [52] without proof and
in a more specialized setting in [2, Lemma 4.5 and Theorem 4.8]. We also prove
a spectral decomposition (Theorem 4.16). Unlike its counterpart in Anosov flows,
the proof that R¥-periodic orbits are dense (Lemma 4.17) is not immediate from
transitivity, even with the closing lemma. This is the only place where the condition
of cone transitivity over transitivity is required.

We also generalize notions of stable manifolds called coarse Lyapunov foliations,
with associated linear functionals called weights. In the presence of an invariant
measure, the weights are related to Lyapunov exponents coming from higher-rank
adaptations of Pesin theory, see [12] for a detailed presentation.

We also recall recent developments on normal forms, prove some folklore theo-
rems related to the construction of Lyapunov hyperplanes and show that Anosov
flows on 3-manifolds are virtually self-centralizing (Theorem 4.33).

Section 5 contains several of the crucial new tools we develop and use in Parts IT1-
V. The core of the arguments throughout the paper is isometric-like behavior along
coarse Lyapunov foliations and moving by their associated hyperplanes. This adapts
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arguments from [47] which produced a family of metrics on the coarse Lyapunov
distributions such that the derivative along each such distribution is given by a
functional independent of x. This is a feature of algebraic systems (indeed, our
arguments show that it is a characterizing feature!). Following [47], such a metric
is constructed in Section 5.4 and used extensively in Part IV. When the action has
rank one factors, one does not expect such a metric, since the derivative cocycle
may not be cohomologous to a constant. However, the Lyapunov hyperplanes still
have a weaker property: uniformly bounded derivatives along hyperplanes. This is
proved in Lemma 5.4, and serves as an essential tool in Parts III and V.

The last tool we develop is the geometric commutator, which is essential in
understanding the way in which the coarse Lyapunov foliations interact. When the
coarse Lyapunov distributions are smooth, one can take Lie brackets to answer such
questions. In our case, and most dynamical cases, the vector fields corresponding to
dynamical foliations are only Holder continuous. This motivates another approach.
We replace the Lie bracket with a coarser geometric version of the commutator of
two foliations as W< and W# as follows: create a path by following the o and 3
coarse Lyapunov spaces to create a “rectangle.” We produce a canonical way to
close this path up using legs from other coarse Lyapunov spaces. Those combined
paths define the geometric commutator. We will often call the individual segments
in a coarse Lyapunov space legs of the geometric commutator.

Part II has several examples of actions which exhibit the features of the theorems
as well as illustrate their optimality. We also prove a classification of affine actions.
In particular, we begin by recalling several classically studied examples in Section
6. We then prove a structure theorem for homogeneous Cartan actions in Section
7, which will be important in applications and shows that the classical examples
are (nearly) exhaustive.

Finally, we discuss several exotic constructions of Cartan actions in Section 8.
Many of these examples, such as the one due to A. Starkov discussed in Section
8.1, were known previously. There are also several new examples presented which
show that some assumptions cannot be relaxed, such as that of being totally Cartan
(Section 8.4). This example was further developed by the second author to produce
a nonhomogeneous totally Cartan action without rank one factors. Furthermore,
some conclusions cannot be strengthened, such as the need for a skew product
structure described in Theorem 1.13, rather than a direct product structure (Section
8.6). A similar example was recently constructed by Damjanovic, Wilkinson and
Xu, which we summarize in Section 8.7.

2.2. Part III: Rank one factors and transitivity of hyperplane actions.
One of the key novelties, and difficulties, of our results is that we obtain classifi-
cation results on arbitrary manifolds, without requiring irreducibility conditions,
such as ergodicity of one parameter subgroups. This allows for products and skew
products to appear (as described in the statement of Theorem 1.13, and later The-
orem 20.1). Indeed, since not every Anosov flow on a 3-manifold is homogeneous,
we cannot hope to prove Theorem 1.9 without assumptions to rule them out. If
such a rank one factor exists, by Definition 1.3, there is an associated codimension
one subgroup H = ker o which acts trivially on the factor, and therefore preserves
each fiber. Therefore, if the action has a rank one factor, there exists a codimension
one hyperplane which does not have a dense orbit. In fact, generically, the H-orbit
closures are exactly the fibers of the factor.
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The converse of this observation is much more difficult to prove: one must build
a factor under the assumption that certain hyperplane orbits are never dense. The
aim of Part I1I is exactly this undertaking, culminating in Theorem 2.1. We restrict
our attention to R¥-actions, and treat R¥ x Z‘-actions by considering their suspen-
sions. Indeed, the relationship between rank one factors of the R*¥ x Z* actions and
factors of the suspension is established in Lemma 4.34.

Theorem 2.1. Let R¥ ~ X be a C? (C*) cone transitive totally Cartan action
on a compact manifold X, and fir a Lyapunov hyperplane H C R¥. Then for some
1>6>0 either:

e the action lifts to some finite cover R¥ ~ X, and there is a C1? (C>)
non-Kronecker rank one factor of the lifted action, or

e there is a CYY (C>) Kronecker factor onto TY, and there exists x € 7 1(0)
such that H -z = 7w 1(0), or

e there exists a point x such that H -z = X.

There are several important ingredients in proving Theorem 2.1. We assume
throughout that H does not have a dense orbit, and aim to obtain one of the
first two cases of the theorem. First, we have to build a model for the factor.
We do so by first showing that if the action H is not transitive, then among the
set of RF-periodic orbits, many of them are also H-periodic. Using normal forms,
we are able to show that saturations of H-periodic orbits by the corresponding
coarse Lyapunov foliations are actually fixed point sets for regular elements of H
fixing the periodic orbit itself. We call this set M*(p). They therefore carry a
canonical smooth structure, and are (k+ 2)-dimensional. We further show that the
restriction of the R*-action to this invariant set is Cartan, and that the H-action is
the Starkov component for the restricted action. Therefore, after factoring by the
H-action, which is through a (k — 1)-dimensional torus, one obtains a 3-manifold
onto which we factor.

With the model in hand, we must define the projection. Let o denote a weight
linked to H. Intuitively, in the case of a direct product, moving by the g-foliations,
B # t+ca and H-orbits does not change the position on the factor. Therefore, it is
natural to consider the sets W (z), which are the saturations of points z by their
H-orbits and j-foliations, 8 # +ca. The main idea is then to show that W (z)
intersects the set M*(p) in a single point (or more generally, in a finite set) for
every z, and defining the projection by z — W (z) N M“(p).

Building structure on such intersections is the main technical work of Part I.
Crucially, the control of derivatives for elements of Lyapunov hyperplanes trans-
lates into control of derivatives for holonomies along coarse Lyapunov foliations,
so that given a path in W# which begins and ends on the same M%(p), one can
construct a holonomy map and bound its derivative based on the number of times
the path “switches” between exponents. One can use this control to show that the
holonomies must converge, and using normal forms that any sequence of holonomies
limiting to the same coarse Lyapunov leaf induces an affine map. Rigidity properties
for subgroups of the affine groups allow us to conclude that ’WH (z) N M=(p)| = oo,

and with more work, that W (z) D M*(p). In this case, we are able to show that

WH(z) = X, and hence that the action of H is not transitive. Furthermore, if
the action of H is not transitive, we show that |W# (z) N M®(p)| is independent
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of . This implies that there is a well-defined factor of the R¥-action, which is a
finite-to-one factor of the induced Anosov flow on M%(p).

2.3. Part IV: Constructing a homogeneous structure. In Part IV, we prove
Theorem 1.9. The main difficulty in producing a conjugacy with a homogeneous
action is building a homogeneous structure from purely dynamical, and not geomet-
ric or topological, input. Indeed, we do not assume anything about the underlying
manifold. In the case of R¥, k > 3 actions, the construction was carried out in
[47] using a Lie algebra of vector fields, under strong assumptions. The case of
R? actions is significantly more difficult than that of actions of rank 3 and higher
groups, and previous methods remain inadequate in our generality. Indeed, we need
to develop several completely new tools. They allow us to remove several restrictive
assumptions, such as ergodicity of one-parameter subgroups with respect to a fully
supported invariant measure, and even the existence of such a measure at all. We
expect these new ideas to be useful in other situations as well.

The starting point of our argument is the main technical result about the Holder
cohomology of the derivative cocycle, which was first shown in [47, Theorem 1.2]
under much stronger assumptions. We show that it also holds for totally Cartan
actions of any higher rank abelian group without rank one factors. It implies
immediately Theorem 2.2, which gives a canonical homogeneous structure on each
coarse Lyapunov leaf:

Theorem 2.2. Let R¥xZ* ~ X be a C? (C) cone transitive totally Cartan action
on a compact manifold X. Fix a coarse Lyapunov foliation W. Then either the
action lifts to a finite cover R¥ x Z' ~ X and there is a C*? (for some 1 >6>0)
(C*°) non-Kronecker rank one factor of the lifted action such that W projects to
the stable foliation, or there exists a linear functional o : RF — R and a Hélder
metric ||-|],,, on TW such that

(2.1) llaxv|lyy = €@ |[v]l,,, for all a € R¥,v € TW.
In the latter case, the norm ||-||,,, is unique up to global scalar.

The Hélder metrics make each coarse Lyapunov manifold isometric to R. After
passing to a cover, we may define Holder flows along each such manifold which
act by translations in each leaf. We now discuss the main novelty of this paper:
how to “glue” group actions which parameterize only topological foliations with
smooth leaves into a larger Lie group action that actually gives the total space a
homogeneous structure. The method is as follows:

The R-actions parameterizing coarse Lyapunov foliations allow us to define an
action of the free product P := R*? on X where d = dim M — k. Elements of P
are formal products of elements coming from each copy of R, which we call legs.
Each copy of R will correspond to a flow along a corresponding coarse Lyapunov
foliation. We call P the path group. With the free product topology, P becomes
a connected and path connected topological group which, when combined with
the R* action in a precise way, gives a transitive topological group action on X.
This group P is enormous, infinite dimensional for sure, and not a Lie group (see
Section 3). Our main achievement is to show that this action factors through the
action of a Lie group. The rough idea is to show that the cycle subgroups, the
stabilizers of P at x, are normal. Such an action of P is said to have constant
cycle structures, see Corollary 3.12. We will not be able to show this exactly, but
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instead show that every stabilizer contains a fixed normal subgroup C independent
of z, for which P/C has canonical local Euclidean coordinates (see Corollary 17.13).
Since P acts transitively on M by construction, M will be a G-homogeneous space.
Moreover, the original action of R¥ naturally relates to P, and becomes part of the
homogeneous action.

The idea of using free products to build a homogeneous structures was first
explored by the second author in [82] when proving local rigidity of certain algebraic
actions. Basically it is a new tool to build global homogeneous structures from
partial ones on complementary subfoliations. The main insight of Part IV is that
these technical and seemingly narrow algebraic techniques can actually be applied
to actions on any manifold, only using dynamical structures.

From this perspective, the main goal becomes proving constancy of the cycle
relations. There are two particularly important cases: cycles consisting only of two
proportional (“symplectic”) weights, and commutator cycles of nonproportional
weights. We call these types of cycles pairwise cycle structures (since they involve
commutators of negatively proportional weights o and —ca or linearly independent
weights o and ). From commutator cycles of linearly independent weights, we are
able to obtain constancy of cycles whose legs belong to a stable set of weights F,
where we call E stable if for some a € RF, A(a) < 0 for all A € E.

Once constancy of symplectic and stable cycles is accomplished, we combine this
information to prove constancy of all cycles in Section 15. In other related works on
local rigidity problems, the latter was achieved via K-theoretic arguments (this first
appeared in [16]). We found a new way to do this, avoiding the intricate K-theory
arguments, by showing constancy of an open dense subset of relations using explicit
relations between stable and unstable horocycle flows in PSL(2,R). The K-theory
argument was used in the past to treat the remaining potential relations. However,
density of the good relations makes this unnecessary.

We first introduce a cyclic ordering of the Lyapunov hyperplanes (kernels of
weights) to handle stable cycles (see Definition 5.7). Then we simplify products
172\;11 ® ..k nt): with all A;; in a stable subset £ by putting the );; into cyclic order
by commuting them with other A; . Assuming commutator cycles are constant
we can then easily show that stable cycles are constant using the dynamics of the
action, cf. Section 17.1. Combining this with the uniqueness of presentation of
elements of the stable set in the order determined by a circular ordering, we get
an injective continuous map from P/C. We can then apply another Lie criterion
developed by Gleason and Palais (Theorem 3.9) to get a group structure on stable
manifolds.

To prove constancy of pairwise cycle structures coming from negatively propor-
tional weights o, —c «v for ¢ > 0, we imitate the procedure in [32,47], replacing their
use of isometric returns with the tools of path and cycle groups. Using a point xg
with a dense ker a-orbit, we are able to take any cycle with legs in @ and —c«a, and
obtain it as a cycle at every point in M. We can then apply the Gleason-Palais Lie
criterion theorem (again) to get a Lie group structure. We use this homogeneous
structure, to understand the cycles coming from «, —ca (see Lemma 16.6).

The other important relation to establish is that the geometric commutators are
independent of x. For simplicity suppose that for some o and [, there exists a
unique weight + which is a positive linear combination of « and 5. Then the geo-
metric commutators between a and 3 satisfy an intertwining property (see (14.4)),

l
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as well as a cocycle relation. By using these, we are able to establish regularity
properties of the geometric commutator. In fact, we deduce that they are always
polynomials in the lengths of the legs and independent of the basepoint. A more
complicated argument always works by induction, replacing the cocycle property
by a cocycle “up to polynomial” property (cf. Lemma 15.3).

2.4. Part V: Structure of general totally Cartan actions. In Part V, we
prove the most general structural result of the paper, Theorem 20.1, which describes
the general structure of a totally Cartan action in terms of its rank one factors. We
also classify when a rank one factor “commutes” with the rest of the action (i.e.,
when it is a direct product of a subaction of rank k — 1). Definition 22.1, Lemma
22.3 and Theorem 22.6 give checkable criteria for detecting when a rank one factor
splits as a direct product.

We begin in Section 19, by describing how the Starkov component acts. The
uniform boundedness lemma (Lemma 5.4) will imply that the action of the Starkov
component is equicontinuous, and factors through a torus action. When combining
Corollary 19.4 with Theorem 20.1, one can obtain a general structure theorem of
actions with nontrivial Starkov component, by describing their Starkov factor, then
claiming the original action is an extension by a transitive torus action.

To prove Theorem 20.1, we consider all rank one factors of the action simultane-
ously. While the map to all such factors may fail to be onto, it fails in a controlled
way by being a submersion onto a closed submanifold (for an example of this phe-
nomenon, see Section 8.3). By Theorem 2.2, any coarse Lyapunov foliation whose
leaves are contained in the fibers of the submersion has an associated metric. We
call these the “homogeneous weights,” and show that the collection is invariant
under all geometric commutators. We are then able to apply the arguments of
Part IV again to build a homogeneous structure on the fibers, as well as prove
that holonomies along the stable and unstable manifolds of the rank one factors are
affine in this homogeneous structure.

We then turn to the centralizers of cone transitive, totally Cartan actions in
Section 21. Understanding the structure of the centralizer in this setting will be
important when considering holonomies induced by motion along the stable and
unstable manifolds of a rank one factor. We consider the action of the centralizer
on periodic orbits, and show that an element of the centralizer is determined by its
multipliers along finitely many such orbits (Lemmas 21.1 and 21.6). An important
consequence will be that there are only finitely many elements of the centralizer
whose iterates have uniformly bounded derivatives (Corollary 21.7).

The main application of the ideas of Section 21 is achieved in Section 22, where
the main difficulty is the analysis of compositions of stable and unstable holonomies
coming from a rank one factor. We show that a direct product structure must come
from the action of such holonomies, and classify when they do in Lemma 22.3 and
Theorem 22.6.

The end of Part V also includes proofs of the applications of the main theorem
(Section 23). The application to discrete group actions is an easy consequence of
the main theorems and the preliminary work done in Section 4.9. The application
to global rigidity of Weyl chamber flows (Corollary 1.15) is established by first
excluding rank one factors by carefully considering how a rank one factor interacts
with the fundamental group and using the Margulis normal subgroup theorem.
Once the group G giving X its homogeneous structure coincides with the group
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produced by Theorem 1.9, we may apply Mostow rigidity to see that the two groups
are the same, and conclude global rigidity. The final application to totally Cartan
G-actions is basically immediate.

2.5. Proof locations. For convenience, the following table contains the locations
of the proofs of each of the main results stated in these introductory sections:

| Result | Location |
Theorem 1.9 Section 18
Theorem 1.13 Section 20
Corollaries 1.14, 1.15, 1.18 | Section 23
Theorems 2.1, 2.2 Section 13

Part 1. Preliminaries and standard structure theory
3. TOPOLOGICAL GROUP AND LIE GROUP FOUNDATIONS

3.1. Free products of topological groups. Let Uy, ..., U, be topological groups.
The topological free product of the U;, denoted P = U; * --- x U, is a topological
group whose underlying group structure is exactly the usual free product of groups.
That is, elements of P are given by

ugil) *~~~*u§\i,N),

where each i, € {1,...,7} and each uy € U;,. We call the sequence (i1, ..., ) the
combinatorial pattern of the word. Each term u,(jk) is also called a leg and each word
is also called a path. This is because in the case of a free product of connected Lie
groups, the word can be represented by a path beginning at e, moving to ug\i,N ), then
to ug\lfi ‘11) *u%’v ), and so on through the truncations of the word. The multiplication
is given by concatenation of words, and the only group relations are given by

(3.1) u® % 0@ = (uv)@,
(3.2) e =ecP.

Notice that the relations (3.1) and (3.2) give rise to canonical injective homo-
morphisms of each U; into P. We therefore identify each U; with its image in P.
The usual free product is characterized by a universal property: given a group H
and any collection of homomorphisms ¢; : U; — H, there exists a unique homo-
morphism ® : P — H such that ®|y, = ;. The group topology on P may be
similarly defined by a universal property, as first proved by Graev [33]:

Proposition 3.1. There exists a unique topology T on P (called the free product
topology ) such that

(1) each inclusion U; — P is a homeomorphism onto its image, and
(2) if p; : Uy = H are continuous group homomorphisms to a topological group
H, then the unique extension ® is continuous with respect to T.

In the case when each U; is a Lie group (or more generally, a CW-complex),
Ordman found a more constructive description of the topology [61]. Indeed, the
free product of Lie groups is covered by a disjoint union of combinatorial cells.
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Definition 3.2. Let P be the free products of groups Ug, where the /S range
over some indexing set A. A combinatorial pattern in A is a finite sequence 3 =
(B1,...,Bn) such that 8; € A for i = 1, ..., n. For each combinatorial pattern
5, there is an associated combinatorial cell Csz = Up, x -+~ xUp,. If each Up
is a topological group, Cj carries the product topology from the topologies on

Ug,. Notice that each Cz has a map 73 : Cz — P given by (uy,...,un)
ugﬁl) CRREE ug\?”). Furthermore, if C' = |—|B Cz and 7 : C'— P is defined by setting
m(x) = m5(x) when z € Cp, then 7 is onto.

Lemma 3.3 ([82, Proposition 4.2]). If each U; is a Lie group, T is the quotient
topology on P induced by w. In particular, f : P — Z is a continuous function to
a topological space Z if and only if its pullback fomg to Cg is continuous for every
combinatorial pattern B.

Corollary 3.4. If each U; is a connected Lie group, P is path-connected and locally
path-connected.

Proof. To see that P is path-connected, notice that if p € P, it must belong to a
combinatorial cell Cz for some /3. Since each such cell is a product of finitely many
connected Lie groups, it is path-connected, so there is a path from the identity
to p. Similarly, any open neighborhood of e € P contains a product of open
neighborhoods in each cell. Since each cell is locally path-connected, one may
consider the product of such neighborhoods in P to build arbitrarily small path-
connected neighborhoods of e. Since P is a topological group, this is sufficient. [J

T

Let P = R*" be the r-fold free product of R. Given continuous flows n', ..., n
on a space X, we may induce a continuous action 77 of P on X by setting:

ﬁ(till) * .. .tg"))(as) = 1721 0...0 nzz(x)
This can be observed to be an action of P immediately, and continuity can be
checked with either the universal property (considering each n’ as a continuous
function from R to Homeo(X)) or directly using the criterion of Lemma 3.3. Given

a word tgil) Kook tg\i,N) (which we often call a path as discussed above), we may
associate a path in X defined by:

(s—l—k—l

- > :ni’;k(xk,l), s€[0,1], k=1,...,N,

where xg is a base point and z; = 772’: (zk—1). This gives more justification for
calling each term t,(c“")

of the path.

a leg. The points x; are called the break points or switches

Definition 3.5. Given an action P ~ X, the cycle subgroup at x, or just cycles
at x, is defined as C, := Stab(x).

Notice that cycles are exactly the paths whose endpoints and start points coin-
cide.

Remark 3.6. Given a collection of oriented one-dimensional foliations WA, ...,
WA~ and some Riemannian metric on X, one can define flows 1} according to unit
speed flow along W5, Even if there is no distinguished Riemannian metric to use,
we will often use the terms paths, legs, break points and cycles in the foliations
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Whi (especially in Parts III and V). The combinatorial patterns of such paths still
make sense even without reference to a fixed parameterization.

Given A = (A1,..., ) € R", let ¢\ denote the automorphism of P defined in

51) 4 gglim)

the following way. Suppose that ¢ <-x iy’ € P is an element of combinatorial

length m. Then define:
’Lp)\ . tgil) * téiQ) Koeee Xk t,E,ilm) — (/\iltl)(il) * (/\i2f,2)(i2) Koeee Xk (/\ tm)(i"”).

Tm

Definition 3.7. Fix a finite collection A = {ay,...,a,} C (R¥)*, and let a € R*.
Define ¢, = 1/1( and P = RF x P = R* x R*", with the semidirect

product structure given by

1@, ear(@)’

(a1,p1) - (as, p2) = (a1a2,9,. (p1) * p2),
where the group operation of R¥ is written multiplicatively.

Proposition 3.8. Let C be a closed, normal subgroup of P, and H = P/C be the
corresponding topological group factor of P. If 1,(C) = C for all a € R¥, then
b, descends to a continuous homomorphism g of H. Furthermore, if H is a Lie
group with Lie algebra by, then

(1) each generating copy of R in P projects to a one parameter subgroup whose
generating element of b is an eigenvector for dip, on H,

(2) if the ith and j** copies of R do not commute, the Lie algebra commutator
of their generators, [X;,X;] in H is an eigenspace of o with eigenvalue
evil@)ta;(@) gnd

(3) if Y = [Z1,[Z2,...,[ZNn, Z0] ... ]|, with Z, = X, or X for every k, then
Y is an eigenvector of ¥, with eigenvalue of the form e*®i(@+vas(@) yyirp
u,v € Zy.

Proof. If p € P and h = pC is the corresponding element of the quotient group
H, define ¢4 (h) = 1,(pC) = 1a(p)C. Let m : P — H denote the projection from
P to H. For each i, let f; : R — P denote the inclusion of R into the i*" copy
of R generating P. Then wo f; : R — H is a one-parameter subgroup of H,
and we denote its corresponding Lie algebra element by X;. Observe that since
Paomo filt) =m0ty fi = mo fy(e™ (1), and hence diy(X;) = e X;, proving
(1).

To see (2), observe that

Ao [Xi, Xj] = [dha X, dho X ;] = [e*(D X;, e (D X)) = i@ x, X1,

A similar argument shows (3). O

3.2. Lie criteria. In this subsection, we recall a deep result for Lie criteria of
topological groups. The main criterion we use was obtained by Gleason and Palais:

Theorem 3.9 (Gleason-Palais). If G is a locally path-connected topological group
which admits an injective continuous map from a meighborhood of e € G into a
finite-dimensional topological space, then G is a Lie group.

Theorem 3.9 has an immediate corollary for actions of the path group P = R*":

Corollary 3.10. Ifn: P ~ X is a continuous group action on a topological space
X, and there exists xo € X such that Cy, C Cy for every x € P -z, then Cy, is
normal and the P-action n descends to an action of P/Cy, on P -xzq. If there is an
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injective continuous map from P/C to a finite-dimensional space Y, then P/Cy, is
a Lie group.

Proof. We first show that C is normal. Let 0 € C and p € P. Then o-(p-x¢) = p-xo,
since o stabilizes every point of X. Therefore, p~lop- 2y = 29, and p~'op € C, and
C is a closed normal subgroup. By Corollary 3.4, P, and hence all of its factors, are
locally path-connected. Therefore, by Theorem 3.9, P/C is a Lie group if it admits
an injective continuous map to a finite-dimensional space. (I

Definition 3.11. Let X be a metric space and Uy, ..., U, be Lie groups with
faithful continuous actions U; ~ X. We say that these actions generate the action
of a Lie group on X or that Uj *--- % U, factors through the action of a Lie group
on X if

(1) there exists a Lie group G with a faithful continuous action G ~ X,

(2) there exist continuous embeddings f; : U; — G such that f;(u) -z =u-z

for all w € U; and x € X, and
(3) Ui, fi(U;) generates G.

The following is an immediate reformulation of Corollary 3.10 when each U; = R
and X is finite-dimensional:

Corollary 3.12. Let n™, ..., n®m be continuous, fixed-point free flows on a finite-
dimensional space X and P ~ X be the corresponding action of the free product.
If Cyy, C Cy for all x € P -z, the flows n® generate the action of a Lie group on
P- Zo-

3.3. Holder transitivity of generating subgroups. In this section, we prove
a folklore theorem about generating subgroups of a Lie group G. This property
was used in [16], and follows from arguments of transitivity of foliations. A similar
statement also holds for a family of foliations such that the sum of their distributions
is everywhere transverse and totally nonintegrable.

Definition 3.13. A family Fi, ..., F, of foliations on a manifold X with metric
dx is called locally 0-Holder transitive if there exist an € > 0 and C' > 0 such that
if 2,y € X satisfy d(y,x) < €, there are points x = xg, x1, ..., x = y such that:
(1) xiq1 € Fom,(x;) for some 1 <m; <n
(2) Y d(zi,wiq1) < C-d(z,y)°.
Lemma 3.14. IfUy, ..., U, C G are generating subgroups of a Lie group G, then
the coset foliations of U; are 6-Hdélder transitive for some 6 > 0.

Proof. Pick vectors Vi, ..., Vi, € Lie(G) such that each V; € Lie(Uy,) for some k;
and the V; generate Lie(G) as a Lie algebra. Then there are finitely many Wy, ...,
W, such that each W; is an iterated bracket of the elements of {V;} and such that
{Vi, W;} generate Lie(G) as a vector space. If W; = [Vig, [Viy, ..., [Vi,_,, Vi ], ..., 1],
let

pi(t) = lexp(t'/2V;, ), [exp(t/ Vi), . [exp(t/2' Vi, ), exp(8 /2 Vi )],

The brackets in the definition of ¢; are commutators in the Lie group, not the
Lie algebra. Notice that ;(t) satisfies ¢’;(0) = W;. Therefore, the map:

(815 s Smyt1y .oy te) > exp(s1Vh) ... exp(8mVin)p1(t1) - . . on(te)

has full-rank derivative at 0 and is onto a neighborhood of e € G. If the number of
required brackets to express each @); is < g, this gives 279-Holder transitivity. [
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Lemma 3.14 immediately implies the following useful result. We say that an
action G ~ X is locally Lipschitz (Holder) if there exists a neighborhood U C G
of the identity such that the action map U x X — X is Lipschitz (Holder).

Lemma 3.15. Suppose that a Lie group G is generated by subgroups Uy, ..., Uy,
and that n : G ~ X is an action of G on a compact metric space. If the restriction
of m to each subgroup U; is locally Lipschitz, then n is a locally Hélder action.

4. DYNAMICAL FOUNDATIONS OF HYPERBOLIC ABELIAN GROUP ACTIONS

4.1. Normal hyperbolicity. Let us first recall the definition of normally hyper-
bolic transformations, which was used in Definition 1.1 of an Anosov action. If X is
a compact manifold without boundary, G ~ X is a group action and F is a foliation
of X, we say that F is invariant under G if for every x € X, F(g-z) = g- F(z). We
say that the foliation is invariant under a transformation f if it is invariant under
the group generated by f.

Definition 4.1. Let X be a compact manifold without boundary, equipped with a
Riemannian metric (, ). Let F be a continuous foliation of X with C! leaves. We call
a C! diffeomorphism a : X — X normally hyperbolic with respect to F if F is an a-
invariant foliation and there exist constants C' > 0, and A; > Ay > 0 and a splitting
of the tangent bundle into continuous subbundles T, M = Ef(x) @ T, F (z) ® E¥(x)
such that for all n > 0 and v® € E3(z), v* € E¥(x) and v° € TF(x):

(4.1) ldag (v*)|| < Ce™ " [v"|I,
(4.2) ldaz™ (v")]| < Ce™ " 0", and
(4.3) ldaz™ ()] > Ce™="[v°]].

Remark 4.2. In fact, continuity of the bundles E and EY follows from (4.1)-(4.3),
so one may drop this assumption from the definition. The proof is identical to the
hyperbolic case, see for instance [51, Lemma 6.2.15] or [10, Proposition 5.2.1].

For the trivial foliation F(x) = {x}, a normally hyperbolic diffeomorphism w.r.t.
F is just an Anosov diffeomorphism. We refer to [39,72] for the standard facts about
normally hyperbolic transformations. Most importantly, we obtain the existence of
foliations W7 and W of X tangent to E and EY, respectively. The foliations are
Holder with C” leaves if a is C". We prove a technical lemma:

Lemma 4.3. Suppose that f acts normally hyperbolically with respect to a foli-
ation F of a compact manifold X and that V; C TX are continuous f-invariant
subbundles such that TX = TF & @, V;. Then E* = @,(V;NE*) for + = s,u, and
TX =TFa @, (VinE*) & (V;NEY)).

Remark 4.4. Each intersection V; N E™ may be trivial, and this will happen in many
examples. However, the stable and unstable bundles will be refined by taking their
intersections with any V; which is nontrivial, which is the main tool in producing
coarse Lyapunov foliations.

Proof. We claim that if 7t : T, X — V; and p : T, X — TF(x) are the projections
induced by the splitting 7, X = TF(z) ® @, V;(z), then 7% (E*) C E* and p(E*®) =
0. Indeed, if v € E*(x), then v = w+)_, v;, where w € TF(x) and v; € V;(x). Since
(f™)ev = (f")sw + >2;(f™)+v; must converge to 0 as n — oo, and the subspaces
remain uniformly transverse by compactness of X and continuity of the splitting,
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we conclude that 72 (E®) C E* and p(E®) = 0. Symmetric arguments show the
same properties for E*, and this immediately implies that E* @ E* = @, V;. Now,
if v € E*(z), then according to the decomposition T, X = TF(z) & @, Vi(x),

v=p,(v)+ Z?T;(v) =p.(v) + Z?T;(v) = Zﬂ';(v)

Since each 7i(v) € V; by definition of 7%, and 7% (v) € E%(z) by the remarks

x?

above, & (v) € E%(z) N V;(z), and E*(z) = > E*(x) N V;(x). The sum is clearly

direct, since V;NV; = {0} for every ¢ # j. A symmetric argument follows for E*(z),
and the lemma follows. O

The following has been claimed for Anosov R* actions. We provide a careful
proof for completeness. Given a collection of Anosov elements {ay,...,a,}, define
their common stable manifold to be W, (r), the path component containing
x of the intersection (), W ().

Lemma 4.5. If r > 1, R¥ ~ X is a C" Anosov action, and {a;} be a collection
of Anosov elements. Then the common stable manifolds of {a;} define a Holder
foliation with C" leaves.

As in Section 1, we define a coarse Lyapunov foliation to be a common stable
foliation of smallest possible dimension. As an immediate corollary, we obtain:

Corollary 4.6. Ifr > 1, R* ~ X is a C" Anosov action, each coarse Lyapunov
foliation is a Holder foliation with C" leaves. The coarse Lyapunov foliations are
all uniformly transverse, and T, X is the direct sum of their tangent bundles, and
the tangent bundle to the R*-orbit foliations.

Proof of Lemma 4.5. We prove the result by induction on the cardinality of {a;}.
Let O denote the RF-orbit foliation, so that the Anosov elements of the action
are those which act normally hyperbolically with respect to O. Choose an Anosov
element a;, and let Vl(l)(x) = Ej (z) and V2(1)(J)) = Ej (z), so that T, X =
TO(x) @ E2, (x) © EY () = TO(z) & V" (2) @ ViV (2).

We will proceed by induction on ¢ € N based on the following hypotheses:

e There is a chosen collection S, = {ay,...,a,} C R* of Anosov elements.

e There is a splitting T, X = TO(z) & @:Lz(‘i) Vi(Q)(x) such that V;(q) (z) =
ﬂj E;Cj for some subcollection {acj} C Sg, (here, * = s or u is allowed to
depend on ¢ and j and the choice of indices ¢; depends on ).

e There is a Holder foliation W with C" leaves such that T, W,? (x) =

K3 K3
Vi(q) (z) for every i =1, ..., n(q).

We have established the base of the induction. The induction terminates when,
for every Anosov element a € R¥, E2(x) and E¥(x) can be written as a sum of some
collection of subbundles V;(z). If the process has not terminated after ¢ steps, there
exists a1 € R¥ such that E*(x) cannot be written as a sum of some subcollection

of bundles Vi(Q). Then according to Lemma 4.3, one may refine the splitting of 7, X
into:

T.X =70 & @ (V@) N E;,, (@) & (V9 (2) N BL, (@)

Gq+1 Aq+1
i=1
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Let Vl(qﬂ), ce Vrf?;rll)) enumerate the bundles Vi(Q)(x) NE; ., and Vi(q) ()N
Eg ., which are nontrivial. Since by induction, each Vi(q) is an intersection of

stable distributions, so is V;(qH). Finally, we prove the foliation property. Notice

that the leaves W»(q)(ac) and W? (z) are both Holder foliations with C” leaves,

i ag+1

and that the intersection of their bundles is exactly one of the Vj(qﬂ)(a:). We
claim that if Wj(qﬂ)(m) is the path component containing x of the intersection
W9 (z)NWs (x), then W Y defines a foliation of X with the same properties.

Ag+1 J
Indeed, this follows from Theorem 2.6 of [6] for R¥-actions (one may still directly

apply the result by suspending R x Z!-actions). We give a brief sketch of a proof
for completeness. The main idea is to build the local manifold at « by applying the

Hadamard-Perron Theorem (Theorem 5.6.1 of [10] or Theorem 6.2.8 of [51]) to the
sequence of maps aq41 : Wi(q)(aqﬂn x) — WZ-(Q) (ag+1™ " - ). This yields C" local
Wi(Q)(a:)-stable manifolds, which we denote by Wj(ffjcl) (z), the local leaf at z. Note
that since they are tangent to Holder distributions, they vary Hoélder continuously.

To get the global leaves, suppose that y is in the path component of W;q - ()N

Wl-(Q)(a:) containing , so that there exists v : [0,1] — W7 ()N Wi(q) (x) such that
7(0) = 2 and (1) = y. Then since aq11 contracts Wy ., there exists n such that
the image of ag,, o v is contained in B(ag,; - z,€). In particular, it must be in
the local leaves we have constructed. Therefore the leaf of Wj(qﬂ)(:v) is given by

_ D, n
Uzt agia Wyt (@ - ). 0

j,loc

4.2. Lyapunov functionals and coarse Lyapunov spaces. Let R* ~ X be a
C' action. In the study of R actions, one often has a preferred invariant measure,
such as an invariant volume. While we make no such assumption, invariant mea-
sures for actions of R¥ always exist, and we discuss their properties here. If R* pre-
serves an ergodic invariant measure u, then there are linear functionals A : R¥ — R
and a measurable R¥-invariant splitting of the tangent bundle TM = ®©E* such
that for all 0 # v € E* and a € R¥, the Lyapunov exponent of v is A(a). These
objects may depend on the measure u, and exist only on a set of full y-measure.
We call this the Oseledets or Lyapunov splitting of TM for R¥, and each A a Lya-
punov functional or simply weight of the action. Each E* is called a Lyapunov
distribution. We let A denote the collection of Lyapunov functionals. The Lya-
punov splitting is a refinement of the Oseledets splitting for any single a € R¥. For
each A\ € A, we let B = Do E™ be the coarse Lyapunov distributions, which
in general still depend on the measure p and exist only on a set of full y-measure.
We will see that they coincide with the coarse Lyapunov distributions defined after
Lemma 4.5 when the action is totally Anosov. We refer to [12] for an extensive
discussion of all these topics.

The dependence of the Lyapunov functionals and distributions on the measure
1 is typical for Anosov flows and diffeomorphisms, hence also for products of such
flows. In the totally Anosov setting, we also have some additional structures, which
do not assume any properties of invariant measures. Recall that we defined a coarse
Lyapunov foliation of a totally Anosov action to be a Holder foliation with smooth
leaves whose leaves are locally defined as intersections of local stable manifolds,
and has associated Holder distributions TW on M, which do not depend on the

This is a free offprint provided to the author by the publisher. Copyright restrictions may apply.



CARTAN ACTIONS OF HIGHER RANK ABELIAN GROUPS 751

choice of measure p (Corollary 4.6). Therefore, the splitting of the tangent bundle
according to coarse Lyapunov distributions with respect to any invariant measure
1 must coincide with the splitting into the coarse Lyapunov distributions coming
from Corollary 4.6. Indeed, when the set of Anosov elements is dense, any pair
of linearly independent functionals can be made to have the opposite sign with an
Anosov element. We assume that we have a fixed Riemannian metric ||-|| on M.

Lemma 4.7. IfR* ~ X is a totally Anosov action, then for each coarse Lyapunov
foliation W, there exists a unique hyperplane H C R¥ such that:

(1) for every v € X, H = {a € R* : limy_,o0 }log ||(ta).|rw(z)|| = 0}, and
(2) if p is an R*-invariant measure, and \ is the Lyapunov functional associated

to W, then ker A = H.

The hyperplane H is called the Lyapunov hyperplane corresponding to WW. An
example of the failure of Lemma 4.7 for Cartan, but not totally Cartan actions, can
be found in Section 8.4.

Proof. Notice that if a € R¥ is Anosov, limy_.o § log||d(ta)|rw]| # 0, since TW C
TW? or TW™. Let U denote the set of elements for which this limit is positive and
V' denote the set of elements for which the limit is negative. Then UUV contains the
set of Anosov elements, and since such elements are assumed to be dense (R*¥ ~ X
is totally Anosov), UUV = R*. The set H = R*¥ \ (U U V) separates R* into
two components. Since U and V are convex, it follows that H is a hyperplane (by
the hyperplane separation theorem, see [74, Section 14.5]). Assertion (2) follows
immediately. ]

Remark 4.8. After removing all Lyapunov hyperplanes from R¥, we call the con-
nected components of the remainder the Weyl chambers of the action (this termi-
nology comes from the case of Weyl chamber flows on semisimple Lie groups, see
Section 6.2). For actions which are Anosov but not totally Anosov, we still call the
connected components of the set of Anosov elements Weyl chambers, even though
their complement may not be a union of hyperplanes. In general, each Weyl cham-
ber is a convex set of Anosov elements, and the Anosov elements are the union of
the Weyl chambers.

Definition 4.9. Let A denote a set of functionals such that for every coarse Lya-
punov foliation W, there exists a unique functional @ € A such that H = ker o and
any a for which a(a) > 0 expands W. An element a € R¥ will be called regular if
afa) # 0 for all o € A.

It is clear that the set of regular elements of R is open and dense.

Remark 4.10. The functionals a are defined only up to positive scalar multiple in
this context. Therefore, without loss of generality, we may assume that if there
are Lyapunov foliations whose corresponding half-spaces are opposites, that their
corresponding functionals are exact opposites, & and —« (this simplifies notation).
In Part IV, the precise exponents will exist and we will need them in our analysis,
so we will not be able to make this assumption, see Remark IV.2.

4.3. Complementary distributions to slow exponents. Let £ C TX be a
subbundle. We say that FE is integrable if there exists a unique Hélder foliation F
of X with smooth leaves such that TF = F. Notice that if F is integrable and
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invariant under a totally Anosov action R¥ ~ X, then so is the corresponding
foliation by uniqueness. Fix a Lyapunov hyperplane H C R¥, with corresponding
foliations W*<. Let E¥ be the subbundle of TX which is the sum of the tangent
bundle to the H-orbits, and the tangent bundles E? to the foliations W#, 8 # +a.
That is,
Ef =T,(H-2)o P EJ.
B#ta

If a € R* is regular, let E} denote the unstable bundle of a and A*(a) =
{BeA: WP CW}, so that Ef = TWY = @gcp+ (o) B’ Fix a finite collection
of weights Q C A*(a) such that g, EP is integrable to a foliation F (we call
such a collection of weights integrable).

Definition 4.11. If o € Q, let Eo = E?"(Q) = EBBEQ\a E? be the dynamically
defined complementary bundle. When 2 is fixed, we will suppress the dependence
on €. Notice that while each E? is integrable, Eo may, and often does, fail to be
integrable. We say that W< is the slow foliation for a in F if a € © and there
exists C' > 0, A < 1 such that

I(a)ulzell oo
m((ta).] ) =

for all £ > 0, where m(A) = HA‘lH_1 is the conorm of A .

(4.4)

Remark 4.12. The notion of a slow foliation makes sense whenever there are two
invariant complementary distributions E; and FEs such that TF = E; & Es, and
the dynamics of a on E; is strictly slower than the dynamics on Es as in (4.4). Any
splitting TF = E; @ Ey which satisfies (4.4) with FE; and Fs playing the roles of
E® and E® is called a dominated splitting (see, e.g., [67, p. 905]).

Notice that a priori, there may not exist a slow coarse Lyapunov foliation at all
(this is the case when the action is Anosov, but not totally Anosov, as in Section
8.4, or the example constructed in [83]). Lemma 4.13 shows that they are guar-
anteed to exist for elements a sufficiently close to a Lyapunov hyperplane. The
smoothness and integrability conclusions of the complementary “fast” foliation are
true generally for a dominated splitting.

Lemma 4.13. Let R¥ ~ X be a totally Anosov action. Fix any integrable collection
Q C At (a) for some Anosov a € R¥ with foliation F associated to Q) as described
above. If W is the slow foliation of a in F, then Eo s integrable to a foliation
We. Furthermore, if y € F(x), then We(x) and VV\O‘(y) have a unique intersection
point, varying continuously with y. Finally, given any pair of linearly independent
weights o, B € A there exists a reqular a € R¥ such that o, 3 € At (a) and W is
the slow foliation for a in any subfoliation F C W7 as described above such that
E*ES CTF.

Proof. We first prove existence of the element a. Begin by choosing ag such that
ap belongs to the Lyapunov hyperplane for «, and uniformly expands 3. Let a be
a small perturbation of ag such that @ now expands W*. By Lemma 4.7(1), if the
perturbation is small enough, W is the slow foliation for a.

The existence and properties of the foliation We come from the standard works in
partially hyperbolic dynamics. The definition of slow foliation immediately implies
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that the splitting TF = E“ & E@ is a dominated splitting for the diffeomorphism
a. The existence of the foliation W can then be deduced from [67].

The unique intersection property follows locally from the transversality of the
foliations. By applying a sufficiently large multiple of —a € R*, any intersection
can be made local, so there is only one global intersection. O

4.4. Closing lemmas. The main result of this section will be familiar to those
fluent in Anosov flows. We prove a higher-rank version of the Anosov closing
lemma, which has been used in [52] without proof. A proof appeared in [2, Lemma
4.5 and Theorem 4.8] in a more geometric setting. We also prove this more generally
by closing pseudo-orbits, which is used in the proof of Theorem 4.16.

Definition 4.14. If R* ~ X is a locally free action, we say that » € X is R*-
periodic if Stabgk(z) is a lattice in R¥. We call Stabgx(x) the period of z. If
a € R*, we say that a sequence of points z; and times t; are an (a, €)-pseudo-orbit
if d((t;a) - x4y, 2i41) < €.

The Anosov closing lemma will require one additional assumption compared to
the rank one setting. Indeed, consider the case of a product of two Anosov flows:
Y = X; x Xs. Then there are two Lyapunov exponents, which are dual to the
standard basis, call them « and 8. If (p,x) € Y is a point such that p is periodic
and z is not, then Stabgz(p, x) = Z(to, 0) for some ty € R. That is, the returns to
(p, ) occur along the Weyl chamber wall ker 5. While the first factor of Y can be
made periodic, we have no control over the behavior of the second coordinate. We
show that returning near the Weyl chamber walls is the only potential obstacle to
finding a nearby R2-periodic orbit.

Theorem 4.15 (Anosov closing lemma). Let R¥ ~ X be an Anosov action, A > 0,
and a € R* be an Anosov element satisfying:

(4.5) ||da] g ()]| > eMlal and ||dal 5 ()| < e~ Mall.
Let C C RF be the open cone

(4.6) C={be R¥ : nb satisfies (4.5) for some n € N}
N{beR":d(b,ta) < t/(10\) for some t € R}

so that C \ {0} consists of Anosov elements. Then for every § > 0, there exist
e >0, T >0 such that if {(z;,t;)};—, is an (a,e)-pseudo-orbit, t; > T for all such
ti, and d(x1, (tpa) - x,) < €, then there exists o' € X such that o' is R*-periodic
and for every i = 1, ..., n, there exists b; € R¥ such that d(b; - z',z;) < & and
[|(b; — bi—1) — tial| < 20 (where we set by = 0). If there is only one orbit segment
of the pseudo-orbit (i.e., n=1), then d(b-x,b-2") < § for allb € C N B(0,t/2).

Proof. The proof is very similar to the case of Anosov flows (see, e.g., [51, Theorem
6.4.15]), with an additional observation. For simplicity of exposition, we first treat
the case of a single orbit segment, the case of a pseudo-orbit follows similarly by
setting up a sequence of contractions (rather than a single contraction, which we
describe below). By local product structure, one may take W;)loc(x), then saturate
each y € W7, . (z) with each of their local center-unstable manifolds, Wacjfoc(y), to
obtain a neighborhood of z. If ta - x is sufficiently close to x, consider the following

induced map on W, (z): ify € W, (z), then ta-y is also within a neighborhood
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of z. Define f(y) = Wi .(ta-y) N W, (z). By the usual arguments, if ¢ is
sufficiently large (which determines T'), the contraction on the stable manifolds
is such that f is a contraction on W, (). Therefore, f has some fixed point
z1 € W3 ,.(x). Then xy satisfies ta-x1 € W4, (z1). Looking at —ta on W'\ (1),
we may again find a fixed point to get z’ such that ta -2’ = b- 2’ for some b €
B(0,¢) C R*.

If ¢ is sufficiently small and ¢ is sufficiently large, we claim that o’ = ta — b is
still an Anosov element of R*. Indeed, once an element of R¥ is Anosov, so is the
line passing through it (minus 0). Furthermore, the set of Anosov elements is open,
so if 61 > 0 is such that B(a,d;) are all Anosov elements, so are B(ta,td1). By
choosing T such that 7'6; > ¢ (and hence td; > ¢), we obtain that o’ is Anosov.
Consider Fix(a'), the fixed point set of a’. This set is compact, and R* -z’ C Fix(a').
Furthermore, since a’ is Anosov, Fix(a’) is a finite union of R¥-orbits (since if two
points are both in Fix(a’) and are sufficiently close, they must be related by an
element of the central direction, i.e., R¥). This immediately implies that 2’ is an
RF-periodic point.

We sketch the proof for the case of a general pseudo-orbit. One proceeds as
above, except that one replaces the map f by a sequence of maps f; : W loc(a: ) —
W3 ioe(wit1), defined by fi(y) = Wi (tia-y) "W, | . (i+1). These maps are again
contractions. As d((t;a) - ©;,x;41) is very small, each fi is well-defined on some
neighborhood U; C W/ loc(a:i) with f;(U;) C U;y1. Analyzing their composition
yields a map from Uy to Uy, and one again arrives at a fixed point y*. We then
symmetrize the construction to find a point of W} 1OC( o) which is fixed by the
analogously defined composition of the inverse maps, which we denote by y*. Then

wdoc(y?) NWEL(y") is again a piece of an R* orbit, which has a point 2’ that is
fixed by an Anosov element. Now, any point z; could have served as the reference to
find the fixed point, and ¢;a takes the local central manifolds near x;_; to those near
x;. Let 2/ denote a point on this local central manifold near ;. Now, t;a-W¢ _(z;_;)
is an orblt piece of radius 0 that intersects the distinguished local central manifold
near x;. In particular, there exists ¢; € R¥ with ||c;|| < 26 such that t;a-2,_, = ¢;2/,
and we set b; = t;a — ¢; + b;_1. By induction, this yields the desired sequence of
elements b;.

Let us now obtain the estimates on d(b- z,b-2’) in the case of only one leg.
Notice that by the construction above, there exists a’ € R¥ such that d(ta,a’) < €
and a’ - 2’ = 2’. Notice that z and 2’ are connected by a short piece of stable
manifold, and a short piece of unstable manifold, both of which have length at most
€. Similarly, a’ -z and ' = a’ - 2’ are connected by a short piece of stable manifold
and short piece of unstable manifold, both of which have length at most €. Hence,

d((sa’) -z, (sa’)-2') < max {ef)‘HalHSa, e~ r=9)[e]¢
if s < 1/2. Notice that C' = {b € R : d(b, sa’) < t/(2)) for some s € R, } contains

C if @' is sufficiently close to a, which can be achieved by choosing ¢ sufficiently
small. But if b € C’, and d(b, sa’) < s/(2A), then if b’ = b — ta’

}, which is at most 67A5|‘“/||5

dib-z,b-2") < e’\HblHd(sa’ -z, 5a’ - a') < e*/? el <

O

4.5. The spectral decomposition and transitivity properties of R* actions.
This section provides a spectral decomposition, which we will need in the subsequent
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section. It may also be of independent interest as it provides some structure to R*-
actions when transitivity assumptions are dropped. Nontransitive actions can be
constructed by taking the direct product of a nontransitive Anosov flow with any
Anosov R¥~I-action.

Recall that if ¢; : X — X is a continuous flow on a compact metric space X,
then the nonwandering set, denoted NW ({p;}), is the set of points z satisfying: for
every € > 0, there exist arbitrarily large ¢t € Ry such that ¢;(B(z,¢)) N B(z,e) # 0.

Theorem 4.16. Let R¥ ~ X be an Anosov R* action. For any Anosov element
a, there exist finitely many closed R*-invariant sets A; = Aj(a) C X, i=1, ..., n,
such that if Per(R¥) denotes the set of R -periodic points:

NW ({ta}) = Per(RF) = O A,
i=1

Furthermore, for a generic set of Anosov elements a’ € R* in the Weyl chamber
for a, a’ is transitive on each A;.

Each A; is called an a-basic set.

Proof. First, note that from Theorem 4.15, we immediately get that NW ({ta}) =
Per(R¥). To pick the elements a’, notice that there are at most countably many
RF-periodic orbits. Therefore, the set of elements which have dense orbits in every
R¥-periodic orbit is generic, since these are exactly the complement of a countable
union of hyperplanes (perhaps not through 0). In particular, we may choose such
an a’ to have this property be in the same Weyl chamber as a.

Define a relation on periodic points. Say that p ~ ¢ if and only if W*(p) N
Ws(q) # 0 and W4 (q) N Wi(p) # 0. These intersections are transverse since
a is Anosov, and we claim that ~ is an equivalence relation. Indeed, symmetry
and reflexivity are trivial by construction. To see transitivity, suppose that p ~ ¢
and ¢ ~ 7, where p,q,7 € Per(R¥). Since p ~ ¢, the weak unstable manifold
of p intersects the stable manifold of g. Therefore, under application of the flow,
this intersection point approaches the corresponding orbit of q. Hence its weak
unstable manifolds converge to the weak unstable manifold of ¢ on arbitrarily large
compact subsets. Since this weak unstable intersects the stable manifold of r, by
local product structure at the intersection point, we get that p ~ r.

Notice that by local product structure, there exists ¢ > 0 such that if p,q €
Per(R*) and d(p, q) < ¢, then p ~ ¢. In particular, we know that there can be only
finitely many equivalence classes of ~.

Let E; denote the union of the periodic orbits in each equivalence class, and
A; = E;. Let p,q € E;. Notice that since W% (p) N W2(q) # 0, there exists
p’ = b-psuch that W¥(p') N W2(q) # 0 for some b € R¥. Since {na’-p'} is dense
in R* - p by choice of a’, for any € > 0, there exists arbitrarily negative s; such
that d(s1a’ - p’,p) < € and arbitrarily positive sy such that d(s2a’ - p’,p’) < e. Fix
z € W'Y NWE(q), and let 1 = s1a’- 2z and t; = so — 1. Notice that since WY (p')
is contracted by flowing backwards under a’, the point z can be moved arbitrarily
close to p’, and hence p. Similarly, (t1a’) - z1 can be moved arbitrarily close to g.

By symmetrizing the above argument, we may find zo and ¢y such that zs is
arbitrarily close to g and (t2a’) - x5 is arbitrarily close to p. Hence for every ¢ > 0,
there exists a closed (a/, ¢)-pseudo-orbit {(x1, 1), (z2,t2)}. By Theorem 4.15, there
exists an R¥-periodic orbit shadowing it.
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Now, we recall the following criterion for topological transitivity of a flow on a
compact metric space A: if U and V are arbitrary open subsets of A, then there
exists n > 0 such that (na’) - U NV # 0. In our case, since A; is the closure of
a set of periodic orbits, there exists p € U and ¢ € V such that p and ¢ are R*-
periodic. Therefore, by the arguments above, we may find another periodic orbit
arbitrarily close to each, in particular one which intersects U and V. Since by
assumption, a’ is transitive on every periodic orbit, we conclude the criterion, and
hence transitivity. ([l

4.6. Cone transitivity, periodic orbits, and measures. Unlike its rank one
counterpart, it is not clear from transitivity of the group action R¥ ~ X that there
exist forward orbits L, - x = {ta :t > 0} - ¢ which are dense. In fact, when the
group action splits as a product, there are singular directions for which this does
not hold. There are examples of R* actions for which there is a dense RF-orbit,
but for which no direction L, has a dense orbit. One may build this by taking any
transitive flow 13, and the direct product with a parabolic flow on a circle with a
unique fixed point. When k£ = 1 this is avoided by assuming that there are no open
orbits of R.

We therefore use the stronger condition of cone transitivity (recall Definition
1.1), which combined with the Anosov closing lemma (Theorem 4.15) will allow
us to deduce several nice properties. We first establish a lemma which shows that
the cone transitivity assumption is natural. We expect the following to hold when
replacing cone transitive by transitive. One may compare its statement with the
fact that the time-t map of an Anosov flow is transitive for generic ¢ € R if the
flow itself is transitive, or that, for measure-preserving transformations, the set of
directions elements which are ergodic as transformations are the complement of a
countable union of affine hyperplanes [66].

Lemma 4.17. Let R ~ X be a C%?, totally Anosov action of RF. Then the
following are equivalent:

(1) The action is cone transitive.

2) The action has a dense set of periodic orbits.

The set of elements a € R* with dense forward orbits is residual.

For every open cone C C R¥, there exists x € X such that C - is dense in
X.

(5) There exists an Anosov element a with a dense forward orbit.

(6) The action preserves a fully supported ergodic invariant measure.

(7) For every a € R¥, NW(a) = X.

~~
w
~—

We prove the following technical lemma which will be useful:

Lemma 4.18. Let C C R* be an open cone and C' be any open cone containing
C. Let S C C be an unbounded set. Then for every R > 0, there exist ai,as € S
such that ag — a1 € C' and ||az — a1]|| > R.

Proof. Since a cone is invariant under positive scaling, it is determined by its in-
tersection with S*~1 c R*, which is open and convex. Fix a; € S, and choose
a sequence b, € S such that ||b,|| — oo. Then ||b, —ai|| — oo. Since b, €
S C O, the normalized vector b,/ ||b,|| € S*~1 N C. Without loss of generality,
we may assume that the sequence b,/ ||b,|| converges to some b € C C C’. Now,
(b, — a1)/||bn — a1|] = bn/||bn]|, since a; is fixed. Therefore, since C’ is open
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and b,/ [|bn|] = b € C’, there exists ng such that (bn, — a1)/||bn, — a1|] € C’ and
|br, — a1]| > R. Setting as = by, yields the desired pair of elements. O

Proof of Lemma 4.17. We will show that (1) = (2) = 3) = (4) = (1),
and that (3) = (5) = (6) = (7) = (2). This is sufficient, since the first
chain of implications is a loop, and the second begins and ends on that loop.

To see that (1) = (2), assume that R¥ ~ X is cone transitive. Choose a cone
C whose closure consists of Anosov elements and associated point z such that C' -z
is dense. Since C consists of Anosov elements, and the set of Anosov elements is
open, we may choose an open cone C’ consisting of Anosov elements containing C,
and such that C” also consists of Anosov elements. We will show that if y € X
and € > 0 is sufficiently small, then there exists an R*-periodic point p such that
d(y,p) < e. Notice that since C - x is dense, the orbit must visit B(y,e/2) in an
unbounded set (otherwise, there is an open orbit of R¥). Therefore, by Lemma
4.18, there exist some aq,as € C such that as — a; € C’ can be made arbitrarily
large, and a1 - x,as - € B(y,£/2). Since C’ consists of Anosov elements, we may
assume ¢ > 0 is small enough to be able to apply Theorem 4.15, and arrive at RF
periodic orbits arbitrarily close to y.

To see that (2) == (3), assume that there is a dense set of R¥-periodic orbits.
Then according to the spectral decomposition (Theorem 4.16) for any Anosov a,
there is only one a-basic set. Therefore, in each Weyl chamber of Anosov elements,
there is a residual set of transitive elements.

That (3) = (4) is clear, since if there is a residual set of transitive elements,
any open cone will contain positive multiples of some transitive element, and hence
itself have a dense orbit. That (4) = (1) is also clear, since we may choose any
cone of Anosov elements whose closure still consists of Anosov elements.

Now, we prove the second loop of implications. That (3) = (5) is clear:
any residual subset of R*¥ must contain an Anosov element. That (5) == (6)
follows from [15, Theorem 4.7(2)]. Such a measure was also constructed in [7]
for C*° actions. Another construction was carried out in [14] under additional
assumptions.

That (6) = (7) follows from the Poincaré recurrence theorem applied to the
fully supported invariant measure. Finally, that (7) = (2) again follows from
the Anosov closing lemma. O

We now establish several important applications of Lemma 4.17.

Corollary 4.19. Let R* ~ X be a cone transitive, totally Anosov action. Fiz
a € R*. Then the set of points x € X such that there exists a sequence ny — 400
such that a™ - x — x is a residual subset of X.

Proof. Every RF-periodic point is recurrent for every a € R¥, so this is immediate
from the fact that the set of recurrent points is a G set. (]

Recall that a set is e-dense if its e-neighborhood is X.

Corollary 4.20. Let R¥ ~ X be a cone transitive, totally Anosov action. Then
for every § > 0, there exists an RF-periodic point p whose orbit is §-dense.

Proof. Choose an Anosov element a with a dense orbit (which is possible by Lemma
4.17), some ¢ > 0 and choose ¢ as in Theorem 4.15 for §/2. Then pick a point z such
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that {(ta) -z : ¢ > 0} is dense in X. For some ¢ty > 0, {(ta) -z :t € [0,%o]} is §/2-
dense in X. Furthermore, we may choose some T > 2ty such that d((ta) -z, z) < ¢,
so that there exists an R* periodic orbit 2’ with d((ta) -2/, (ta) -2) < §/2. Then by
construction, the R¥-periodic orbit of 2’ is é-dense. O

4.6.1. SRB measures and disintegrations. In the proof of Lemma 4.17, the fully sup-
ported ergodic invariant measure constructed from an Anosov element is actually
the SRB measure for some Anosov element a € R¥.

Remark 4.21. By uniqueness coming from [15, Theorem 4.7] (see also [7] in the C'*°
setting), this measure is invariant for any b € R¥. If b also belongs to the same
Weyl chamber as a, then the SRB measure for a is also the SRB measure for b as
the stable foliations are identical. Hence this measure only depends on the Weyl
chamber.

Let W C R* be a Weyl chamber, sy, denote the corresponding SRB measure
and 8 be some weight such that S(WW) > 0 and ker 8 bounds W.

Through standard constructions via expanding partitions subordinate to the
leaves of a coarse Lyapunov foliation W, one may build a family of measures 5, ,
on We(x), defined for p-almost every x, such that

® T — pyy , is measurable,

e if = is a measurable partition subordinate to W<, uw ¢ is a constant
multiple of p), , on each atom of =,

o 5y . (Bwe(l,2)) =1 for p-almost every x, and

® a.uyy . is proportional to ug., for p-almost every z.

For more on constructing the conditional measures p3), , from conditional mea-
sures defined on subordinate partitions, we refer the reader to [1, Section 3.2] (and
[11, Section 2.2.3, Appendix B.5], where only algebraic actions are considered).

The action of ker 5 on (X t1yy) may fail to be ergodic. Let pyy = / vw 8w dm(w)

Q
denote the ergodic decomposition of pyy with respect to the action of ker 8 (here 2
an indexing set for the space of ker S-ergodic measures and m is a measure on it).
We have the following structures for ergodic components:

Proposition 4.22. Let R¥ ~ X be a CYY cone transitive, totally Anosov action
and a, B and W be as above. For every a such that a(W) > 0, a # 3, Yy B U
absolutely continuous with respect to Lebesgue measure for m-almost every w € )
and vy g -almost every x € X. In particular, the absolute continuity holds for
uw-almost every x € X.

Proof. Fix some generic measure v in the ergodic decomposition. Let a € kerf
on the boundary of VW which does not belong to any other Lyapunov hyperplane.
Since the set of ergodic elements for ker 8 acting on (X, v) is the complement of
countably many hyperplanes [66, Theorem 1.2], we may without loss of generality
assume that v is ergodic for a. Let ag be an element of W very close to a, so that
W is a fast foliation in Wp; .

Let 7 = 2 or oo based on the regularity of the action. We claim that W¢ is a
C" subfoliation of each leaf of W for any o as described in the statement of the
proposition.
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Indeed, we show by induction that W is absolutely continuous in common
unstable manifolds of increasing dimension contained in W, . By absolutely con-
tinuous, we mean that the disintegration of the Lebesgue measure class in the leaf
of the common unstable manifold along leaves of W is again of Lebesgue measure
class. We use the following very useful fact: given two foliations F' and F such
that F’ refines F, F' is fast in F (as in Section 4.3), and W7 is slow and comple-
mentary in F (with arbitrarily slow growth), then F’ is C" in each leaf of F. This
follows from the C"-section theorem of [39] and the fact that the growth of the slow
foliation can be made arbitrarily slow. We will use this argument again in Lemma
10.7.

Assume that W is an absolutely continuous subfoliation of some common stable
foliation F. We may find a weight v and common stable foliation F’ such that
TF =TF @ E”. By choosing an element sufficiently close to ker vy, we may make
F be the fast foliation inside F’. Since we may become arbitrarily close to ker~, it
follows that F is C" in F’. Since W¢ is absolutely continuous in F, it follows that
W is absolutely continuous in F’. By induction, we get that W is absolutely in
Wae -

Remark 4.23. Tt is not true from the general theory that W is C” in the common
stable manifolds. Indeed, it is easy to construct a one-parameter family of smooth
foliations of R? which do not form a smooth foliation of R3.

By definition of SRB measure, the conditional measures of uyy along W' are
absolutely continuous with respect to Lebesgue. Since W is an absolutely con-
tinuous subfoliation, it follows that fy3), , is absolutely continuous with respect to
Lebesgue for uy, -almost every z.

Finally, when considering the ergodic decomposition, m-almost every ergodic
component ¥ must have v absolutely continuous with respect to Lebesgue, follow-
ing the Hopf argument. Indeed, the forward Birkhoff averages of a are constant
along W%leaves for continuous observables. Then using density of C° functions
in L? and the description of ergodic components via this construction, one gets
that the ergodic decomposition is refined by the partition into stable leaves. See
[11, Theorem C.2.1] for a more thorough discussion. O

4.7. Normal forms coordinates. Let f: X — X be a Holder continuous trans-
formation of a compact metric space X, £L = X X R be the trivial line bundle
over f. A map F : L — L is called a (one-dimensional) C"-eztension of f if
F(z,t) = (f(x), Fx(t)), where F, € C"(R,R). We say that F' is uniformly con-
tracting if there exists p € (0,1) such that |F(¢)| < p for all (z,t) € L. We say
that F is transversally Holder if x — F, € C"(R,R) is Holder continuous in the
C" topology. A C"-normal form coordinate system for F' is a map H : L — L of
the form H(z,t) = (z,1,(t)) such that:

(1) ¢, € C"(R,R) for every z € X,

(2) ¥,(0) =0 and ¥, (0) =1 for every z € X,

(3) x + 1)y is continuous from X to C"(R,R), and

(4) HF (x,t) = FH(z,t),
where F(z,t) = (f(z), F/(0)t). Katok and Lewis were the first to construct normal
forms on contracting foliations in the 1-dimensional setting for C'*® transformations
[48]. Guysinsky extended this to the C” setting [35]. The theory of normal forms
has since been extended to a much more general setting. The broadest results in
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the uniformly hyperbolic setting have been written by Kalinin in [42] and even
extended to the nonuniformly hyperbolic setting by Melnick [57] and Kalinin and
Sadovskaya [46].

Theorem 4.24. Let F' be a transversally Hélder, uniformly contracting one-dimen-
sional C" extension of a C" diffeomorphism f, r > 1. Then I has a unique C”-
normal form coordinate system, varying Hélder continuously in the C"-topology.

Theorem 4.24 is an immediate corollary of [42, Theorem 4.3]. Indeed, in the
1-dimensional case, all narrow band spectrum assumptions become vacuous and
the identity map is the unique subresonance polynomial whose derivative is 1 (see
[42] for the definitions of these technical conditions).

Lemma 4.25. Let F be as in Theorem 4.24, and G be any one-dimensional C*-
extension of a homeomorphism g which commutes with f such that G commutes
with F. If H is the C"-normal forms coordinate system for F, F = HFH™' and
G= HGH™', then G is linear.

Proof. Let F and G be as in the statement of the lemma, and notice that since F
commutes with G, F commutes with G. Furthermore, G is still a C'-extension of
g. Let Mz, n) = (FJE”)) (0) denote the derivative of F™ along the bundle direction,
so that F™(z,t) = (z, A(z,n)t). Then since G commutes with

Gz, t) = F"GE™(2,t) = F7"G(f™(x), Az, n)t).

Now, since G is C', by the mean value theorem, there exists s, € [0, \(z,7)1]
such that G(f™(z), Mz, n)t) = (gf”(a:),G’fn(z)(sn)/\(x,n)t). Notice that s, — 0
since A(x,n) — 0 exponentially in n. Then:

(4.7)
G, 6) = B(g 7 (1), Gy oy (50 M 1)) = (92), Ag(2), 1)1 (320 A2, D)

Choose a subsequence ny such that f™(z) converges to some y € X (this is
possible by compactness of X). Then

Mg(@)ne)  Fyth(0)  (FmoG)i(0)  (GoFmyi(0)  Ghaw(0)  Gy(0)

Az,ng)  E2(0)  GL0)- EPF(0)  GL(0)- EZ¥(0)  GL(0)  GL(0)

Therefore, since (4.7) holds for every n (and hence for every ny), since s, — 0,
and since all functions involved are continuous:

A . A Az, ng)
4. = 1 4 n n ) — ! .
Therefore, G is linear at every point, as claimed. O

Theorem 4.24 establishes uniqueness of a C"-normal form, but a different C'* nor-
mal form could exist, since we require > 1. The following establishes uniqueness
of normal forms, even for C'! extensions.

Corollary 4.26. Let F' be as described in Theorem 4.24 and H be the unique C"-
normal forms coordinate system for . Then if H is a C'-normal forms coordinate
system for F, H = H.
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Proof. Let G = H™' o H, so that G : L — L is a C! extension of the identity on
X. Then

GoF=H'!oHoF=H"'oFocH=FoG
since both H and H conjugate F to F' by definition of normal forms charts. Since

G commutes with F', by Lemma 4.25, G is linear in the normal forms coordinates
provided by H. But since G/,(0) =1 for every 2, G =1d and H = H. O

Our main application of normal forms will be to contracting one-dimensional
oriented foliations of a smooth manifold X. Our notation of orientability here
is sometimes called tangential orientability, and the definition is very easy for 1-
dimensional foliations.

Definition 4.27. We say that a one-dimensional foliation F on a C'*° manifold X
is orientable if there exists a continuous, nonvanishing vector field on X which is
everywhere tangent to the foliation F. We call such a vector field an orienting field
and say that the foliation is oriented if such a vector field has been fixed.

If f: X — X isa C" diffeomorphism (r > 1) preserving an oriented, Holder
foliation F with C" leaves, one may construct a C” extension in the following way.
Fix a C" Riemannian metric on X, and normalize the orienting field to have unit
length. Then let x; denote the point of F(x) which is the image of x under the flow
induced by the normalized orienting field at time ¢. Notice that pushforward of the
constant vector field /0t on R under the map ¢ — x; is exactly the normalized
orienting field. Since F is f-invariant, the pushforward of 9/0t under the map
t — f(x:) is a multiple of the normalizing orienting vector field at every point. Let
At,¢ denote this ratio, and fg Ar.o d7 be the signed length of the curve 7 — f(z,),
T € [0,t].

Define F(x,t) = (f(x),s), where s is the (signed) length of the curve 7 —
f(zr), 7 € [0,¢] (if the leaves are all noncompact, then s € R uniquely satisfies
f(x)s = f(x¢)). Then F is a contracting C"-extension of f if F is contracting
under f. In this case, we have the following additional structures, which are easy
corollaries of the preceding results with the exception of (d), which follows from,
e.g., [42, Theorem 4.6]:

Theorem 4.28. If f : X — X is C" diffeomorphism (r > 1) of a C*>° Riemannian
manifold X and F is a one-dimensional, contracting, f-invariant, oriented, Hélder
foliation with O™ leaves, then there exists a family of C"-maps ¥ : R — F(z),
varying Holder continuously in the C"-topology, such that:

(a) for every x, 7 is an immersion whose image is F(z),

(b) () is the normalized orienting vector field of F,

(c) if g: X — X is a Ct diffeomorphism of X commuting with f (including
g=f), gl®) = w(ﬁx)(ﬂd;g(x)ﬂt), where dx denotes the derivative
restricted to TF, and

(d) if y € F(x), then ¢, o wy_l is an affine transformation of R.

Furthermore, any collection of C' maps varying continuously in the C*-topology
satisfying (a)-(d) must coincide with 7 .

4.8. Centralizers of transitive Anosov flows in dimension 3. We will build
rank-one factors that are Anosov flows on 3-manifolds. Understanding their prop-
erties will be important to our analysis. The following is classical in the study of
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Anosov flows, and the existence of the family is proven in the work of Margulis, see
Theorem 1 of Section 3 and Theorem 11 of Section 8 in [56], or [37]. The family
satisfying these properties is used to construct the measure of maximal entropy,
which has by now many alternate constructions. While for Anosov flows which are
not transitive, the family is not unique, it is unique for transitive flows. We could
not find a proof of this uniqueness, which we offer here for completeness.

Recall that an Anosov flow is a flow (g;) such that g; is normally hyperbolic with
respect to the orbit foliation of the flow, and that there are foliations associated
with (g:¢), the stable and unstable foliations W*, W™, as well as the center-stable
and center-unstable foliations, W and W, which are the saturations of the orbit
foliations by W* and W*, respectively.

Theorem 4.29 (Margulis). Let (g;) be a transitive Anosov flow on a compact
manifold Y, and {W*(y):y € Y} be the unstable foliation of (g¢). Then there
exists a family of o-finite, Borel measures p, defined on W"(y) such that

(1) for everyy € Y, p, is finite on compact subsets in the leaf topology,
(2) for everyy €Y, py is fully supported on W"(y) in the leaf topology,
(3) the measures pg" on W (y) defined by

(4.9) /fdﬂ,ff 1://f|wu( | Attg,(y)
gty

also have property (1),
(4) if z € W3(y), and w : W (y) — W(2) is the stable holonomy map, then
by = HE",

(5) the family {uZ} satisfies
(4.10) (gt)*/l;j = ethl’t;t(y)7

where h is the topological entropy of (g1),

(6) the families {,u;‘} and {,u;“} have the following continuity property: if y, —
y and f, is a sequence of compactly supported continuous functions on
W*(yn) such that f, — f, where f is continuous and compactly supported
on W*(y), then [ fndu; — [ fdus, where x =u or cu.

Furthermore, the family {MZ} 1s determined up to global scalar by these properties.

Remark 4.30. The continuity property (5) follows from the other properties. In-
deed, it follows for y;* from the holonomy invariance property (3), and it follows
for py by the continuity property for ug" and (4.9).

Remark 4.31. A more general construction due to Rokhlin also gives a similar family
of measures by using measurable partitions subordinate to the unstable foliation
(see, e.g., Appendix B.5 of [11]). However, this construction does not give a family
of measures up to global scalar, but instead measures which are defined uniquely up
to a scalar which may depend on the point y. Such measures are often normalized
to give the unit ball in W*(y) measure 1, and therefore do not usually coincide
with the measures above.

We summarize the construction of the unique measure of the maximal entropy
p from the family p,. First, notice that there exist analogous families pj and
py for the stable and center-stable foliations, respectively, which can be obtained
by considering the flow g_;. We define the measure u on subsets of Y which are
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obtained by saturating a small open subset of a center-stable leaf (centered at some
point yp) with small pieces of unstable manifolds. By the local product structure
of these foliations, such sets are open in Y. For a continuous function ¢ supported
on such a neighborhood, we define:

(4.11) /sodu :Z//cp\wu(w(Z)duZ(Z) dpiys (y)-

We call p the Margulis measure or measure of maximal entropy for f. After
normalizing to a probability measure, u is the unique entropy maximizing measure

8].

Proof of uniqueness. We wish to show that properties (1)-(5) characterize the fam-
ily { MZ} up to a global scalar. Suppose that {z/;} is another such family. Then
following the Margulis construction outlined above, one can construct another prob-
ability measure v on Y, whose local disintegrations along measurable partitions
subordinate to the unstable foliation are absolutely continuous with respect to the
respective families. Notice also that in both cases, h,(g:) = hu(gt) = hiop(ge)-
Therefore, both p and v are measures of maximal entropy for (g;). Since the mea-
sure of maximal entropy is unique, the measure classes of the disintegrations along
measurable partitions subordinate to W* coincide for p-almost every atom of the
measurable partition, which in particular implies that u; and v, are absolutely
continuous with respect to each other. Let f : Y — R be the Radon-Nikodym de-
rivative, so that py = ef . v, and [ is defined p-almost everywhere. Then one can
easily check that f is invariant under g; by (4.10) for both 4 and v'. Therefore,
py = Av,; for a fixed constant A on a set of full y-measure by ergodicity with respect
to p. Therefore, since the measure of maximal entropy is fully supported for any
transitive Anosov flow and the families { /J,Z} and {u;‘} both have the continuity

property (5), they agree everywhere up to a global constant. O

Lemma 4.32. If (g) is a transitive Anosov flow on a compact manifold Y, {u%}
and {,uy} are the unstable and stable families of measures for (g:) provided by
Theorem 4.29, and f : Y — Y is a homeomorphism commuting with (gi), then
Jep = p and there exists A € Ry such that for every y € Y, fuuy = )\,uf;(y) and

s _ \y—1,s
Febg = A Hf )

Proof. Notice that since f commutes with (g;), {f*,u’)ﬁ_l(w)} also satisfies properties

(1)-(5) of Theorem 4.29. Since the family is unique up to global scalar, it follows
that foud = A\pld and foud = Aqp for some constants A, Ay € Ry independent
of z. We wish to show that A\; A2 = 1. Assume without loss of generality that the
families {u2} and {u%} have already been chosen so that the measure defined by
(4.11) is a probability measure.

Since f commutes with (g;), f«p is also an entropy maximizing measure for (g;),
so fip = p by the uniqueness of the measure of maximal entropy [8]. But (4.11)
implies that

/wdu:/sﬁd (fer) //wlwu (&) d(fupiy) (2) d(fpiys) () :Alx\z/wdu-

Therefore, A Ao = 1. O

We will use the following result, which may be of independent interest. It requires
low dimension, since it is easy to construct examples of Anosov flows on manifolds of
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dimension greater than 3 which have infinite index in their centralizers (for instance,
by suspending certain Anosov automorphisms of T¢, d > 3).

Theorem 4.33. Let (g;) be a transitive Anosov flow on a compact 3-dimensional
manifold Y, and Cromeo(v)(9¢) denote the group of homeomorphisms that commute
with (g¢). Then Chomeo(y)(9:) = {gco f:t €R, f € F} for some finite group I C
Homeo(Y).

Proof. Fix some ¢ € Homeo(Y') that commutes with (g¢). Since (g¢) is a transitive
Anosov flow, it has a unique measure of maximal entropy, p. Let {u%} and {u2}
denote the families of leaf-wise Margulis measures in Theorem 4.29. By Lemma
4.32 and (4.10), we may find a time ¢ of the flow such that g_; o ¢ preserves the
Margulis measure, and the leaf-wise Margulis measures.

We claim that

F = {f € Homeo(Y) : fip = s Jabty = pyy, and fipy = py for every y € Y}

is a finite group. Notice that one may use the leafwise measures to define a length
on Wi and W for every y € Y. Then define a length metric 6 on Y by declaring
the length of a broken path in the (g;)-orbit, W* and W *-foliations to be the sum of
the leaf-wise measures of each leg. Since the leaf-wise Margulis measures are fully
supported, the new metrics defined on the stable and unstable foliations induce the
same topology on them, and § induces the same topology on Y. Hence, (Y,4) is a
connected, compact metric space, so Isom(Y,d) is a compact group [21].

Finally, we show that F' := Isom(Y,d) N Chomeo(y)(9¢) is discrete, which is suffi-
cient since any discrete, compact group is finite. Let ¢ € F be C%-close to the iden-
tity, so that for every € X, ¢(x) to a neighborhood of = with local product struc-
ture. Notice that since ¢ commutes with (g:), d(g:(¢(z)), ge(z)) = d(P(g:(x)), g:(x))
is uniformly bounded above and below for all ¢ € R. Since ¢(g:(x)) always
lies in a neighborhood of g;(x) with local product structure, we conclude that
¢(x) € We(x) N W(x). Therefore, ¢ fixes every orbit of g;. Hence, there exists a
continuous function h : Y — R such that ¢(x) = gp(,)(x). Since ¢ commutes with
gt, h(gi(z)) = h(z). Therefore h is constant since g; is transitive. It follows that
¢ is a time-t map of the flow. By (4.10), since ¢ € F, we conclude that ¢ is the
identity. ([l

4.9. Rank one factors of Z'-actions and their suspensions. We recall the
suspension construction of a ZF action, or more generally an RF x Z¢ action. Let
RF x Z' ~ X be a smooth or continuous action, and let X = X x R¢. Introduce
an equivalence relation ~ on X, where (x1,a1) ~ (2, az) if and only if there exists
a € Z* such that a - zo = 21 and as = a; + a. The space X = X/ ~ is called
the suspension space of R* x Z¢ ~ X. A fundamental domain for this equivalence
relation is X x [0, 1]°. Notice that if k = 0 and £ = 1, this is the standard suspension
construction for the diffeomorphism generating Z. The general construction is a
higher-rank version of this. Notice that the map = +— (z,0) is an embedding
of X into X, and the restriction of the R¥™ action to R* x Z¢ preserves the
embedded image and is canonically conjugated to the action on X by construction.
Furthermore, the space X carries a canonical C" structure if the R¥ x Z‘-action
is C", since the relation ~ will be given by C” diffeomorphisms. Furthermore, the
RFH_action on X is C”.
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T? is always a factor of the suspension action, since one may project onto the
R*/Z' component, and one may therefore factor onto R/Z and obtain a rank one
factor of the action, which is transitive (in the group theoretic sense). It therefore
makes sense to allow Kronecker factors.

Lemma 4.34. Let RFT ~ X be the suspension of a cone transitive action R* x
78 ~ X by C" diffeomorphisms, r > 1. If R¥ x Z* ~ X has a C" non-Kronecker
rank one factor, then so does R¥t¢ ~ X. IfR¥ x Z! ~ X is Anosov and R*t¢ ~ X
has a C™ non-Kronecker rank one factor, then so does RF x 7! ~ X.

Proof. First, we show that if R* x Z¢ ~ X has a non-Kronecker rank one factor,
then R*t* ~ X also has a non-Kronecker rank one factor. Indeed, let 7 : X = Y
denote the factor map, and p : R*¥ x Z¢ — A denote the corresponding surjective
homomorphism (see Definition 1.3). There are two cases: A 2 RxC and A 2 ZxC.
In the latter case, we think of Z as sitting inside R. Since C' is a compact abelian
group, we may write C' as a product of a torus and groups Z/n;Z. Let C’ be the
product of the torus component of C' with a copy of T for each Z/n;Z. Notice that
C' canonically embeds in C’ since Z/n;Z is isomorphic to {k/ni : k € Z} C T.

Since C' is a torus, its universal cover is a vector space, call it V (so that
C" = W/A for some A = Z3™ W) For each generator e; € Z*, choose some element
w; € R x W which projects to p(e;). Then there exists a unique homomorphism
from R*** to R x W which sends e; to w;. Let p denote the composition of this
homomorphism with the projection to R x C’, so that p : RFt¢ — R x €’ is an
extension of p: R¥ x Z¢ - ACR x C'.

Recall that C' was the product of a torus with finitely many groups of the form
Z/n;Z,i=1, ..., N. Let Y be the suspension of the Z x ZN-action on Y in the
case when A = Z x C, or the Z"-action in the case when A = R x C, where the
ith generator of ZV acts by the generator of Z/n;Z. Notice that after doing so, Y
carries a canonical R x ('-action, into which A embeds. Recall that X is the factor
of X x R* by the action of Z‘ on X in the first coordinates and by translations in
the second coordinate. Then define 7 : X — Y by #(z,a) = (7(z), p(a)). We claim
that 7 is well-defined. Indeed, if (z,a) and (y,b) represent the same point of X,
then there exists ¢ € Z¢ such that y = c¢- 2 and a = b+ c. But then p(c) = p(c)
(since p is an extension of p), so m(y) = p(c) - 7(z) and p(a) = p(b) + p(c) since P is a
homomorphism. It now follows easily that Y is a rank one factor of X. If Y were a
Kronecker factor of X, then the R x C’-action is transitive (in the group-theoretic
sense). But then the A-action on Y is transitive (in the group-theoretic sense), so
Y is Kronecker. This is a contradiction, so Y is a non-Kronecker rank one factor
of X.

Now we show the converse: if the action is Anosov and the suspension action
R*+¢ ~ X has a non-Kronecker rank-one factor, then so does the original action
R* x Z¢ ~ X. Indeed, suppose that m : X — Y is such a factor, and that A ~ Y is
the associated action with projection p : RF* — A (see Definition 1.3). For ¢t € T?,
let X; C X denote the fiber above ¢ of the suspension, so that X; is canonically
diffeomorphic to X, and preserved by R¥ x Z¢. Then define Y; C Y to be the image
of X; under .

We claim that Yy is a C*° submanifold. Indeed, let B = {t eER Y = YO},
and By = {t eERF .Yy = Y{)}, so that B = By NR’. Since the R action
descends to the factor Y, it follows that Y;1s = 5-Y;, and for any s € T!, B =
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{t ERC:t-Y, = Ys} Then B is a closed subgroup of R’ containing Z¢, and R*/B
is a factor of Y. The factor map is given by sending Y; to s (mod B). Now, fix
a subgroup V transverse to B°, the connected component of B in Rf. Then by
construction, Y = Rf .Yy = V - Yy, and the action of V on Y is locally free, since
it must locally permute the fibers. Therefore, the projection map Y — R*/B is a
submersion, since it takes the tangent space of the V-orbits onto the tangent space
to R¢/B. This implies that Yy, which is the inverse image of 0 under Y — R?/B,
is a smooth submanifold, and 7|x, : Xo — Y5 is a C” submersion.

Now, fix a € R* x Z* which is Anosov, so that TX = E2 ® O @ E¥, where O is
the orbit foliation of the R*-action. Since |y, is a submersion,

(4.12) TYy = 1 (E2) + 1. (O) + 1 (BY).

Since a descends to a map on Y, under the corresponding induced map, it follows
that nonzero vectors of 7, (E?) contract exponentially in the future, nonzero vectors
of 7. (O) stay bounded and nonzero vectors of . (EY) contract exponentially in the
past. In particular, the sum on TYj is direct.

Consider Hy = p(R¥ x Z*) C R x C. We now show that Hy is closed. Indeed,
notice that Hy preserves Yy, so it follows that H := H, preserves Yy. Let # be the
subbundle of TY tangent to the H°-orbits. Since H commutes with the A-action,
‘H is invariant under the induced action by a and its vectors stay bounded under
its iterates. Since the decomposition (4.12) is direct, this implies that H C 7. (O),
and hence that the H°-orbits are contained in the p(R¥)-orbits. Since p(R¥) C H,,
the H°-orbits are contained in Hj orbits, so Hy is closed in R x C.

Finally, we claim that Hy is either Z x C" or R x C’ for some compact group C".
Indeed, the only other possibility for a closed subgroup of R x C'is that Hy = C’
for some compact group C’. Since the action of Hy must have a dense orbit, it
follows that it must be transitive (in the group action sense). This implies that
Y is a Kronecker factor as well, which is a contradiction. Therefore, Yy is a non-
Kronecker factor of Xj.

O

The following can be thought of as a converse of Lemma 4.34, allowing us to claim
that the existence of Kronecker rank one factors is equivalent to being conjugate to
the suspension of an action with larger discrete component of the acting group. We
do not use this result directly, but provide it to add additional structure to actions
with Kronecker factors.

Lemma 4.35. Let R¥ x Z°* ~ X be a C" cone transitive, totally Cartan action for
r = (1,0) or oo, and w: X — T be a C" Kronecker rank one factor. Then there
exists a C" transitive, totally Cartan action RF—1 x Z*TY ~'Y which is C”-conjugate
to the action of A= {a € RF x Z* : a-771(0) = 771(0)} on #=1(0).

Proof. Consider the set Y = 71(0) C X. Since 7 : X — T is a factor of the action,
there is an associated homomorphism o : R¥ — R such that w(a-2) = o(a) + 7(z).
If X is the generator of a one-parameter subgroup transverse to ker o, we may
conclude that 7,X is nowhere vanishing, so 7 is a submersion. Hence, 7~1(0)
is a C" submanifold. Furthermore, there exists a periodic R¥ x Z¢ orbit by the
Anosov Closing Lemma (one must first pass to a suspension, see Theorem 4.15),
so there exists a point p € X such that a finite index subgroup of Z¢ fixes p. This
implies that a finite index subgroup of Z* fixes 7~!(0), and hence A is isomorphic to
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RF=1 x Z**1, Finally, it is clear the action of A on 7~1(0) must be cone transitive,
and totally Cartan. O

4.10. Journé’s theorem. High regularity of conjugacies is a key feature of the
rigidity for higher rank hyperbolic actions. We will later see that certain continuous
rank one factors of such actions also enjoy high regularity. One of the key ingredients
in proving the upgraded regularity is Theorem 4.36 of Journé:

Theorem 4.36 ([41]). Let M be a smooth manifold, ¢ > 1 be an integer, and
0 € (0,1). If F1 and Fy are two transverse foliations of M with uniformly C%¢
leaves, and f : M — R is a function such that the restriction of f to each leaf of
Fi and Fy is uniformly C?Y, then f is C97.

Remark 4.37. While the main theorem of [41] is stated for the case of ¢ = oo, the
intermediate regularity cases are also treated in the proof.

5. RIGIDITY OF THE DERIVATIVE COCYCLE

Throughout this section, we fix some arbitrary Riemannian metric on X, |-|.

5.1. Equicontinuity of Lyapunov hyperplane actions. The following is not
stated explicitly in [47], but follows from equation (1) and the related discussion in
the proof of Proposition 3.1 of that paper. The proof of the proposition does not
require the assumptions of the main theorem of that paper, but only the totally
Cartan assumption. Notably, one does require one-dimensionality of the foliations
at a crucial part of the argument.

Proposition 5.1 (Kalinin-Spatzier, [47]). Fiz a totally Cartan action R* ~ X.
Let W be a coarse Lyapunov foliation with Lyapunov hyperplane H. If a € H
does not belong to any other Lyapunov hyperplane, then for every sufficiently small
B > 0 (depending on the Hélder regularity of the coarse Lyapunov foliations), there
existeg > 0 and T > 0 such that if t > T and x € X satisfy d(z, (ta) - x) < &9, then

(5.1) | l[(ta)s|rwa (@)]] = 1] < d(z, (ta) - 2)°.

Outline of proof. We consider a point « which returns to a very small neighborhood
of itself as in the statement of the proposition. One proceeds as in the proof of the
Livsic theorem, by finding an associated periodic orbit where the derivative is con-
trolled. Unfortunately, the standard higher-rank Anosov closing lemma (Theorem
4.15) requires hyperbolicity of the return, which is incompatible with the desired
conclusion. However, in analyzing the proof of Theorem 4.15, one may find ex-
actly how much hyperbolicity is needed. The main idea of the proof is to assume
that (5.1) doesn’t hold, and arrive at a contradiction. Indeed, with sufficient con-
traction on the coarse Lyapunov distribution E“, one may close the orbit modulo
possibly the manifold W~ and some small § € R* whose smallness is controlled
by d(z, (ta) - ) with Holder estimates. If (5.1) fails, then by possibly looking at
the inverse and reversing the roles of z and (ta) - z, we get that

|[(ta)slrwe || <1—d(z, (ta) - z)",

which for sufficiently small 5 gives exactly the required hyperbolicity to build a
more nuanced closing lemma. See Proposition 4.1 of [47]. Notice that this requires
one-dimensionality of W®. In general, with multi-dimensional coarse Lyapunov
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foliations, the condition that ||(ta)|| > 1+d(z, (ta)-x)? does not give any estimates
on the opposite direction.

Now, choose any ¢ € RF which is Anosov and a(a) > 0. Then pick a sequence
of times s, such that (s,c) - x converges to some point y. Since z returns to its
own W~%leaf under ta + 9§, (ta + ¢) -y = y. Thus y is fixed by ta + J, and
(ta + 0)+|rwey)y = 1, so (ta)«|pwe(y) is very close to 1 (where the closeness is
determined by ||d||, which has Holder estimates). By using Livsic-type arguments,
one may further show that the derivative of ta + § along E< at the original point
is also close to 1 with Holder estimates (notice we also require one-dimensionality
here, as we rely on the derivative of a along E® being an abelian cocycle). Thus
we recover the original estimate after all.

The arguments of [47] work verbatim, with the exception of a normal forms
result (Lemma 4.4 of [47]) which needs a low regularity version (Theorem 4.24).
One may also notice that a reference to a paper of Qian [68] can be replaced with
our proof of the closing lemma (Theorem 4.15). O

Proposition 5.1 combined with Lemma 5.2 is the main input for Lemma 5.4,
which plays a crucial role in Parts III and V of this paper. It establishes equiconti-
nuity of hyperplane actions along their corresponding coarse Lyapunov foliations.

Lemma 5.2. Let X be a compact metric space X, f : X — X be a homeomorphism,
and ¢ : X — R be continuous. Assume there exist some 6, > 0 such that if y € X
and n € N satisfy d(f"(y),y) < 9, then

n—1

(5.2) o e(fiy) <e.

i=0
Then there exists S = S(6) such that for everyx € X and N € N, SN L o(fi(z)) <
S« (e +sup []).

Proof. Fix N € N. We define a sequence of times 0 = mg < n1 < my < ngy <
mg < ... depending on N, and which will terminate when either some n; = N or
my = N. Define:

ny = inf ({n > 0: Im such that n <m < N and d(f"(z), f"(x)) <0} U{N}).
Notice that if 0 < m < n; and n € [0, N]\{m}, then B(f"(z),/2)NB(f™(x),d/2)

= (. If ny = N, we terminate the sequence, otherwise we set
my =sup{ny <m < N :d(f" (z), f"(z)) < d}.

As ny # N, then m; is well-defined by definition, and at most N. Inductively,
we define sequences n; and m; using the following (terminating when either m; or
ni+1 = inf ({m; < n:3Im > n such that d(f"(x), f™(z)) <6} U{N}), and
mit1 = sup{niy1 <m < N d(f" (), f(2)) < 0}

Notice that, similarly to the observation after the definition of nq, if ¢1,¢5 €
U;[mi, ni1), then B(f“(z),8/2) N B(f*(z),5/2) = 0. Since X is compact, the

cardinality of a d/2-separated set is bounded by some S. Therefore, " n; 11 —m; <
S.
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We also claim that {f™(x)} is J/2-separated. Indeed, if B(f™i(x),d0/2) N
B(f™(x),d/2) # 0, then d(f™ (x), f™(z)) < §. Without loss of generality as-
sume ¢ < j. This contradicts the choice of m;,1, since n; < m;41 < n;. Therefore,
there are at most S intervals of the form [n;, m,].

We break the Birkhoff sum over the first N iterates into intervals (m;, n; 1) and
[;,m;]. Then we get that:

N-1 .
3" (i (@) < S(e + sup ),
i=0
where we bound each sum Z;.nzim o(f(x)) using (5.2). O

Remark 5.3. One may notice some similarities between our proof and a proof of the
Birkhoff ergodic theorem. This is perhaps not surprising, since one obtains that the
Birkhoff average of ¢ tends to 0 at least linearly as a consequence of the statement,
proving the Birkhoff ergodic theorem for any invariant measure of f. One may also
notice that the output of Lemma 5.2 is one of the assumptions of the Gottschalk-
Hedlund theorem, together with the assumption that the system is minimal. While
in our application, the map f will not be minimal, we note that this allows for
a weakening of the uniform boundedness assumption in the Gottschalk-Hedlund
theorem.

Lemma 5.4. Let RF ~ X be a CY, totally Cartan action and W be a coarse
Lyapunov foliation with coarse Lyapunov hyperplane H. Then there exists A > 0
such that for all h € H the derivatives |\hi|rw| < A are uniformly bounded on X
independent of the base point and h € H.

Proof. Tt suffices to show this for one-parameter subgroups as finitely many one-
parameter subgroups generate H. We may furthermore assume that the one-
parameter subgroups are far from the other Weyl chamber walls, so that Proposition
5.1 applies. Fix any e # h € H not belonging to any other Lyapunov hyperplane.
Notice that by fixing € > 0, one obtains (5.2) for log||h«|rw]|| from Proposition
5.1, using 6 =€ and € = Eg. Therefore, we may conclude that log ||(nh).|rw]| is
uniformly bounded for all n € Z by Lemma 5.2. Since log ||(th)«|rw]| is uniformly
bounded for ¢ € [0,1] and R = Z + [0, 1], we get that log||(¢h).|7w]|| is uniformly
bounded for all ¢t € R, as claimed. ]

We assume that each coarse Lyapunov foliation W is oriented by first passing to
double-covers as necessary, and fixing an orientation on each such foliation. Notice
that since R¥ is a connected group, every element must automatically preserve the
orientation of W®. Recall the normal forms for contracting foliations described in
Section 4.7, and let ¥ be the normal forms chart for W*(x) at x provided by
Theorem 4.28.

Lemma 5.5. Let R* ~ X be a CYY totally Cartan action. Suppose that x € X,
W< is a coarse Lyapunov foliation, and H is the corresponding Lyapunov hyper-
plane. Fix any Riemannian metric on X. Then
(a) if by, is a sequence of elements in H such that b, -© — x, and y € W*(z),
then b, -y — vy, and
(b) 4f by, is a sequence of elements in H such that by, - x — ' € W*(x), then
after passing to a subsequence, (1)1 o lim by, |y« (z) © Vg 15 a translation
(as a map from R to itself).
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Proof. For (a), according to Proposition 5.1, the derivative of b, restricted to the
We-foliation must converge to 1. Therefore, by Theorem 4.24, the corresponding
linear map describing the normal forms must converge to Id. Since the normal
forms and leaves of W vary continuously, we get that b, -y — y for all y € W(z).

For (b), notice that by Lemma 5.4, the maps (1&1?”;1:)71 o b, o ¢2 converge to
a linear map fp : R — R such that limb,, - % (t) = ¥% (fo(t)). Since the normal
forms charts at « and «’ are related by an affine transformation, we conclude that
f(t) = ()" tolim b, 0pe(t) is affine. Write f(t) = ma+b, and suppose that m # 1.
Then f has a unique fixed point on R, call it z. By definition, b, - ¥%(z) — ¥%(2)
and by part (a), this implies that f = Id, so m = 1. Since we assumed that m # 1,
this is a contradiction, and f is a translation since it preserves the orientation on
we, |

Remark 5.6. Throughout the remainder of Section 5, we will prove several features
of totally Cartan actions. When the action has no rank one factor, we will see that
Lemma 5.4 can be strengthened to yield isometric behavior. We axiomatize the
features of such actions later in Definition 14.4, which gives a remarkable rigidity
result in the C° category. The results below only use the axioms listed there, and
we invite the reader to check this while reading to prevent the need to read twice.

5.2. Circular orderings. Let R* ~ X be a totally Cartan, cone transitive C"
action, with » = (1,6) or r = oo (alternatively, a topological Cartan action as
described in Definition 14.4). Fix an Anosov element a € R¥, then let A~ (a) =
{#eA:p5(a) <0}, and & C A~ (a) be a subset. We introduce a (not necessarily
unique) order on the set ®. Choose R? = V C R¥ which contains a and for which
~1|v is proportional to ¥y if and only if 7 is proportional to v for all y1,v, € ®
(such choices of V are open and dense). Fix some nonzero x € V* such that
x(a) = 0 (x is not necessarily a weight). Then 3|y € V* =2 R? for every 3 € ® and
®|y = {B|v : B € ®} is contained completely on one side of the line spanned by x.

Definition 5.7. The ordering 8 < + if and only if Z(x, 8]v) < Z(x,7v|v) is called
the circular ordering of ® (induced by x and V') and is a total order of ®. If the set
® is understood, we let |a, 5] denote the set of weights v € ® such that a < v < .

Remark 5.8. We call this a circular ordering as we order the weights as they ap-
pear on the unit circle in R?, which is a circle. The order can be extended to all
weights in A, where it becomes a cyclic order. Because we restrict to a contracting
submanifold, the circular order for the set of all weights becomes a total order.

While each 8 € A is only defined up to positive scalar multiple (see Remark
4.10), this is still well-defined since the circular ordering on R? is invariant under
orientation-preserving linear maps. Figure 1 exhibits such a circular ordering, after
intersecting each ker y; with the generic 2-space V. The lines through 0 represent
the kernels of the weights, and the arrows indicate the half space for which y; has
positive evaluation.

Definition 5.9. If a, € A, let D(a, 8) C A (called the «, B-cone) be the set of
v € A such that v = ta+ s for some ¢, s > 0. We may identify D(q, 3) as a subset
of the first quadrant of R? by using the coordinates (¢,s). The canonical circular
ordering on D(«, ) is the counterclockwise order in the first quadrant (where ¢ is
horizontal and s is vertical).
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ker y1

+ ker xp

F1Gurg 1. Circular ordering

It is clear that the canonical circular ordering is itself a circular ordering by
choosing V in the following way: first choose a and b for which a(a) = —1, a(b) =
0, B(a) = 0 and B(b) = —1. Then perturb them to Anosov elements a’ and b’
which both contract o and . Setting V' to be the span of ¢’ and b’ and x to be
any functional for which x(a’) = —1 and x(b') = 0 obtains the canonical circular
ordering on D(«, 3). Also observe that the canonical circular ordering on D(«, )
is the opposite of the canonical circular ordering on D(f, ).

Let ay, ..., a, € R¥ be Anosov elements, and Ef = Ni_, £, and W{sai}(x) =
Ni_y We (). Each W7{,.y is a Holder foliation with C" leaves by Lemma 4.5. Let

A7 ({ai}) ={y € A:v(a;) <0 for every i} .

Lemma 5.10. Let o and 8 be linearly independent weights and W1, ..., Wy, be
the Weyl chambers of the RF action such that o and B are both negative on every
W;. Then if a; € W; are regular elements in each chamber, D(a, 8) = A~ ({a;}).

Proof. That D(a, ) is contained in the right hand side is obvious. For the other,
suppose that x satisfies x(a;) < 0 for every j = 1, ..., m. We first show x is a
linear combination of a and /3. Suppose that x is linearly independent of « and f.
Then there exists b € R¥ such that x(b) = 1 and a(b) = B(b) = 0. Choose any a;,
and consider a;4-tb. Notice that any Weyl chamber this curve passes through must
be one of the W;, since the evaluations of o and S will still be negative. But for
sufficiently large ¢, x(a; +tb) > 0. Hence there is a Weyl chamber such that o and
[ are both negative, but x is positive. This contradicts the fact that x is negative
on each W;, so by contradiction, y must be linearly dependent with o and §.
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So we may write x = ta + s8. We must show that ¢,s > 0. Indeed, assume
t < 0. Since o and 3 are linearly independent, it follows that there exists b € R*
such that «(b) = 1 and S(b) = 0. Choosing any a; from the given elements, the
curve a; — rb, 7 € R satisfies S(a; — rb) = B(a;) <0, a(a; —rdb) = ala;) —r < 0 if
r >0, and x(a; — rb) = ta(a;) — tr + sB(a;). Thus, if r is sufficiently large, o and
[ are negative but x is positive. Hence there is a Weyl chamber on which « and
are negative but y is positive. This is a contradiction, so ¢t > 0. The argument for

s is completely symmetric. (Il
Lemma 5.11. Let o, 8 € A satisfy o # £ (recall Remark 4.10), {a;} be Anosov
elements such that o, 8 € A~ ({a;}) and y1, ..., v be all weights of A~ ({a;})

strictly between o and B in a circular ordering such that o < . Let § € A~ ({a;})
be either the weight immediately preceding o or following 3. Then

n
Twlefl = Twe o TWP o @TW™  and  TWIFl g TW?
i=1
integrate to foliations W1l and W', respectively. Furthermore, if 1, : R"T2 —
WlePl(z) and ¢, : R — W°(x) are a continuous family of parameterizations, then
the map ®, : R""2 x R — W'(z) defined by letting ®,.(u,t) = z, where y = 1, (u)
and z = @, (t), is a homeomorphism onto its image.

Proof. Notice that we may find regular elements ay, ..., a, € R¥ such that W =
N~ We is a foliation such that TW!eBl = TW. We may do the same thing when
adding ¢, since by assumption it is adjacent to « or § in a circular ordering and
the entire collection can be placed in a stable manifold. To see that the map &,
is a homeomorphism, observe first that it is onto a neighborhood of z in W’ since
the foliation W7 is transverse to WA, We wish to show it is injective. Since &
is the boundary of a cone (either |a,d| or |4, 8|), we may find b € kerd such that
a(db), B(b), v1(b), ..., 7(b) < 0. Assume there exist (u,t) and (v,s) such that
D, (u,t) = ®,(v,s). Then iterating b forward, the «a, 1, ..., Vn, B-legs will all
contract exponentially, but the ¢ leg have its length bounded away from 0 and oco
by Lemma 5.4. By choosing a convergent subsequence, we may conclude that ¢ = s.
Then since 1, is a coordinate chart itself, we conclude u = v. Therefore, the map
is a local homeomorphism near 0. That it is a global homeomorphism follows by
intertwining with the hyperbolic dynamics. ([l

Lemma 5.12 (Weak geometric commutators). Let o, 8 € A be nonproportional
weights and write D(«, 8) = {a,¥1,...,Vn, B} in the canonical circular ordering.
Then given x € X, ' € W(z) and " € WP(a'), there exist

(a) a unique y € WP(z) and y' € W (y) such that " and y' are connected by

a broken path in the W7i-foliations with combinatorial pattern (vy1,...,vn)-
(b) a unique z € W(z"), and 2’ € WP(2) such that x and 2’ are connected by
a broken path in the W7i-foliations with combinatorial pattern (yn,...,71)-

The break points constructed depend continuously on x' and z".

Remark 5.13. The structures here are reminiscent of a commutator, as given a W<
leg followed by a W# leg, it completes a cycle by adding the “inverse” We-leg and
Wh-leg which are then followed by things which appear in the “commutator.” We
will see this is related to an actual commutator in the presence of more structure
(see Lemma 14.10).

This is a free offprint provided to the author by the publisher. Copyright restrictions may apply.



CARTAN ACTIONS OF HIGHER RANK ABELIAN GROUPS 773

Proof. Notice that, by Lemma 5.10, D(«, 8) = A~ ({a;}) for some choice of Anosov
elements {a;}. We may iteratively apply Lemma 5.11 to obtain a chart for WAl
Observe that we may begin with listing the ~;-foliations listed in a circular ordering,
adding them one at a time, to obtain a chart for W=l which is obtained by
moving along each of the foliations ~y;, one at a time. Since each « and 8 bounds
the collection, we may then move by 3 and then by a to obtain a chart for WAl
which first moves along the ~; foliations, then the a-foliation and finally the g foli-
ation. That is, by iteratively applying Lemma 5.10, we may produce a map which
parameterizes the foliation W*A!(z), H : RY xRg X Ry — WleBl where moving
along a coordinate in the Euclidean model corresponds to moving along the corre-
sponding coarse Lyapunov foliations as long as all coordinates appearing afterwards
are 0. For (b), if H=1(2") = (u, s1,82), let 2/ = H(u,0,0) and 3y = H(u,s1,0).
Continuity of the break points follows from the fact that H is a homeomorphism.
For (a), use the coordinates based at z rather than x and reverse the roles of
«a and . O

5.3. Residual properties of foliations. The following result is classical analog
of Fubini’s theorem, and usually stated for product spaces (see, e.g., [62]). Recall
that a continuous foliation of a space X is a collection of leaves which are locally
homeomorphic a product of a leaf with the transversal. This immediately gives the
following:

Lemma 5.14 (Kuratowski-Ulam). Let X be a smooth manifold with continuous
foliation F and Y C X be a residual subset of X. If B C X is a local transversal
disc to F, then the set of points x € B such that F(x) NY is residual in the leaf
topology of F(x) is residual in B.

We also discuss accessibility properties and their relationship to paths in folia-
tions (recall Remark 3.6), which will appear later in the discussion.

Definition 5.15. Let Q index a set of continuous foliations {Fi,...,F,} of a
smooth manifold X. Define W (z) = W7t+Fn to be the set of all points which
can be reached using finitely many broken paths in the foliations {F;}.

The proof of the following is identical to the proof that if a flow has a dense
orbit, then the set of dense orbits is residual, so we omit it.

Lemma 5.16. The set of points © € X such that W (z) is dense is a G5 set. If
it is nonempty, it is residual.

5.4. Exact Holder metrics. Kalinin and Spatzier proved the following cocycle
rigidity theorem in [47, Theorem 1.2] which is fundamental to the developments
in Part IV. We remark that this is not a general cocycle result but rather applies
specifically to the derivative cocycle. The starting point of the argument is Lemma
5.1. One then uses a Livsic-like argument to solve the derivative cocycle along a
dense H-orbit, and extend it continuously to the closure.

Theorem 5.17 (Exact Holder metrics). Let a be a C1?, totally Cartan action of
RF, k> 2, on a compact smooth manifold M and H be a Lyapunov hyperplane for
a coarse Lyapunov foliation W. If H has a dense orbit, then there exist a Hdélder
continuous Riemannian metric g on TW and a functional x : R¥ — R such that
for any a € R*

|da(v)]| = eX@|v| for any veTW.
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Remark 5.18. One may notice that the assumptions of [47, Theorem 1.2] are
stronger than those given here. However, an inspection of the proof reveals that
one does not need an invariant measure or dense orbits of one parameter subgroups:
for this theorem in their paper, the conditions listed here are sufficient.

Remark 5.19. Theorem 5.17 can be regarded as a strengthening of Lemma 5.4 under
the assumption that a Lyapunov hyperplane has a dense orbit. In particular, it
implies that the Lyapunov exponent corresponding to x for every invariant measure
is equal to x.

Remark 5.20. If R¥ ~ X is a totally Cartan action, and every Lyapunov hyperplane
has a dense orbit, the functionals in Definition 4.9 can be chosen to be those of
Theorem 5.17. See the discussion at the start of Part IV.

Part II. Examples of Cartan actions and classification of affine actions

In this part, we exhibit several interesting examples which we believe will be
useful to the reader, especially by comparing their features with the structures
in the arguments for the remainder of this paper. A reader only interested in
understanding the rigidity and structural arguments could skip directly to Part III.

In Section 6, we summarize some well-known classes of Cartan actions, and in
Section 7, we give a general description of affine Cartan actions. In Section 8, we
outline several exotic examples. Some are merely lesser-known examples, some are
original to this paper, and some are recent developments which exhibit unexpected
behavior (see [19] and [83]). Theorem 20.1 gives a structure theorem for Cartan
actions with trivial Starkov component, and many of the examples in Section 8
show that this is optimal.

6. THE ALGEBRAIC ACTIONS

We first recall several algebraic actions, which are often called the standard ac-
tions. These are the principal “building blocks”: (suspensions of) affine Z* actions
on nilmanifolds, Weyl chamber flows and Anosov flows on 3-manifolds.

6.1. Z* affine actions and their suspensions. Let Ay, A, ..., Ay € SL(n,Z)
be a collection of commuting matrices such that A7"* ... A" # Id unless m; = 0
for every i. Then there is an associated action Z¥ ~ T™ defined by m - (v + Z") =
AT A Al u 4+ 77, which is an action by automorphisms.

Notice R™ splits as a sum of common generalized eigenspaces for each matrix
A; (where a generalized eigenspace can contain Jordan blocks, and we identify
eigenvalues of the same modulus), R"” = EBfZl Ey. There are ¢ different functionals
on Z*, which associate to m € Z¥ the modulus of the eigenvalue of A7" ... A7"* on
E;, exi(@) If the functionals y; are all nonvanishing, the action is Anosov, and in
this case, x; are the Lyapunov functionals for every invariant measure.

If each generalized eigenspace E; is 1-dimensional and there are no positively
proportional Lyapunov functionals, the action is totally Cartan. Notice that the
totally Cartan condition implies that there are no Jordan blocks of the action.
Analogous actions can be constructed when replacing T™ by a nilmanifold, see [69].
We will restrict our discussion to tori for simplicity.

We have already described a dynamical suspension construction for Z* actions
in Section 4.9. Here, we show that in the case of Cartan actions by automorphisms,
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this is also realized as a homogeneous flow on a solvable group S = R*¥ x R". We
define the semidirect product structure of S by fitting the Z* subgroup of SL(n,Z)
into an R* subgroup. We may assume, by passing to a finite index subgroup as
needed, that the eigenvalues of each A; are all positive real numbers. Therefore,
each A; fits into a one-parameter subgroup, A; = exp(tX;) with X; € sl(n,R).
Furthermore, since [A;, A;] = e, [X;, X;] = 0. Thus, there exists a homomorphism
f : R¥ — SL(n,R) such that f(e;) = A; for every i (so in particular, f(Z*) C
SL(n,Z)).

We are ready to define the semidirect product structure of S. Let (a;,z;) €
RF x R™ for i = 1,2, and define

(a1,21) - (az,z2) = (a1 + a2,f(a2)’13:1 + z2).

Then I' = ZF x Z" is a cocompact subgroup of R¥ x R"™ and R* is an abelian
subgroup. The translation action by RF is a Cartan action, since the common
eigenspaces in R" are the coarse Lyapunov subspaces. Furthermore, the stabilizer
of the subgroup T" C S/T is exactly Z*, and by construction, if v € R” and a € Z*:

a-v= f(a)v-a~ f(a)v.

Therefore, the translation action on S/I" is the suspension of the ZF action on
™.

6.2. Weyl chamber flows. Let g be a semisimple Lie algebra and a C g be
an R-split Cartan subalgebra, which is unique up to automorphism of g. Cartan
subalgebras are characterized by the following: for every X € a, adx : g — g diag-
onalizable over R, and is the maximal abelian subalgebra satisfying this property.
A semisimple algebra g is called (R-)split if the centralizer of a (i.e., the common
zero eigenspace of adx for X € a) is a itself.

The semisimple split Lie algebras are well-classified, the most classical example
being g = sl(d,R), with Cartan subalgebra a = {diag(t1,t2,...,tq) : > t; =0} =
R4! which we will address directly now. Other examples include g = so(m,n)
with |m —n| <1 and g = sp(2n,R), as well as split forms of the exotic algebras.
In what follows, SL(d,R) may be replaced with an R-split Lie group G, with
its corresponding objects. The condition that all root spaces (which will be the
Lyapunov subspaces) are 1-dimensional is equivalent to G being R-split.

Let T' € SL(d,R) be a cocompact lattice, and define the Weyl chamber flow on
SL(d,R)/T to be the translation action of A = {diag(e’,...,e'): > ¢; =0} =
R4~1. Notice that if Y € sl(d,R) = T.SL(d,R), and a = exp(X) € A with X € a,
then:

da(Y) = Ad,(Y) = exp(adx)Y.

Therefore, if Y is an eigenvector of adx with eigenvalue a(X), da(Y) = e*X)Y,
The eigenvectors are exactly the elementary matrices Y;;, with all entries equal to 0
except for the (i,7)'" entry, which is 1. For a general split group, it is classical that
the eigenspaces are 1-dimensional. By direct computation, if X = diag(ty,...,tq),
then adx (Y) = XY —YX = (t; — t;)Y. Therefore, the eigenvalue functionals «
are exactly a(X) = t; —t;. These functionals « are called the roots of g, and are
the weights of the Cartan action as considered above.

For a general semisimple Lie group, the translation action of an R-split Cartan
subgroup is not Cartan, or even Anosov. However, the centralizer of a is always
isomorphic to a @ m, where m C g is the Lie algebra of some compact Lie subgroup
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M C G. In this case, exp(a) descends to a left translation action on the double
quotient space M\G/T', and this action is totally Anosov. However, the subgroup
M is always finite if the group is R-split, or equivalently if the Weyl chamber flow
is Cartan.

6.3. Twisted Weyl chamber flows. This example is a combination of the previ-
ous two examples. Let G be an R-split semisimple Lie group, and p : G — SL(N,R)
be a representation of G, which has an induced representation p : g — sl(N,R).
Then p has a weight o : a — R for each common eigenspace E C RY for the
transformations {p(X) : X € a}, which assigns to X the eigenvalue of p(X) on E.
We call p a Cartan representation if:

(1) (No zero weights) 0 is not a weight of p

(2) (Nonresonant) no weight « of p is proportional to a root of g

(3) (One-dimensional) the eigenspaces E, for each weight a are one-dimen-
sional.

Given an R-split semisimple group with Cartan representation p, we may define
a semidirect product group G, = G x RY which is topologically given by G x RV,
with multiplication defined by:

(91,v1) - (92, v2) = (9192, p(g2) " v1 + v2).

We now assume that I" is a (cocompact) lattice in G such that p(I') C SL(N,Z)
(this severely restricts the possible classes of p and I' one may take). Then I', =
I' x ZV C G, is a (cocompact) lattice in G, and the translation action of the
Cartan subgroup A C G on G, /T, is the twisted Weyl chamber flow. The weights
of the action are exactly the roots of g and weights of dp, which by the nonresonance
condition implies that the coarse Lyapunov distributions are all one-dimensional.

When RY is replaced by a nilpotent Lie group, one may replace the toral fibers
with certain nilmanifold fibers. See [69].

7. CLASSIFICATION OF AFFINE CARTAN ACTIONS

Here we consider affine actions of R¥ by left translations or more generally R¥ x Z!
by left translations and automorphisms on homogeneous spaces G/I" where G is a
connected Lie group, and I' C G a uniform lattice. Unlike for the rest of the
paper, we do not require k + [ > 2 to obtain classification under the homogeneity
assumption. Below we describe the structure of the homogeneous space G/T" and
the action « in terms of the Levi decomposition.

Theorem 7.1. Suppose that G is a connected Lie group, and I' C G a cocompact
lattice. Suppose RF x Z! ~ G/T is an affine Cartan action. Let S and N denote the
solvradical and nilradical of G, respectively, and G = L x S be a Levi decomposition
of G for some semisimple group L. Then

(1) L has no compact factors.

(2) If o : G — L is the canonical projection, then (') is a lattice in L.

(3) SNT is a lattice in S.

(4) The restriction of the Cartan action to R¥ covers a Weyl chamber flow
on L/o(T'), and the action of Z! factors through a finite group action by
automorphisms of L which preserve o(T').

(5) NNT is a lattice in N, and if x is a coarse Lyapunov exponent which does
not restrict to a root of L, then EX C Lie(N).

This is a free offprint provided to the author by the publisher. Copyright restrictions may apply.



CARTAN ACTIONS OF HIGHER RANK ABELIAN GROUPS T

Proof. Note that an R¥ x Z¢ action on X is affine if and only if its suspension action
is affine, and the homogeneous structure on the suspension space X contains X as
a homogeneous submanifold. Thus it suffices to argue the case of an affine action
by R*.

(1), (2), (3) and the first part of (5): These follow from Corollary 8.28 of [70],
provided L has no compact factors. To see that there are no such factors, observe
that since the Cartan action is affine, a-(gI") = (f(a)@a(g)T), where f : RExZ! — G
is some homomorphism and ¢, is an automorphism of G preserving I'. This implies
that da = Ad(f(a)) o dy,, which is an automorphism of g = Lie(G). The sum of
the eigenspaces of modulus 1 for this automorphism must be Lie(f(R¥)), since the
action is Cartan. Every automorphism of a compact semisimple Lie group has only
eigenvalues of modulus 1. But semisimple groups are not abelian, so the Lie algebra
cannot only consist of the directions tangent to the R¥-orbit foliation. Therefore,
we may apply the result.

(4): We claim that a - Sx = S(a-x). Since S is a characteristic subgroup, it is
invariant under the automorphism ¢, as well as conjugation by an element of G.
Since the action of RF x Z! is a composition of such transformations, we get the
intertwining property. In particular, the Cartan action descends to an action on
L/o(T"). For any semisimple group, the identity component of Aut(L) is the inner
automorphism group. Therefore, the R¥ component of R* x Z! must act by trans-
lations, since there are no small g € L such that go(T')g~! = o(I'). Furthermore,
the induced action must have some continuous part if L # {e}. Indeed, since the
outer automorphism group of G is finite, if the action were by Z!, some finite index
subgroup of the Z! action would be a translation action. But the elements of G may
be written as z - a - u, where z is in the center of G, a is in some Cartan subgroup
and u is a nilpotent element commuting with a. In particular, the one-parameter
subgroup generating a would be a 1-eigenspace of the action which is not contained
in the orbit, violating the Cartan condition. Therefore, the action must contain at
least one one-parameter subgroup which acts by translations. By the Cartan as-
sumption, da is diagonalizable for every a in this subgroup, so the translations must
be by semisimple elements. Furthermore, the action must contain all elements that
commute with a, and therefore an R-split Cartan subgroup. That is, the action of
the continuous part of RF x Z! is a Weyl chamber flow and the Z! factors through
a finite group action by automorphisms fixing the corresponding Cartan subgroup.

To see the second part of (4), we note that the arguments of Proposition 3.13 in
[32] can be applied to show that if EX C Lie(S), then EX @ Lie(N) is a nilpotent
ideal of Lie(S). This is sufficient for our claim, since the nilradical is exactly the
elements of the solvradical which are ad-nilpotent. The setting there is that of an
affine Anosov diffeomorphism, rather than an action which may have a subalgebra
inside the group generating the action. This leads to some exotic examples (see
Section 8). O

8. EXOTIC EXAMPLES OF CARTAN ACTIONS

In this section, we review examples of Cartan actions which exhibit unusual
behavior. Many of these examples exhibit features which explain the more technical
constructions and assumptions needed in Theorem 20.1.

8.1. Homogeneous actions with Starkov component. The main examples of
Cartan R* x Z! actions on solvable groups S are Cartan actions by automorphisms
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and suspensions of such actions. Indeed, (4) of Theorem 7.1 implies that the sub-
group transverse to n, the nilradical of S, is a piece of the R¥-orbit. However, the
orbit may also intersect n. This may happen in a trivial way, by taking any R* x Z!
action and its direct product with a transitive translation action on a torus. There
are other interesting examples as well, and in each such example, the component of
the R*-action intersecting n is always part of the Starkov component. For instance,
one may construct an R? action in the following way: let A : T?> — T2 by a hyper-
bolic toral automorphism. Then A also induces a diffeomorphism of the nilmanifold

1 z =z
H/A, where H is the Heisenberg group H = 0 1 y|:z,y,2z€ R »andA are
0 0 1

the integer points. The automorphism is given by (x,y,2) — (A(z,y),z). While
the automorphism is not Cartan, letting one copy of R act by translation along the
center and the other by a suspension (as in Section 6.1) gives an R? Cartan action,
since the action will still be normally hyperbolic with respect to the R* orbits for a
dense set of elements. This action has a rank one factor, but similar examples can
be constructed without rank one factors by taking a torus extension of T¢, d > 4,
rather than T2.

In an analogous way, assume that a Cartan representation of a split Lie group G
preserves a symplectic form w on RY. Then one may define a Heisenberg extension
1 >R = H = RY = 1 of RV by letting H = R x RN topologically, with
multiplication (¢1,v1) - (t2,v2) = (t1 +t2+w(v1, v2),v1 +v2). Then let Gp =Gx,H,
where p(g)(t,v) = (¢, p(g)v). Since p preserves the symplectic form w, the extension
of p to H acts by automorphisms. Then by construction, the Cartan subgroup of
G commutes with the center of H, and the action of A x R is a Cartan action on
any cocompact quotient of Gp.

What makes these examples special is that they have nontrivial Starkov compo-
nent, which is not a direct product with a torus action. The examples described
here are extensions of totally Cartan actions by isometric actions, as described in
Corollary 19.4. In the homogeneous case, the Starkov component is exactly the
directions generated by any center of a Heisenberg group appearing in Proposition
16.5, or splits as a direct product.

8.2. Starkov component arising from mixing semisimple and solvable
structures. The following construction is due to Starkov, and first appeared in
[52]. Consider the geodesic flow of a compact surface, realized as a homoge-
neous flow on SL(2,R)/T", and the suspension of a hyperbolic toral automorphism
A : T? — T? which lies in a one-parameter subgroup of matrices in SL(2,R),
t — A'. We first repeat the construction above: take the central extension of the
suspension flow to obtain a flow on a homogeneous space of a group H=Rx H,
where H is the Heisenberg group, and where R acts on H by a hyperbolic map
(t — A) on a subspace transverse to Z(H), and trivially on Z(H) = Z(H). We
assume the lattice takes the form A = Zx H(Z), and notice that Zy := Z(H)NH(Z)
is isomorphic to Z. Since I' C SL(2,R) is cocompact, it is the extension of some
surface group. Therefore, there are many homomorphisms from I" to Z(H) & R, fix
such a nontrivial homomorphism f such that the image of f is not commensurable
with Zy = Z. We construct a quotient of the space SL(2,R) x H by considering
the subgroup which is the image of I' x A under the map (v, A) — (v, Af(7)). Call
this subgroup I.
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Notice that T is still discrete, since if (7, Anf(7n)) — (e, €), then 7, is eventually
e since T' is a lattice in SL(2,R). Hence ), is eventually e as well. Thus, there
is a well-defined, homogeneous R?® action on X = (SL(2,R) x H)/T which flows
along the diagonal in SL(2,R), the R direction of H = R x H and Z(H) as the
three generators of the action. Notice also that the action has a rank one factor,
since the projection onto the first coordinate is well-defined. However, the action
on lfI/A is not a factor, since the projection of the lattice is dense in the center of
H (by the noncommensurability assumption on f).

This example highlights the necessity of assuming that the system has trivial
Starkov component in Theorem 20.1. Indeed, the action of the Starkov component
Z(H) factors through a circle action on X, and after quotienting by this circle ac-

tion, one arrives at the direct product of the flow on SL(2,R)/T" and the suspension
of A.

Remark 8.1. One can make this example nonhomogeneous by using the unit tangent
bundle to a surface of negative, nonconstant curvature, rather than SL(2,R) in
this construction. This highlights further the need for quotienting by the Starkov
component in Theorem 20.1.

8.3. Suspensions of diagonal actions. Consider a collection of totally Cartan
actions by linear automorphisms A; : Z ~ T2, i = 1, ..., k, which may or may
not be related in any way. Then let 2 < ¢ < k, and choose any homomorphism
f : Z' — 7ZF such that if 7; : Z¥ — 7Z is the projection onto the i*" coordinate, then
m; o f and m; o f are both nonzero and nonproportional for all ¢ # j. Such choices
are always possible for ¢ > 2.

Then construct the action of Z¢ on T?* by:

a-(z1,.. . wp) = (AL (@), . ALDR ().

Notice that we may suspend the Z¢ action to an R? action. Furthermore, the
Lyapunov exponents of the action are exactly m; o f, so by construction the action
is totally Cartan. The action has trivial Starkov component, but large centralizer.
In fact, the centralizer of the R action is exactly R¢ x Z*~* since one may act by
any of the automorphisms A; in its corresponding torus.

The key feature of the action we have constructed is that it has infinite index in
its centralizer. This highlights the necessity for the technicalities of Theorem 20.1.
The R? action we have constructed cannot be described as homogeneous extension of
a product of Anosov flows, but instead over some invariant subspace for the product
of Anosov flows. If one suspends the full Z*-action, one obtains an R¥-action which
is the direct product of k suspension flows. The suspension space for this action
is locally given by R¥ x T?* = {(s1,...,sg;21,...,2x) : 5; € R,z; € T?}, and the
flow is given by translations in the s; coordinates. The embedding of R is rational
and therefore f(R?) is the kernel of some rational homomorphism g : R¥ — RF¢,
Thus we see that while the R’ action is not itself a product action, it embeds in
a product action. It is exactly the restriction of a product action to some rational
subspace, which is precisely the content of Theorem 20.1(3), which says that m is
only a submersion onto its image.

This construction generalizes to any totally Anosov Z*-action. By picking a
generic Z2-subgroup and suspending only this subaction, one may obtain an action
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with large centralizer. However, if the action has no non-Kronecker rank-one fac-
tors, even if the action has a large centralizer, if it is still totally Cartan, conjugacy
to a homogeneous example can be achieved by Theorem 1.9.

8.4. Nontotally Anosov actions. The classical Katok-Spatzier Conjecture 1.7 is
stated for Anosov actions, and does not require them to be totally Anosov actions.
For R¥ actions, a construction carried out by the second author in [83] shows that
the conjecture is false as stated. There, the construction yields an action which is
Cartan, but not totally Cartan, and has no rank one factors, which implies that
the totally Cartan assumption is necessary in Theorem 1.9.

In most results in the theory (including the results of this paper), the totally
Anosov condition is assumed. In fact, the only results in which Anosov and not
totally Anosov is assumed are [71,73], which are for Z* actions where a topological
conjugacy can be deduced. For rank one actions, it is easy to see that Anosov and
totally Anosov are equivalent. Here we give a simple construction to show that for
higher-rank actions, Anosov does not imply totally Anosov. We will produce an
example below, assume it is totally Anosov, and get a contradiction.

Fix some cocompact I' € SL(2,R), let X = SL(2,R)/T and ¥ = X x X. Let
_01 € sl(2,R) in the first and
second factors of Y, respectively. Let ¢ : X — R be a function which has an
average of 0, and not cohomologous to a constant. Let wi(z1,z2) = v1 + ©(21)ve
and ws (1, 2) = vo. Notice that:

v;, © = 1,2 be the vector fields generated by (1)

(w1, wa2] = [v1 + p(1)v2, V2] = —[v2, (1)V2] = Dy, p(z1)v2 = 0.

Therefore w; and wy generate an R? action. Let a = w; 4+ sws, where s is such
that ¢(y) < s+ 1 for every y € Y. Now, notice that the derivative of a on Y still
preserves the same unstable bundle for v; 4+ v9, and uniformly expands it. Similarly,
it contracts the corresponding stable bundle, so @ is an Anosov element of the R?
action.

Now, choose s,t € R such that b = tw; 4+ swy = tvy + (te(x1) 4 s)vs is an element
such that to(x1) + s has positive integral on some periodic point x; of v; on X and
negative integral on another periodic point xzo. That is, y1 = (x1,21) is periodic
for the wy, wa-action and the integral of = — s+ te(x) over the base periodic orbit

is < —¢, and z9 and ys, respectively so that the integral of s + tp over the base
is >e. Let u= (8 é) be the vector field generating the unstable bundle in the
second (fiber) factor. Then at y;, u is contracted by, and invariant under b, and
any sufficiently small perturbation of b within R? must contract u. Similarly, at v,
u is expanded by, and invariant under b, so any sufficiently small perturbation of b
within R? must expand u. Therefore, u cannot be contained in a coarse Lyapunov
subspace, since the coarse subspaces are uniformly expanded or contracted for a
dense set of elements, by the totally Anosov property. But since it is invariant
under the wy, ws-action, it must be either part of the action or a coarse Lyapunov
subspace if the action were totally Anosov. This is a contradiction, so that action

is not totally Anosov.

8.5. Actions with orbifold, but not manifold, rank one factors. Through-
out, we have assumed that each foliation W is orientable. Without this assump-
tion, there are examples of R* actions in which the factor X/W¥# is an orbifold,
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but not a manifold (for a definition of X/W#  see Section 11). Let S; and Ss
be hyperbolic surfaces, each having an order 2 isometry. For S, we assume there
is an isometry fi : S; — S; which is a reflection across a systole separating two
punctured tori. Notice that Fix(f)) is exactly the systole. One can modify this
construction to be on any surface as long as Fix(/f1) is a union of closed geodesics.

Now let fo be any involutive isometry of a surface Sy which does not have
fixed points. Omne such example can be obtained by gluing an even number of
twice-punctured tori together in a cycle, then permuting them in the circle exactly
halfway around.

Now, let Y; = T'S; be the corresponding unit tangent bundles, and f; : ¥; = Y;
be the maps induced by the isometries. Notice that Fix(f) is still a union of circles
(exactly the orbits of the geodesic flow tangent to the systole), and that while f
may reverse orientation, f; always preserves it (since if f1 reverses the orientation on
S1, it reverses the orientation on the circle bundle as well). Finally, if Zy = Y7 x Ys
and f(y1,y2) = (f1(y1), f2(y2)), then f does not have fixed points and commutes
with the R action (£, 5) - (y1,42) = (9 (1), 952 (112)), where g{" and ¢{? are the
geodesic flows on Y; and Ys, respectively. Therefore, there is a totally Cartan R?
action on Z = Zy/(z ~ f(2)).

The Lyapunov foliations of the R? actions are exactly the horocyclic foliations
in Y7 and Y3, respectively. Therefore, if o is the positive exponent for the flow
on Y; and S is the positive exponent for the flow on Y3, A = {a,—a,,—0F}.
Notice that WH (y1,y2) lifts to {y1} x Yo U {f1(y1)} x Yo C Zy (for a discussion
on WH see Definition 10.1 and Proposition 11.10). Therefore, in this example
Z/WH =Y, /(y ~ fi(y)), which is not a manifold since f; has fixed points.

8.6. Some nonproduct examples. In this section, we construct a family of R*-
actions which admit rank one factors, but are not the direct product of such factors
and a homogeneous action. Let G C GL(N,R) be an R-split semisimple linear Lie
group locally isomorphic to SL(2,R) such that G(Z) is a cocompact lattice in G,
and the inclusion of G into GL(N,R), which we denote by po : G — GL(N,R), is a
representation of G with one-dimensional weight spaces. The construction of such
an algebraic group is nonstandard, see [59, Section 6.1]. Examples with nonuniform
lattices are more easily constructed (for instance, the standard representation and
its symmetric powers).

The most straightforward example of such a group where G(Z) is cocompact
is the group of matrices preserving the indefinite bilinear form axz? + by? — 22
on R3, where a,b € Z are such that the only integer solution to az? + by? = 22 is
(0,0,0). The group of real matrices preserving this form is canonically isomorphic to
S0O(2,1), and the integer points form a cocompact lattice in its identity component,
which is isomorphic to PSL(2,R). See [59, Example 6.1.2] for further details and
discussion.

8.6.1. Basic example. Fix some matrix A € SL(2,Z) such that A is hyperbolic and

A = exp(W) for some W € s1(2,R). We will consider the group

H = (G xR) x,R*N,
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where the representation p determining the semidirect product structure is given

U1
as follows. We write a vector v € R?V as |, where each v; € R2. Then let
N
vy etWa, etW vy
P(g, t) =g =g N )
UN etWUN etW UN
guldy ... ginlIds
where g = gnldz : € GL(2N,R) is the 2 x 2-block form of
gni1lde ... gnn1da
gt -.- GIN
polg) = | 7
gN1 .-+ gNN

Pick a Cartan subgroup A C G and notice that by construction, A commutes
with R, and that the weight spaces of p|¢ are all two dimensional, since by as-
sumption, the weight spaces of py are one-dimensional and each will appear twice
since g — ¢ is by construction the direct sum of the inclusion representation. Fur-
thermore, the set I' = (G(Z) x Z) x, Z*" is a discrete, cocompact subgroup, since
e"W = A" € SL(2,7), and hence p(g,t) € SL(N,Z) for every (g,t) € G(Z) x Z.

Now, the action of R commutes with G and therefore preserves each of its weight
spaces. Furthermore, since it is Anosov, it is hyperbolic on each. In particular, if
the unstable eigenvalue of A € SL(2,7) is e*, then the Lyapunov exponents of the
A x R action are exactly:

(8.1)  a(a,t) = a(a), where a is a root of G,
(8.2)  B(a,t) = B(a) + At, where 3 is a weight of the representation po, and
(8.3) B(a,t) = B(a) — X, where § is a weight of the representation po.

Notice that these functionals are all nonvanishing on A xR (even if the represen-
tation pg has a zero weight), that no two of them are positively proportional (even
if pg is resonant with the adjoint representation), and that for each such Lyapunov
exponent, the corresponding joint eigenspace of the A xR action is one-dimensional.
Hence the left translation action of A x R on H/T is a totally Cartan action.

8.6.2. Comparing with Theorem 20.1. Notice that G is a factor of H, and the kernel
of the projection is exactly R x R2V. Furthermore, since the lattice also splits in
this way, G/G(Z) is a factor of I', and the action of A x R factors through the
action of A. In the conclusions of Theorem 20.1, there is only one rank one factor,
Y1 = G/G(Z), which carries an Anosov flow which is the left A-action.

The complementary Lie subgroup R x R*V is the group Ggrig, and notice that
the map 0 : A x R = A has R as its kernel exactly, which is contained in Grjg.
Furthermore, as this example is homogeneous, the automorphisms ®, are exactly
the conjugation action of A x R on R x R?V. Since the action is by conjugation,
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part (4) of Theorem 20.1 follows immediately (in fact when the entire action is
homogeneous, it follows immediately that Grie is a normal subgroup and that the
automorphisms @, are inner).

It is not true in this case that the action of ker o = R on GRjg is totally Cartan
(even though it is totally Anosov). Since it is an R-action, there are only two coarse
Lyapunov foliations, which are the stable and unstable foliations of the action. The
action of R is by homotheties on each such foliation. They are each N-dimensional,
and are invariant under the representation of G on R2V. They are each irreducible
subrepresentations, which have one dimensional weight spaces. This is why the
action becomes totally Cartan when incorporating the Cartan subgroup of G.

Finally, it is clear that the homogeneous space H/T is not a direct product, since
the fundamental group of G/G(Z) acts nontrivially on Grig. One may also observe
this by noting that if the action were a direct product of the R action on Grig
and the A action on G/G(Z), then A would lie in the kernel of every Lyapunov
functional corresponding to a coarse Lyapunov subspace of Gris. By (8.2) and
(8.3), this is not true, and in fact cannot be true for any subspace complementary
to Rin R x A.

8.6.3. Arranging a trivial fiber action. In this section, we modify the construction
in Section 8.6.1 in two ways. First, one may notice that the example of Section
8.6.1 has a Kronecker factor, since we may project onto the circle factor appearing
in the suspension. We may alter the construction to have no Kronecker factors,
and in particular, to have that the coarse Lyapunov subgroups generate the group
G.

Second, in the example of Section 8.6.1, ker o acts on each fiber as an Anosov,
but not Cartan action. We will now further disrupt the hyperbolicity properties of
the ker o-action on the fiber. In particular, we modify the construction in such a
way that ker o = {0}. Of course, the action of such a group has no hyperbolicity!

Consider a quaternion algebra

H*® = {p+qi+rj+sk:p,qrs R},
where multiplication of vectors is determined by the relations
i?=a, j%=0, and  ij =k = —ji.

Such an algebra comes equipped with a norm defined by |[z|| = = -z = p* —
aq® — br? 4 abs?, where p + qi +rj + sk = p — qi — rj — sk is the conjugate. Let
G = {z e H*" : ||z|| = 1} denote the set of unit elements of H**. We have the
following.

Proposition 8.2 ([59, Proposition 6.2.4]). Assume that a,b > 0 salisfy that
(0,0,0,0) is the only integer solution of p* — aq® — br? + abs® = 0. Then:
(1) G*b = SL(2,R), and
(2) GY*Z) = {p+qi+rj+sk:pqrscZ}NG¥ is a cocompact lattice in
Geb,
We thank Dave Witte Morris for communicating the following construction to

us. Consider the representation of G¢® x G** on H*? =~ R* by:

p(g1,92)(h) = g1hg>~".

Notice that p is an embedding of G** into SL(4,R), and that in the obvious
basis (1,7,7,k) of H*? the preimage of SL(4,Z) is exactly G**(Z) x G**(Z).
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Furthermore, the algebra H*? is isomorphic to the algebra of 2 x 2 real matrices,
and in this form, the representation is left and right multiplication of 2 x 2 matrices
by elements of SL(2,R). Therefore, if +a and 43 are the roots of G%* x G**, the
weights of the representation p are exactly:

1
§{a+ﬂva_6a_a+ﬂa_a_ﬂ}'
In particular, no two roots and/or weights are positively proportional. Consider:
H = (Ga,b % Ga,b) KpHa’b

with the cocompact lattice A = (G**(Z) x G**(Z)) x, H**(Z). Then choose an
R-split Cartan subalgebra A C G%® x G** = SL(2,R) x SL(2,R), and consider the
left multiplication action on H/A. By construction, the action is totally Cartan.

Finally, we again remark on the features of this action. Notice that the action
has two rank one factors corresponding to each of the two possible G**/G%*(Z)
factors of H/A. Accordingly, the space Y appearing in Theorem 20.1 is exactly
Y = (G’ x G*) /(G**(Z) x G*(Z)). Therefore, the map o is simply the identity,
and ker o is trivial. This is therefore as far from a product as possible. Not only is
the action not a product of the action on the rank one factors and the homogeneous
action, the restriction of the R? action to the fibers (i.e., the ker o action) does not
even exist! All hyperbolicity on the rigid fibers comes from the motion along the
rank one factors.

8.6.4. Other variations. We begin in the same way, by constructing the cocompact
lattice G(Z) in G = SL(2,R). Now, consider another R-split semisimple group G'.
We say that a representation p; : G’ — SL(N’,R) is a uniform Cartan representa-
tion if it has the following properties:

e the weights of the p; are all nonzero (Anosov)

e cach weight space of p; is one-dimensional (Cartan)

o I" = p}(SL(N',Z)) is a cocompact lattice in G’ (Uniform)
We thank Dave Witte Morris for communicating Lemma 8.3 to us.

Lemma 8.3. There exist uniform Cartan representations of SL(d,R) x SL(d,R)
for every d > 2.

The construction of such a representation relies on division algebras. See [59, Sec-
tion 6.8] for a summary of division algebras and their relationships to the construc-
tion of lattices and representations.

Remark 8.4. The fact that the group G in Lemma 8.3 is a product of simple groups
is no accident. In fact, as explained in personal communication by Dave Witte
Morris, if G is simple, there does not exist a uniform Cartan representation of G.

Sketch of proof. Choose a central division algebra D of degree d defined over Q
which splits over R. These are generalizations of the quaternion algebras that
appeared in Section 8.6.3. The central condition requires that (1) is the center of
D. Such algebras exist, and by a theorem of Wedderburn are all isomorphic over R
to d x d matrices with real entries (in fact, the d appearing here is how the degree
is defined).

By choosing an appropriate basis in D (one which generates a subring called an
order), one may express the algebra as d x d matrices for which the Z-matrices
are a subring. As in Section 8.6.3, the group of unit-determinant elements of D
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are isomorphic to SL(d,R), and the combined left-and-right multiplication actions
determine a uniform Cartan representation of SL(d,R) x SL(d,R) on R O

Fix a uniform Cartan representation of a semisimple Lie group G’, and proceed
as in Section 8.6.3: let G = G x G, and consider the representation of H which
is p=po®p1 on RYN' Then p has the three properties listed above, since the
weights of a tensor product are sums of weights from py and p;. Therefore, since
there are N weights of pg and N’ weights of pi, there are N - N’ distinct weights
of p, so they must be one dimensional. Furthermore, even though py has a zero
weight, p; does not, so there are no zero weights of the representation. The third
property follows since it is true for each of py and p;.

Now let H = G x; RNN'so that (G(Z) x G'(Z)) X 5 ZNN'" is a cocompact
lattice in H. Consider the action of an R-split Cartan subgroup of G on H. Notice
that since the weights of p are sums of weights of a representation of G and a
representation of G’, they cannot be proportional to a root of G or G'. Therefore,
this action is totally Cartan. Furthermore, the root subgroups of G and G’ generate
the R-split Cartan subgroup, so H is generated by the coarse Lyapunov subgroups.
Finally, this action has a rank one factor again, by factoring onto G/G(Z). Like the
example in Section 8.6.1, the action of the subgroup preserving the fibers of this
rank one factors, namely the R-split Cartan subgroup of G’, is not Cartan, even
though the action is virtually self-centralizing.

8.6.5. Making the example nonhomogeneous. In this section, we outline another
construction of an action which is Cartan but not totally Cartan. Like the example
of Section 8.7, this example has a nonhomogeneous rank one factor which is not a
direct factor of the system. We will rely on the existence of nontrivial cocycles over
Anosov flows, making this construction unique to the setting of rank one factors.
Consider a totally Cartan translation action R¥ ~ G/I'. Assume that there
exists a group H which is locally isomorphic to SL(2,R), and that there exists a
surjective homomorphism 7 : G — H such that A = (") is a lattice in H. Further,

o(a)
assume o : R¥ — R is a homomorphism such that 7(a - z) = (e e"(a)) m(x).

Then 7 and o determine a rank one factor of G/T'. Notice that this is exactly the
situation appearing in the examples of this section.

Since H 1is locally isomorphic to SL(2,R), it is semisimple and there exists a
splitting homomorphism 7 : Lie(H) — Lie(G) such that v' = 7(v) € R¥ where
v' = 7(v) and v is the generating vector field of the diagonal subgroup of H. Then
R¥ decomposes as a direct sum of kero and R - v'.

Now let K = kerm, so that K is a normal subgroup of G. Assume further that
ad(v’) is nontrivial on Lie(K) (which is true for the examples constructed in this
section). Construct a new family of commuting vector fields in the following way.
ker o remains unchanged and gives rise to a (k—1)-dimensional action on G/T". Then
let ¢ : SL(2,R)/A — R be any function which is not cohomologous to a constant,
considered as a cocycle over the flow generated by v, and set v/ (z) = ¢(7(z))v'.

We claim that v” and ker o still commute. Indeed, if w € ker o, then:

0", w] = [(pom)),w] = (pom)v',w] + (w- (pom))' =0,
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where w - f denotes the directional derivative of f along w. Notice that the first
term vanishes since v’ and w commute, and the second term vanishes since w moves
along ker 7, over which ¢ o 7 is constant. Therefore we still have an RF-action.

We claim that this action is no longer totally Cartan. Indeed, consider the
original action, and a weight 3 such that E# C Lie(K) and B(v') # 0 (this was
assumed to exist and is a feature of the previous examples). Then we may write
B(b,t) = B(b) + Agt, where (b,t) is the element b + tv’, b € kero and t € R,
B = Blkero and Ag € R\ {0}. Notice also that 3 # 0, since otherwise 3 would
be proportional to a weight whose corresponding subspace projects to a stable or
unstable distribution of the rank one factor.

If the new action were totally Cartan, then there would be a corresponding
weight 3’. Note that since the action has a rank one factor, we no longer have
that the weights expand and contract at an exact rate. However, we still have that
there exists a unique hyperplane ker 3’ for which pushforwards of vectors in EF
have uniformly bounded derivatives by Lemma 5.4.

We may find such hyperplanes at each R*-periodic orbit. At each periodic orbit
p, the exponent 3, becomes 3, (b, t) = B(b)+Agcpt, where ¢, is ratio of the periods of
the vector fields v and v at p. Since Ag # 0, and 3 # 0, ﬂ]’o has kernel independent
of p if and only if ¢, is independent of p. By the Livsic theorem, this holds if
and only if ¢ is a cohomologous to a constant, which we have assumed it is not.
Therefore, since the kernel of B;) is not unique, the higher rank time change is not
totally Cartan.

Remark 8.5. If the flow along the SL(2,R)/A factor could be perturbed in a way
other than a time change, it would be possible to construct an example of this form
which is still totally Cartan. A totally Cartan example with rank one factors which
are not direct appears in the next section.

8.7. Constructing nonhomogeneous, nondirect factors. We briefly summa-
rize a recent example of Damjanovic, Wilkinson and Xu, which appeared in [19].
In spirit, the example is similar to that of the previous section, but remains totally
Cartan. They consider a 6-dimensional nilpotent Lie group which is isomorphic
to N = Heis x Heis, where Heis is the standard 3-dimensional Heisenberg group.
Rather than choosing the usual lattice, which would be to take the Z-points of
the usual realization of Heis as a matrix group, they take a lattice A which does
not respect the product structure in the description of N. This procedure was first
introduced by Borel and communicated by Smale in [77], in the discussion following
Theorem 3.7 of that paper.

In [19], the authors consider a partially hyperbolic affine automorphism F :
N/A — N/A, and the centralizer of its perturbations. F descends to an Anosov
automorphism on the maximal torus factor of N/A. The induced map is given by
Ax AonT* where A € SL(2,Z). The fiber bundle structure of N/A has T? fibers,
and the map from one fiber to another is isometric, and in particular affine. The
centralizer of F' contains a totally Cartan Z2-action. Theorem 20.1 applies to any
totally Cartan perturbation of this Z2-action.

Like the example of the previous section, the action on N/A is by Z?, and the
action on the T* is also a Z? action. Hence, the homomorphism ¢ which appears in
Theorem 20.1 is an isomorphism and the ker ¢ action is trivial, even after passing
to the suspension. Furthermore, among the cases they consider, they show the
existence of nonhomogeneous perturbations which still belong to totally Cartan
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Z2-actions. As promised by Theorem 20.1, they conclude using other methods that
such actions always have an invariant smooth fibration, and are affine with respect
to a smooth homogeneous structure along the fibers.

Part III. Rank one factors and transitivity of hyperplane actions

Recall that R¥ ~ X is a cone transitive, C1? or C™ totally Cartan action with
orientable coarse Lyapunov foliations. We also assume throughout this part that
we fix some Riemannian metric with which we measure distances and lengths.

9. BASIC PROPERTIES OF LYAPUNOV CENTRAL MANIFOLDS

Fix a Lyapunov half-space o with Lyapunov hyperplane H. In this section, we
build a model for a non-Kronecker rank one factor of R¥ ~ X assuming that the
H action is not transitive.

The plan to construct the factor is as follows: the nonexistence of dense H-orbits
provides the existence of H-periodic orbits. We then show that the fixed point sets
for the elements of H fixing the periodic point are smooth manifolds. Quotients of
these manifolds will provide candidates for the rank one factor.

9.1. Existence of H-periodic orbits. In this section, we describe certain features
of H-orbits when there does not exist a dense H-orbit. Call a subset S C X e-dense
if J,cg B(w,e) = X. Recall that a point p is periodic for a group action H ~ X if
the orbit A - p is compact, and call Staby(p) C H the periods of p (see Definition
4.14).

We first prove the following very basic topological lemma:

Lemma 9.1. Let B ~ X be a group action of a group B by homeomorphisms of a
compact metric space X . Assume that for every e>0, the set {v €X : B-x is e-dense}
is dense in X. Then there exists a dense B-orbit.

Proof. Pick a countable dense subset {z,, : n € N} C X. Then define
Y, ={y € X :forall 1 <{<n, there exists b € B such that d(b-y,zs) <1/n}.

By definition, any 1/n-dense orbit will be contained in Y, so Y;, is dense by
assumption. It is also open by construction. Therefore, (2, Y,, is residual, and
therefore nonempty by the Baire Category Theorem. It is easy to see that any
element of this intersection has a dense orbit. (]

Corollary 9.2. Let RF ~ X be a cone transitive, totally Cartan action. If there
does not exist a dense H-orbit, then there exists € > 0 such that every point whose
RF-orbit is e-dense and periodic is H-periodic. Furthermore, the set of H-periodic
points is dense.

Proof. Assume otherwise. Then for every € > 0, choose an RF-periodic point
p such that the R*-orbit of p is e-dense, but p is not H-periodic, which exists by
assumption. Since the R¥-orbit of p is closed, there is a canonical rational structure
of R¥ coming from identifying Stabgx (p) with Z*. Using this rational structure, we
see that the H-orbit of p is dense inside the R¥-orbit of p, since H will correspond
to an irrational codimension 1 hyperplane. Since this holds for every ¢, the union
of such orbits is dense. Therefore, the set of e-dense H-orbits is also dense. Hence,
by Lemma 9.1, there exists a dense H-orbit, contradicting our assumption.
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To see that the set of H-periodic orbits is dense, notice that once a point is
H-periodic, so is every point on its R¥-orbit. Since for every € > 0, there exists an
H-periodic orbit whose RF-orbit is e-dense by Corollary 4.20, the set of H-periodic
orbits is dense. |

9.2. Fixed point sets as manifolds. Recall that, in a weak sense, H = “ker «,”
even though o may itself not correspond to a Lyapunov exponent. That is, H is
the boundary of the half-space determined by «(a) < 0 which contracts a foliation
W<. In general, —a may not be an element of A, if it is not, we omit it from the
legs used in constructing paths throughout.

If x € X, let M“(x) be the set of points which can be reached from = by a broken
path in the a and —a (if —a € A) coarse Lyapunov foliations and R¥-orbits.

Proposition 9.3. Let R*¥ ~ X be a C" totally Cartan action with r = (1,6)
or r = oo, and let a € H not belong to any other Lyapunov hyperplane. Then
if Fix(a) is nonempty, it is a compact, embedded C" submanifold of X, which is
(k+2)- or (k+1)-dimensional, depending on whether or not —a € A. Furthermore,
Fix(a) = | [\_, M*(p;) for some finite collection {p;} C X.

Proof. Suppose that p € Fix(a). If —a & A, we let W—%(p) = {p} and E-* = {0}
be the 0-dimensional foliation into points and trivial bundle, respectively. We claim
that W (p), W—*(p) C Fix(a). Indeed, W* and W~ are each contracting folia-
tions for some elements b, —b € R*. Therefore, there exist normal forms coordinates
qﬁ;t : R — W*2 which intertwine the dynamics with linear dynamics (see Section
4.7). Since a € H, ||daly+« (p)|| = 1. Indeed, if not, either a or —a would exponen-
tially contract W=, and since a fixes p, this would violate Lemma 5.4. Therefore,
since the dynamics is intertwined with linear dynamics and has derivative equal
to 1, it must be the identity. That is, W*%(p) C Fix(a). One may see this as a
simple case of Lemma 5.5, with an exact return rather than a sequence of returns.
Therefore, saturating p with o, —a and R¥ orbits preserves the property of being
fixed by a, and M“(p) C Fix(a).

Use the exponential map and coordinates for 7, M subordinate to the splitting
T,M = E* @ E$ ® EY (where E = TR* ® E* @ E~?) to conjugate the dynamics
of a to a map of the form

(9'1) F(J?, Y, Z) - (lea L2ya Z) + (fl(xv Y, Z)v fQ(xa Y, Z)’ f3($; Y, Z)),

where L, is a linear transformation such that ||L1_1H < 1, Ly is a linear transfor-
mation such that ||Lg|| < 1 and each f; : RImX — RIMEL (where x = s,u,0 ap-
propriately) satisfy df;(0) = 0 and f;(0) = 0. Notice that if a point (z,y, z) is fixed
by F, then (L1 — Id)x = —f1(x,y, 2), (L2 — Id)y = — fa(z, y, 2) and f3(x,y,2) = 0.
Therefore, if

g(x’yv'z) = ((Id _Ll)_lfl(xayaz) -, (Id _L2)_1f2(1'7yaz) - y)a

then the fixed point set lies inside g~1(0).
Near 0, g~!(0) is a submanifold by the submersion theorem, since ¢’(0) =

0 —-Id 0
k+2 (or k+1if —a ¢ A). We claim that near 0, ¢g~1(0) = Fix(a). That
Fix(a) C g~'(0) is clear from construction, so we must show the opposite. We
know that W¥“-leaves and R*-orbits lie inside Fix(a). Therefore, we can construct

(_ d0 O) in block form. Furthermore, its dimension is exactly dim E? =
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a locally injective map from R x R x R*¥ — Fix(a) C ¢~(0) (or from R x R*
if —a ¢ A). By invariance of domain, the map is a local homeomorphism, and
Fix(a) = g71(0) locally. Since this argument can be done at every point of Fix(a),
we get that M“(p) is a C" submanifold of X. It is embedded since the size of the
neighborhood on which the dynamics is described in coordinates (9.1) is uniform in
p, and the fixed point set Fix(a) intersects this neighborhood in a unique k + 2- (or
k+ 1-)dimensional disc. Hence, the connected components of Fix(a) are of the form
M<(p) and they are isolated (again, since the size of the neighborhood in which
Fix(a) intersects in a disc is uniform), so there are finitely many. Hence they are
compact, embedded submanifolds (they are compact since Fix(a) is always a closed
set). O

Lemma 9.4. Ifa € A, but —a ¢ A, then H has a dense orbit.

Proof. Assume otherwise. Then by Corollary 9.2, there is an R*- and H-periodic
point, p. Since the set of elements of H fixing p must be a lattice in H, we may pick
some a € H not contained in any other Lyapunov hyperplane for which a - p = p.
By Proposition 9.3, the connected component of Fix(a) containing p is a compact,
(k+1)-dimensional manifold M®(p) which is saturated by R*-orbits. Then pick any
one-parameter subgroup {tb} C R¥ such that a(b) < 0. This flow must preserve the
compact manifold M (p), contract the WW<-leaves, and be isometric on R¥-orbits.

We claim that such flows do not exist on compact manifolds. Recall that p is
RF- and H-periodic, and hence its orbit under each group is compact. Recall that
each x € M“(p) is reached from p by a path using R¥-legs, W%-legs and W ~°-legs.
As there are no W~%legs by assumption, x is connected to the R*-orbit of p by
a Wo-leaf, since the RF-orbits and W ®-leaves are transverse and complementary,
and the R¥-action preserves the We-foliation (which allows one to exchange the
order of W-legs and RF-legs). Let § : M%(p) — R be defined by letting d(x) be
the shortest distance along the We-leaf connecting z to the R* orbit of p. Since
such a connection exists, varies continuously, and the intersections are discrete in
the leaf topology of W by transversality, J is a continuous function. Furthermore,
if 5(z) # 0, §((na) - ) < §(x) for sufficiently large n whenever a(a) < 0. Thus,
the maximum of § cannot be positive, since applying —na will yield a larger value.
Hence 6 = 0, and M®(p) consists of a single R*-orbit. This is a contradiction. [

Remark 9.5. Lemma 9.4 is reminiscent of arguments used to study totally nonsym-
plectic (TNS) actions. The TNS condition is formulated using Lyapunov exponents
with respect to an invariant measure, asking them to never be negatively propor-
tional. One can conclude from this that the corresponding Weyl chamber wall is
ergodic. The proof is more complicated and uses Pinsker partitions (this condition
and argument is now widely used and first appeared in [53]). Our proof is a spiritual
sibling in the topological category.

From now on, we assume that +a € A, and that H does not have a dense orbit.

Proposition 9.6. Let R* ~ X be a C", totally Cartan action, with r = (1,0) or
r = co. Suppose that p is both H- and R*-periodic. Then the H action on M®(p)
factors through a free torus action. IfY denotes the quotient of M*(p) by H-orbits,
then Y has a canonical C™ manifold structure, and the projection from M®(p) to
Y isC".
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Proof. 1If p is H-periodic, then Stabg(p) is a lattice in H. One may choose a gen-
erating set for Staby(p) which consists only of elements which are not contained
in any other Lyapunov hyperplane. By Proposition 9.3, M*(p) = Fix(a) for any
such generator, so Stabg(p) C Stabgy(q) for all ¢ € M“(p). Since Staby(¢q) con-
tains a lattice, it is itself a lattice. Therefore, a symmetric argument shows that
Staby(q) C Stabg (p). That is, the H-action factors through H/ Staby (p) = Tk~!
as a free action. That the quotient space of a free, C", compact group action is a
C"-manifold is classical, see, e.g. [55, Theorem 21.10]. O

10. WH_-HOLONOMY RETURNS TO LYAPUNOV CENTRAL MANIFOLDS

The following set will be crucial to our construction of a rank one factor, which
is well-defined in the setting of Anosov actions. We therefore work briefly in that
generality, as we expect these tools to be useful later.

Definition 10.1. Let R* ~ X be Anosov. If z € X, let W# (z) be the set of points
y such that there exists a path p based at = along the W/”-foliations for 8 # +a,
and H-orbit foliations which ends at y. That is, p is a sequence = = xg, x1, ...,
x, =y such that z; € WA (z;_1) or x; € H-x;_; for every i = 1, ..., n (recall
Remark 3.6). Such a path is called a WH-path (at x). Let e(p) = y denote the
endpoint of p and let £(p) be the sum of the lengths of the legs. We say a W -path
at x is a cycle if e(p) = .

Consider a totally Anosov action R*¥ ~ X. As indicated in Section 2, if o € A
and H = ker «, the existence of a dense H-orbit is intricately related to the existence
of a rank one factor, which is important in Parts III and IV. We therefore wish to
establish an easier way to detect whether H has a dense orbit. Fix some a € H
which is regular (so that 8(a) # 0 for all § # +a), and let Ry denote the set of
points for which there exist sequences ng, my — +oco such that a™*-x,a”™* -2 — x.
Notice that by Corollary 4.19, Ry is residual. Then let R C X denote the set of
points for which Ry N W2(x) and Ry N Wk(z) is residual. Notice that by Lemma
5.14, R is also residual.

Lemma 10.2. If R¥ ~ X is a totally Anosov, cone transitive action, with the
associated set R described above, then for every v € R, WH(z) C H - z.

Proof. Fix x € R, and let y € WS(z) N R. Then there exist ng, my such that
a™ - — x and a™* -y — y. Notice that since x and y are stably related, a™* -y — x
and a"* - x — y. Therefore, y € H - x. Since RN W (z) is residual in W2 (x) (by
definition of R), WS (z) C H - z. Similarly, W(z) C H - . By induction, for any
broken path whose break points all belong to R, the endpoint of such a path is in
H - z. Since any path can be accumulated by such a path, the claim follows. O

Corollary 10.3. Under the assumptions of Lemma 10.2, if there exists a point x
such that WH () is dense, then there exists a point x such that H - x is dense.

10.1. Local integrability of M“. We return to working with a cone transitive,
totally Cartan action R¥ ~ X with oriented coarse Lyapunov foliations, and assume
that a fixed coarse Lyapunov hyperplane H = ker o does not have a dense orbit
(and hence —« is also a weight by Lemma 9.4). We also fix an arbitrary smooth
Riemannian metric on X such that the action of R¥ is isometric along its orbits.
Choose a line L transverse to H C RF, and an H- and R*-periodic point p € X
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which exists by Corollary 9.2. Notice that L preserves M“(p), where M%(p) is as
in Proposition 9.3. Let Y be as defined in Proposition 9.6.

Lemma 10.4. The action of L descends to'Y as an Anosov flow.

Proof. That the L-action descends to Y follows from the fact that L-commutes
with H, and that Y is the factor of M“(p) by H-orbits. The Anosov property is
also clear: Y is a 3-dimensional manifold with complementary foliations given by
L-orbits, W< and W~%. Since o and —« are expanded and contracted, respectively,
by elements of L, the flow is Anosov. |

Let a; denote the Anosov flow on Y as in Lemma 10.4. Fix some point g5 € Y =
M%(p)/H, let yo € M®(p) be any lift of 1y, and consider W (o). Let p denote
a WH_path based at 1, and 7 denote a path in the o, —a and RF-orbit foliations
(with e(n) and £(n) denoting its endpoint and length, respectively).

Recall the normal forms coordinates described in Theorem 4.28, and for +a, let
YFE R — W*(x) denote the corresponding family of charts. Fix z € X, and
construct a function 1, : R x R x R¥ — X in the following way: given t,s € R
and u € R¥, let 1 = 9%(t), the point at (signed) distance ¢ from z along W
in the normal forms coordinates, xo = 9, %(s), the point at (signed) distance s
from x; along W~ in the normal forms coordinates and ¥, (¢, s,u) = w - 5. This
corresponds to the evaluation map of the path group along a fixed combinatorial
pattern (see Remark 3.6). Lemma 10.5 can be thought of as proving M* to be
“locally topologically integrable.” That is, local C° Euclidean structures can be
constructed using 1.

Lemma 10.5. There exists ¢g > 0 such that for every x € X, if y € M*(x) is
reached from x by an (o, —a, RF)-path n with £(n) < g¢ (with an arbitrary number
of legs), then y = . (t,s,u) for some (t,s,u) € REFZ with [t| + |s| + ||u|| < Cl(n)
for some constant C.

We introduce the following notation: M (x) denotes 1(B(0,¢)), the local M-
leaf through .

Proof. Fix some a € H which does not belong to any other Lyapunov hyperplane,
and let A be as in Lemma 5.4. Let ¢y be less than the injectivity radius of X
divided by A and be small enough such that if two points on an unstable or stable
leaf have distance 6 < 2¢g - A in the metric on X, their distance on the manifold is
between %6 and %5. Let i be an arbitrary path in the W, W~ and RF-orbit
foliations with £(n) < €9. Note that there may be an arbitrary number of switches
between each of the foliations. Put the stable and unstable coarse exponents for a in
a circular order, {f1,...,05-} and {v1,...,7s}. Since each of the coarse Lyapunov
foliations is transverse and complementary when put together with the R*-orbit
foliations, we may choose a path beginning at xz and ending at e(n) which first
moves along a, then —«, then R¥, then 3; through 3, and finally ~; through ~
(see, e.g., [75, Lemma 3.2]), shrinking ¢y as needed.

Assume, for a contradiction, that one of the legs in the (; foliations or -y; foliations
is nontrivial. Suppose without loss of generality that one of the {7;} is nontrivial.
Since the v; are listed in a circular order, n C H if and only if all ~; legs are trivial
for 1 # «. Indeed, moving along each ~; in sequence parameterizes the expanding
foliation by iteratively applying Lemma 5.11. In particular, once one of them is
nontrivial, the points at the start and end of the v;-legs will be distinct points on
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the same unstable leaf. Then iterating a the unstable leaf will expand, and the
stable leaf will contract. Since a € H, the endpoint after moving along the a-legs
and R*-orbit will stay within the ball of radius £(n) - A. But a pair of distinct
points in the unstable manifold of a will eventually grow to a distance larger than
{(n) - A, a contradiction. This implies that only the o and —a-legs, and R¥-orbits
have nontrivial contribution. That is, y is in the image of ¥,.

Finally, we show that (¢, s, u) is unique and depends in a Lipschitz way on £(n).
Perturb a to a regular element which now expands « and contracts —a. Ob-
serve that any pair of points can be locally reached uniquely by first moving along
the unstable foliation, then the stable foliation, then the R*-orbit foliation. This
immediately implies uniqueness. The lengths of each leg are uniformly Lipschitz
controlled by the distance on the manifold (see, e.g., [9, Lemma 2]), so we get the
bound on the length of the path as described. ([l

Fix z € X, and let n be an (a, —a, Rk)—path based at x. Recall that this means
that n is a sequence of points * = xzg, z1, ..., ©, such that x;41 € Wia(xi) or
Tiy1 = a; - x; for some a; € R¥. If each a; € L, we say that it is an («, —a, L)-path.

Lemma 10.6. Let n1,n2 denote sufficiently short (o, —«, L)-paths based at some
x € M*(p). Assume that each n; has a single o, a single —« and a single L-leg,
appearing in the same order. Then if e(n1) € He(na), m = n2. In particular, if
e(n) = x, m is the trivial path.

Proof. Consider the projection of 71,m2 to M*(p)/H, which has the structure of
an Anosov flow by Lemma 10.4. Since the a-leg, —a-leg and L-leg project to the
unstable, stable, and orbit leg for the Anosov flow on M“(p)/H, the local product
structure implies that the projected paths coincide. But since we restrict the orbit
to L, the legs must coincide on M*(p) as well. a

10.2. The W#-holonomy action. Recall Section 4.3 and the notion of a slow
foliation within a foliation F tangent to some sum of bundles E?, where § ranges
over some ) C At(a) for some regular a € R¥ (each such foliation is the slow
foliation for at least one Anosov element by Lemma 4.13).

Lemma 10.7. Let a € R* be an Anosov element, Q C AT (a) be a collection
of weights whose sum integrates to a foliation F, and assume that W is the slow
foliation fora in F. Ify € V/V\a(:t), then the induced holonomy map Hg , : W (z) —
We(y) is C", where r = (1,0) or co if the dynamics is C".

Proof. The holonomy is well-defined by the transverse intersection property of
Lemma 4.13. W@ is C" along F by the C"-section theorem of [39] and the fact
that the growth of the slow foliation can be made arbitrarily slow by Lemma 5.4
(its application to this setting can be found, for instance, in [45, Proposition 3.9]).
The regularity of We within F implies that the holonomies have the desired differ-
entiability. O

We know even more about the structure of the holonomy maps, namely that
they are linear in the system of local forms coordinates ¢ for the foliation W¢
defined in Section 4.7. Let my : R — R denote multiplication by A.

Lemma 10.8. Under the same assumptions as Lemma 10.7, (1/13)_1 oHS oy =
my for some A € [A=2, A?], where A is as in Lemma 5.4.
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Proof. We establish some basic identities relating the dynamics of R*, normal forms
and holonomy maps Hg . First, the normal forms coordinates give that for any
a€R* 2 € X, ap? =%, o Ly(2), where L,(z) : R — R is multiplication by the
(norm of the) derivative of a restricted to the a-leaves at z, since ||(¢2)(0)|| = 1
and 1Y preserves orientation. Notice also that since the stable holonomies are
defined through invariant foliations, for any a € R¥ and z,, x5 € X, a?—[g;m;za_l =
Ha-z1,a-w,- Furthermore, if z,,y, € X satisfy y,, € V[//\O‘(azn)7 and d(zy,yn) — 0,
then H, . — Id.

Let a € R¥ be as in Lemma 10.7, and perturb a to ag € ker a which still contracts
every v € At (a) \ « (this ag is as in proof of Lemma 4.13, and we may assume
a came from this construction). Notice that the sequences Lyp (7) and Loy (y) are
multiplications by constants bounded below and above by A~! and A by Lemma 5.4.
By choosing subsequences, we may assume that L, () = my,, L (y) = my,
and that ag™ - z,a¢™ -y — z for some z € X (notice that the iterates of z and y
must converge to the same point since they are in the same leaf of I/I//\O‘(az)) Notice
that A=1 < \;, A2 < A. Putting this all together, we get that:

(1#;‘)71 oHyyoty = (ws‘)fl o aank’}'{a;’;kixva;’;kiya’gk oY
- Laonk (y)_l o (wg[)"k -y)_l o Hagk -m,agk -y o ¢gonk .z © Laonk (JJ)
T M /g

since the holonomy maps ,Ha'(']‘k ».,, converge to Id and the normal forms charts

n
a0

Yo ne . and wg‘onk,y both converge to < by continuous dependence. The bounds
on A1 and Ao imply the bounds in the statement of the Lemma. O

Remark 10.9. Lemma 10.8 is not a consequence of the usual centralizer theorem for
the normal forms of dynamical systems since there is usually no guarantee that the
holonomy maps can be extended globally to a fibered extension commuting with
the dynamics. It is also crucial to the remaining arguments that the bound on its
derivative does not depend on the closeness of x and y along we.

Fix z € X, and let  be an (a, —a, R¥)-path based at z. If 3 € A is not equal to
+a, let D(a, ) = D(a, ) U D(—av, 8) \ {£a} C A be the set of weights which can
be expressed in the form ¢85+ s, for t > 0, s € R. Notice that by picking a € ker «
such that $(a) < 0, we may perturb a to a; so that D(«a, ) U {—a} is stable for
ay or to ay so that D(a, 8) U {a} is stable for as. Therefore, W*® can be made
the slow foliation for a; or as, respectively, implying that [)(a, B) integrates to a
Holder foliation with C” leaves which we denote F*#, and that F*#-holonomy
between two a-leaves or two —a-leaves is C” (by Lemmas 4.13 and 10.7).

Lemma 10.10. If 8 € A satisfies 3 # +a andy € WP (z) and n is an (o, —a, R¥)-
path based at = as described above, then there exists an (o, —a, R¥)-path 1’ based at
y with the same number of legs y = Yo, ..., Yn such that y; € F*P(x;).

Remark 10.11. Lemma 10.10 can be almost immediately deduced from Lemma 10.7
and the preceding discussion. However we provide a proof in which we connect two
points of the F*# with some path in the 1-dimensional foliations W', v; € D(a, B),
as the ideas in this proof will be used again later (for instance, in Corollary 10.14).

Proof. We build the legs of 1’ one at a time, proceeding by induction. Assume we
have found the points xg, ..., z; to yg, ..., ¥;- We now show that we can continue
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to ;41 and y;4+1. By Lemma 5.12, the points have the ~f0110wing structure: at z;,
we have a distinguished path in the foliations W7, v € D(«, 8) such that

wot W2 wm
(101) €Tr; = xi,O xi,l e l‘@m =Y,

where z 2> y means that y € F(x) for the foliation F. First, suppose that z,11 =
a - z; for some a € R¥. Then for each leg connecting z; to y;, the a-holonomy is
clear:

W’Yl W'YQ W’Ym
Tipi=a-T,=a-Tio—>(a-x1) — ... — (@ Tim) =0 Yi = Yit1-

Now, suppose x;4+1 € W(x;) (the proof for —« is identical). One may make «
the slow foliation in a stable leaf containing ; for each 7; in the connection (10.1)
(as discussed before the statement of the lemma). So by Lemma 10.7, one may use
stable holonomy to transport the connections in (10.1). In particular, we get:
(10.2) Tiy1 = Tip W) Ti W) L e Tim = Yit+1-

Here, each ; ; is obtained as the image of stable holonomy from Z; ;1. Notice
that [, 5] € D(a, 8), by Lemma 5.11, each connection of the form Wl above
can be placed in a circular ordering, and therefore a new connection (possibly with
more legs) can be made between x;11 and y;11. We then iterate the procedure and
get the result by induction. |

Lemma 10.12. Let 1 be any (o, —a, R¥)-path based at z, and a € R*. Define axn
to be the path which starts at x, moves along m, then moves along a. Then if 1/
and (a 1) are the paths obtained through the holonomy defined in Lemma 10.10,

e((axn))=a-e().

Proof. Notice that in the proof of Lemma 10.10, any connection x K) y corresponds
to y = a-x. Since this connection is the last type, it is lifted to a connection of the
form 3’ = a - 2’. Since this is the last connection of the path 7, the last connection
of i’ also takes this form. O

Definition 10.13 is crucial in the subsequent analysis. Notice that when W€ is the
slow foliation in a foliation F, Lemma 10.7 shows that the holonomy along the fast
foliation is smooth. In general, there exists an a-holonomy between two different
fast leaves, but the holonomy may not be smooth. We call these a-holonomies,
which can be extended to paths as in Lemma 10.10. In general, the number of legs
for a given W#-path may increase after applying a a-holonomy. We shall see
that another notion, the a-switching number remains constant.

Definition 10.13. Fix a € H such that a ¢ kerf for § # +«, and let p be
a WH-path in the foliations W5. Then p has some combinatorial pattern of
weights (B1,...,0,) (where we omit appearances of H in the pattern). Define
the a-switching number of p, s(p), to be 1 plus the number of weights §; such that
Bi(a)Biy1(a) < 0. We say that the switching number is 0 if p is only an H-leg.

Corollary 10.14. Let n be an (o, —a, R¥)-path based at z, and p be a path based
at x in WH. Then there exists an (a, —a, R¥)-path m,(n) based at e(p) and a W -
path m,(p) based at e(n) such that e(m,(n)) = e(my,(p)) and s(p) = s(my(p)). The
functions m, and 7, are continuous. Furthermore, 7, is bijective on the space of
WH _paths, and =, is bijective on the space of (a, —a,R¥)-paths and (a, —cv, L) —
path.
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Proof. Apply Lemma 10.10 inductively along each leg of the W -path. The path
7,(n) is the corresponding (o, —a, R¥)-path at the end of the process, and the path
my(p) is the connection made along the S-foliations. Finally, observe the switching
number is preserved by (10.2), since a(a) = 0 and if 5(a) < 0, every v € [a, (] has
v(a) < 0 (similarly for 8(a) > 0).

Invertibility follows because each has an inverse function, namely 7,-1 and 7, -1,
where the inverse of a path denotes its reversal. O

Lemma 10.15. If p is a WH -path with s(p) < n and 1 is an (o, —a, R¥)-path,
then A=+ D¢(n) < (m,(n)) < A" FL(n), where A is as in Lemma 5.4.

Proof. By induction, it suffices to show that 7,(n) < A?¢(n) when s(p) = 1. That
is, when there exists a € H such that a contracts every weight in p. Recall that
7p(n) is defined through stable holonomy, so the paths 7,(n) and n converge to one
another under iterations of a. But since the derivative of a is bounded above by A
and below by A~! when restricted to each a and —a leaf, the lengths of a - m,(n)
and a -7 are each distorted by at most A. Thus, since they converge to one another,
the lengths of  and 7,(n) differ by at most A%. Since we may assume that there
is only one H-leg appearing at the beginning of the W# -path, this contributes one
more factor of A in the estimate. |

10.3. Controlling W#-returns to M®. Lemma 10.15 gives us Lipschitz con-
trol on W#-holonomies, which we will use to build an equicontinuous action of
holonomies. The difficulty in doing this directly is that the derivative bound de-
pends on N, the a-switching number. Therefore, if x € X, we define W () to be
the set of endpoints of W -paths p with s(p) < N starting from z.

The return dichotomy. Let R¥ ~ X be a totally Cartan, cone transitive action
such that there does not exist a dense H-orbit, with associated invariant set M*(p)
constructed above for some well-chosen H-periodic point p. Then we have the
following dichotomy:

(D1) For every N € Nand z € M*(p), WH () "M (p) is a finite union of closed
H-orbits.

(D2) There exist x € M®(p) and N € N such that W (z) N M?(p) is an infinite
union of H-orbits.

In case (D1) of the dichotomy, we will construct a rank one factor of the action
(see Section 11). Otherwise, assuming case (D2) for some N and periodic point p,
we will show that W# (z) is dense in X for some z € X (and therefore H has a
dense orbit by Corollary 10.3, see Section 12).

Before going into the two cases of the dichotomy, we establish a lemma which
gives a bound on the switching number required to saturate X by starting from all
points of M*(p).

Lemma 10.16. Let p be H-periodic. There exists N € N such that W (M*(p))
(the saturation of M®(p) by Wi ) is all of X.

Proof. In fact, we show that W/ (M%(p)) = X. Fix ap € H which is not in any
other Lyapunov hyperplane, and let a; be a perturbation of ag which is Anosov.
First, notice that W (M*(p)) contains an open neighborhood of M®(p). Indeed,
using local product structure there exists ¢ > 0 such that any y € X e-close to
x € M®(p) is reached by applying some element b € R*, moving along W (b-z) to
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some z, then arriving at y € W, (z). Now, by Lemma 10.7, one may connect b - =
to y by first moving along the a-leaf, then along the weights in A (a;) \ a. Let
pT*nt denote the path starting from b-x and ending at y, where pT is a W¥-path
and 0T is a single a-leg. Similarly, one may isolate the —a-leg in the move from y
to z, denote the path by p~ xn~. Using the projections in Corollary 10.14, we note
that the original path given by p_ % n_ % p4 % 14 % b can be rearranged to
(10.3) p—x 1y (pr ™) ThHmy 1 (o) x g % b,
where p~! denotes the reversal of the path p. This corresponds to pushing the path
n_ along py ~! via holonomies. We consider the nearby point 2’ = e(my, —1(n-) *
ny *b) € M(p). From this, since the last two connections of (10.3) are in W#
and the switching number is preserved by m, -, it is clear that y € W4T (M*(p)).
Now, WH (M%(p)) is invariant under the R*-action (since M%(p) is invariant
under the R¥-action), and contains an open set, so is therefore dense by transitivity
of the RF-action. By density, B(W{ (M®(p)),e) = X for every ¢ > 0. Repeating
the argument above proves that after saturating again by local (o, —a, R¥)-paths
and local Waso/ * leaves, we must get all of X since such a saturation at a point z
contains B(z,¢) for some £ > 0 independent of x. Since we may again push the
(o, —a, R¥)-path to the start of the path using holonomy projections, we conclude
that W (M*(p)) = X. O

11. FINITE RETURNS: CONSTRUCTING A RANK ONE FACTOR

In this section, we assume throughout that p is a fixed, H-periodic point for
which (D1) holds for every N. Under this assumption, we will construct a C" rank
one factor of the transitive, totally Cartan, C" action. We recall that W# and the
number of switches is defined by fixing some a € H such that a & ker 8 for every
B # =+a, so that a acts partially hyperbolically on X. We may perturb a to a’ € R*
which is regular, so that a’ acts normally hyperbolically with respect to the orbits
of the R¥-actions.

We recall some facts from the theory of partially hyperbolic transformations.
Recall that @’ acts normally hyperbolically with respect to the R¥-orbit foliation,
and let W7, 5 denote the local manifolds of a’ where * = s, u, cs, cu stand for stable,
unstable, center-stable, center-unstable, respectively and ¢ denotes the size of the
local neighborhood. Since a’ acts normally hyperbolically, there exists § > 0 such
that the map g = g, : W 5(z) x W s(x) — X defined by g(y,2) = W5(y) N
W3 5(2) is well-defined and a homeomorphism onto a neighborhood of z. Choose
€0 to be such that B(x,e) is contained in this neighborhood for every xz € X.

Lemma 11.1 (Local integrability of WH). Assume (D1) holds. There exists eg
with the following property: suppose that x € X and p € Wi (z) begins with its
a-stable legs, then moves along a-unstable legs, each written in a circular ordering,
and possibly H-legs. Then for every ey > € > 0, there exists 6 > 0 such that if the
legs of p all have lengths less than 0, there exists a p' € Wi (x) with the same base
and endpoint as p, which begins with its a-unstable legs, then moves along a-stable
legs, written in a circular ordering, and possibly H-legs. Every leg of p' has length
at most € (for both paths, the position and lengths of the H-legs do not matter).

Proof. Let w € B(z,¢) be reached by first moving along some a-stable legs, then
some a-unstable legs (we may without loss of generality assume that there are no
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H-legs). Note that anything which is a-(un)stable is automatically a’-(un)stable.
Then we may reverse the order of the stable and unstable legs by writing w = g(y, 2)
for some y € W&(;(:E) and z € 5;96(:10) Notice also that since the center foliation
of a’ is given by an abelian group action of R¥, we may reach w from y by first
moving along the W (y) to get to y1, then applying an element b of the R* action
to get to w = b-y;. By choosing a subgroup L C R” transverse to H, we may
further write b = h 4+ ¢, where h € H and £ € L.

The plan is as follows: We wish to show that the /-component and the W+
components of the W;/ “_paths are trivial. So we turn them into continuous func-
tions depending on the points y and z. If the components are not trivial at some
point, they can be made arbitrarily small by continuity and the fact that they are
trivial for the trivial path. Together, these components can be pushed to appear
as the last legs of the path using Corollary 10.14. We may further control their
distances using Lemma 10.15, which gives rise to a new intersection point of W (x)
with M*(z) if nontrivial. By the discreteness assumption, we will conclude that
the components must be trivial at all points.

We now provide the details of the proof, which is depicted in Figure 2. Assume
that a’ is chosen sufficiently close to a so that a and —a are the slow foliations
in Wi s and Wy, 5, respectively. Thus, by Lemmas 5.11 and 10.7, we may break
off the a and —a pieces to get points y' € W*(x) and w' € Wy s(y1) such that
y € Wis(y'), and y1 € W 5(w'). We write the paths as follows: p 7y is the
path starting at = and ending at y, where p, is an unstable path in W and n,
is a single a-leg. p_ * n_ is the path starting at y and ending at y;, where p_ is a
stable path in W# and 7_ is a single —a-leg. Finally, b = h + £ is the R*-element
connecting y; and w, so that w is the endpoint of

(h+ €)% p—xn_ % py * 1.

We abuse notation to freely move the element b around the product, noting
that it preserves the combinatorics of the legs appearing as well as whether the leg
is trivial or not. Since it is short it also does not expand or contract the legs a
significant amount. In particular, we continue to write p_ for my(p_) after moving
£ to the right. Notice that there are now only three legs which are not permitted
in WH: the a leg connecting = and 3’ (i.e., 171 ), the —a leg connecting y and w’
(i.e., n_), and the L-component of the R¥-connection between w and y. One may
(in a way which assigns a unique path) use the holonomy projections to arrange all
three of these legs to appear at x to arrive at a point 1 € M“(x) (by commuting
the W—2-leg with the W-leg, and using the fact that L preserves all foliations),
then move along W, then along W2, then along the H-orbit (this is exactly the
rearrangement done previously to achieve (10.3)).

Since the holonomies are continuous, and the transverse intersection must vary
continuously, the point z is a continuous function of y. Call n the («, —«, L)-path
used to get from x to x; (i.e., n =7, ~1(n-)*ny *£). Let q(w) = d(x,z1) (where
the distance is measured in X). Then ¢ is a continuous function whose domain is
the set of points of the form w (those reached from z by an a-stable leaf, then an
a-unstable leaf, whose lengths are each at most €), and g(x) = 0.

The lemma, stated in this language, exactly claims that ¢ = 0 where defined
(i.e., on the points reached by a local a-stable leaf, then a local a-unstable leaf).
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FIGURE 2. Constructing a W7, W-commutator

Indeed, if ¢ > 0 at some point, then & and x; do not lie in the same H-orbit by
Lemma 10.6.

Suppose that ¢ # 0, i.e. that there exists w such that g(w) > 0. Choose any
path v : [0,1] — B(x,¢) such that v(0) = x and (1) = w, and ¢ is defined on
v(t) for every t € [0,1]. This is possible simply by retracting the W /" connections
from a to w. Then goy: [0,1] — R>¢ is continuous, so by the intermediate value
theorem, for sufficiently large n, there exists ¢, € [0,1] such that q(y(t,)) = +.

For each n, we use the notations developed above, replacing w by w, = v(t,).
For the distinguished H-periodic orbit p, choose any W ¥ -path p from z to M*(p),
and let 2’ = e(p) denote its endpoint (such a path exists by Lemma 10.16). Let
N = s(p). See Figure 3, in which the blue curves represent collections of W -legs
and the red curves are collections of M“-legs. Let 7, denote the («, —«, L)-path

connecting  and x,,, which corresponds to the point x; in the construction above.

Wy = P)’(tn)
Tn
X «T'n,
p T, (P)
z’ Zn

FIGURE 3. Projecting a close W -return to M%(p)

Then one may construct paths of length 2N + 4 starting from z’ and ending at
a point z, € M*(p) close to =’ in the following way: first follow the reverse of p
to end at x. Then follow the “commutator path” which is defined in the following
way: first, following the a-stable/unstable path to get from x to w, = v(¢,) which
the constructions above began with, then the a-stable/unstable path to get to x,,.
Recall that the point x,, is connected to = by a short (a, —«, L)-path n,,. Project
the long path p along 7, to obtain 7, (p) (see Corollary 10.14), which will start
at z,, and end at a point z, whose distance is at most A?N*lq(vy(t,)) = A2N*1/n
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from z’ (by Lemma 10.15). Finally, if 7, is nontrivial, so is its projection, and z,
cannot lie in the same H-orbit as 2’ (by Lemma 10.6). Since this holds for every
n, we have contradicted that we are in Case (D1) of the Return Dichotomy, so we
conclude ¢ = 0. O

Recall the definition of M (x) at the end of Section 10.1.

Lemma 11.2. For every N € N and sufficiently small € > 0, there exists § =
§(N,€) such that if p is a W -path based at a point x € X with e(p) € M (x), and
every leg in p has length less than 0, then e(p) € Hzx.

Proof. We first prove the lemma for N = 2. Define the following map f: W¥(x) x
Wg(x) x H x L x R? — X. Pick (y, 2, h,b,t,s) in the domain. Let w = W (y) N
WS*(z). Then define w' = (h + b)w. Let wy be the point of W*(w') at signed
distance ¢ from w’ and wy be the point of W~*(w;) at signed distance s from w;.
Setting f(y, z, h,b,t,s) = wa, we get that the map f is a local homeomorphism onto
its image (one can rearrange the o and —« legs as in the proof of Lemma 11.1 and
use the standard local product structure of Anosov actions). In particular, one can-
not have f(y,z,h,0,0,0) = f(z,,0,b,t,s) unless all components of (y,z, h,b,t,s)
are trivial.

Now we proceed in general. Let 0 < € < g9, where ¢ is as in Lemma 11.1.
We may apply Lemma 11.1 to arrive at some § = ¢; for which any Wi -path
which begins with W#H-stable legs and ends with W -unstable legs can have its
stable/unstable order reversed, and after reversal, the new path has its legs less
than ¢. Then again apply Lemma 11.1 to €1 to arrive at a new § = g5 < £1/2 for
which rearrangements of paths of length at most €5 have its lengths at most €1 /2
after rearrangement. Repeat this process N times to arrive at a sequence of &; such
that ; < €;,_1/2 and after rearranging a stable/unstable path to an unstable/stable
path with legs of length at most ;, the new legs have length at most €;_1/2. Then,
if every leg of p has length at most ey, we may apply Lemma 11.1 N times to
rearrange the path to begin with an unstable leg, then move along a stable leg (or
vice versa). Since the lemma holds for N = 2, we have finished the proof. O

Lemma 11.3. Fiz x € X. For every y € Wi (z), there exists 69 = do(y) > 0
such that if z is reached from y by a W -path whose legs have length at most &,
then z € Wi (z). The constant 5o depends only on the length of the final group of
a-stable or a-unstable legs of a WH -path connecting x and y, and is bounded below
in a local W -leaf of z.

Proof. Fix any W -path p connecting x and y, and suppose that p ends with a-
stable legs, so that p = py * p1, where s(p1) < N — 1, p; ends with an a-unstable
leaf and po is contained in a single a-stable leaf. Then let ¢y denote the length of
p2. Choose t > 0 such that the length of (ta)- ps is smaller than ¢ as in Lemma 11.1
applied to some fixed e. Let 5o = d/||(ta)«||. Then if p3 is any W -path starting
from y whose legs have length at most &y, (ta) - (ps * p2) is a W} -path whose legs
all have length at most §. By Lemma 11.1, we may find a W4 path which shares
the same start and endpoint, begins with an a-unstable leaf and ends with an a-
stable leaf. Applying —ta to this path yields the desired path and absorbing the
a-unstable leaf into the last leaf of p; gives the desired path. ]

Lemma 11.4. Let R¥ ~ X be a C" action, with v = (1,0) or r = oo. For
sufficiently large N, the collection {Wﬁ(a:) rx € Ma(p)} is a C" foliation of X.
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Proof. Fix N as in Lemma 10.16, and choose 2 € X. Then there exists a W -path
p connecting x to some =’ € M*(p) with s(p) < N.

Using that we are in case (D1) of the return dichotomy and applying it to
W ¢(2'), there exists € > 0 such that if y’ € M(p)NW{L (=) and d(z’,y') < e,
then ' € Hy'. Choose ¢’ such that if dx(z,y) < ¢’ and y € M2 (x), then y is
connected to x by an (o, —a, R¥)-path whose length is at most ¢ (this is possible by
the continuity of the map from Lemma 10.5). Let 0 < § < A=§’ be chosen so that
Lemma 11.2 applies with N = 6. Then define the map f : B(z,d) — M*(p)/H as
follows:

Recall that a € H does not belong to any other Lyapunov hyperplane. If z €
B(z,d), one may use local product structure to find a unique path connecting
2 and z which moves along W%(z) to a point y, then along W~%(y) to a point
y', then along the L-orbit to a point w (recall that L is some fixed subgroup of
R* complementary to H), then along a short WJ7-path to arrive at z (this path
looks like (10.3)). Let n denote the (o, —a, L)-component of this connection which
connects « and w, and 2’ € M“(p) denote the endpoint of 7,(n). Then define f(z)
to be Hz' € M“(p)/H.

Let F, be the set of points in B(z, ) reached from y by W& -paths whose legs
have length at most . We claim that if y € B(x,d), then F, = f~1(f(y)). Indeed,
if y,2 € B(z,0) and there is a W -path p connecting y to z, then when one
connects  to y and = to z, one obtains intermediate points §, 2 € M®(z) which
are reached from z by short (a, —a, L)-paths 1, and 72, respectively, and WJI-
paths p; and po starting from ¢ and Z and ending at y and z, respectively. By
definition, f(y) = e(m,(m)) and f(z) = e(m,(n2)). Notice that if § # 2, then we
may concatenate the paths pi, then p, then p{l and get a W¥ -path connecting §
and Z. By choice of § and Lemma 11.2, we conclude that § = Z by Lemma 10.6.
Therefore, F, C f~1(f(y)).

Now suppose that f(y) = f(z). Again let the paths n; and 72 denote the
(o, —a, L)-paths from z to § and 2, as in the proof of the previous inclusion. 7
and 72 project to the same path on M%(p) by Lemma 10.5, so n; = n2. Therefore,
the path pgpfl is a W} -path connecting y and z. Applying Lemma 11.1 to the
middle switch implies that z € W (y), so f~(f(y)) C F,.

To see that W has the structure of a C” foliation, we claim it suffices to show
that the map f is a C” submersion. Indeed, in this case one can see that since
the chosen path connecting points of B(z,d) to M*(p) varies continuously, the d
of Lemma 11.3 can be chosen uniformly in a neighborhood of x. Therefore, in a
sufficiently small neighborhood of x, if f is a C"" submersion, the preimages f~1(y/)
form a foliation, which we have just shown are the local leaves of W (y) by Lemma
11.3.

We now prove that f is a C" submersion. Fix y € B(z, ), and consider some
z € W%(y). Then f(z) is defined by first moving from x to some point Z along a local
(a, —av, L)-path n, then along a local W -path p;. f(z) is defined by projecting the
local M“ path n along the distinguished connection p from z to 2’ = f(x). That
is, f(z) is the endpoint of m,(n).

For notational convenience, let [z,y] denote the path with a single leg along
the foliation W*. Notice that since z € W*(y), the local paths defining f(y) are
7o, ([2,9]) * n and 21 (p1). Therefore, f(y) = m,(mp, ([2,y]) * 1), which differs
from f(z) exactly by m,(7,, ([2,])), so the projection is defined by applying the
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holonomies of p; and p. Therefore, we may iterate Lemma 10.7 to obtain that f
is C" along W%(y) and W~%(y) for every y € B(x,6). Fix a perturbation b € R*
of a which is not contained in any Lyapunov hyperplane and for which +a are
both slow foliations (recall the start of Section 10.2). This determines foliations
We ¢ Wb“/s by Lemma 10.7. Notice that I/I/E(x) and W//*\a(x) are both Holder
foliations with smooth leaves, and that f collapses each to a point. Since W¢
and W@ are complementary foliations inside Wi(z), f is smooth along W (x).
Similarly, f is smooth along Wy (z). It is also clear that f is C" along RF-orbits.
Applying Journé’s theorem (Theorem 4.36) to the foliations W7 and R¥ gives that
fis C" along W§°. Then apply Journé’s theorem again to the foliations Wy and
W to see that f is C" on B(z,0). O

Lemma 11.5. If N is as in Lemma 10.16 Wi (z) = WH () for every x € X.

Proof. By Lemma 11.4, W is a C" foliation containing local W#-leaves and H-
orbits, 8 # ta. Since its leaves intersect M“(p) in finitely many H-orbits, it must
be codimension 3. Therefore, T(WH) = TH & Doea\ray EP. Therefore, any

WH _path, regardless of its structure, is tangent to Wi, so Wi (z) = WH(z). O
Lemma 11.6. Each leaf Wi (z), x € M(p) is compact.

Proof. Suppose that z;, € W (x) converges to some y € X, and let pj, be a WH-
path connecting z; and x. If zj enters a fixed, small neighborhood of y (where
local product structure applies) we may connect xp to y by first moving along
a short Wl-path pj» then a short («, —c, L)-path 7, so that ny * p) is a path
connecting zj and y. Hence ny * pj, * pi and 1 * pj, * pg are paths connecting x
and y. So pzl * p;l * 17[1 * Mg * pj * p is a path beginning and ending at z.
Applying the holonomies of p?c and pg to 77[1 * 1y yields a ng+4—path Pr,e and a
short (o, —a, L)-path ny ¢, both based at =, with the same endpoints. That is,

Wk,é = ﬂ-(p;c*pk)*l(nz_l * nk), and

Pie = Tyt (0 % PR) ™) % Pl % pe.

Since the length of 7 ¢ is at most A2V +2+1 times the length of ;' * 1, and
the lengths of n; and 7, both tend to 0, from the assumption of Case (D1) of
the return dichotomy applied to W/, 44> we conclude that n, = n, for sufficiently
large k, ¢ by Lemma 10.6. Since the sequence 7 also converges to the trivial path,
we conclude that 7 is eventually the trivial path. Therefore, by Lemma 11.5,
y € WH ,(x) ¢ W(z). Now, since y was an arbitrary point of W (z), we
conclude that Wi (z) = WH (z). So W (x) is closed and hence compact. O

Recall that M (z) is the image of B(0, ) under the charts ¢ defined in Lemma

10.5 at the point x. Given z € X, let 7(x) denote the cardinality of (W (x) N
Me(p))/H.

Lemma 11.7. There exists ro such that r(x) < rq for all x € X, and there exists
an open, dense set U C M*(p) (in the topology of M*(p)) such that r(x) = ro on
U.

Proof. First, notice that r is always finite, by Lemma 11.5 and the assumption that
we are in case (D1) of the return dichotomy for every N. We claim that r is lower
semicontinuous. Indeed, suppose that 7(z) = ¢. Then one may choose W -paths
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P1, - .., Pe starting from z and ending at M (p) and ending at distinct points yi,
.oy Yo € M*(p). Let € be such that M (y;) N M&(y;) = 0 for all ¢ # j, and
consider the saturation of M§_y_(x) by local WH leaves, call this set V. Given
2’ € V, there exists an (o, —a, R¥)-path 7 starting from 2 and ending at some z;
such that 2’ € W (z1). Then all m,(p;) are connections from z; to M®(p) which
end at a point in MZ(y;) and are therefore distinct. Concatenating m,(p;) with
the WH-path connecting 2’ and z; yields a W¥-path connecting 2’ and a point of
M2 (y;). Therefore, r(2’) > r(z) whenever 2’ € V, and r is lower semicontinuous.
Consider the set A, = r~!([¢,00)) = r~!((¢ — 1/2,00)) for ¢ € N. Notice that
since r is lower semicontinuous, A. is open. Furthermore, if p is any W#-path
starting from 2 and ending at y € M®(p) and a € R¥, a - p connects a - x and
a-e(p) € M®(p). Therefore, A, is RF-invariant. Since there is a dense R¥-orbit,
if A, is nonempty it is open and dense. Therefore, if A. # 0 for all ¢ € N,
Aso = Neen Ae is nonempty by the Baire category theorem. This contradicts that
we are in case (D1) of the return dichotomy, so there exists some ry € N such that
r(z) < rg for all z € X. Choosing the maximal such rq yields that A, is an open
dense subset of X.
Since A, is saturated by W leaves (by concatenating any connecting path),
r = ro on an open and dense subset of M*(p), as well. O

Recall that a W#-cycle is a W#-path whose end and start points coincide (see
Definition 3.5 and Remark 3.6).

Lemma 11.8. Let p be a WH-cycle based at a point x € M*(p), and n be an
(o, —, R¥)-path. Then m,(p) is also a cycle.

Proof. Notice that it suffices to prove the lemma when 1 consists of a single leg,
since by definition, m, is the composition of the projections of the legs of n. If
n is only a piece of an R¥-orbit, the lemma follows from the fact that the RF-
action takes W¥H-cycles to WH-cycles. We prove it here when 7 is a single a leg
(the proof for —a legs is identical). Notice that m,(p) is a cycle if and only if
e(m,(n)) = e(n). That is, it suffices to show that 7, : W(z) — W(x) is the
identity map. Notice that from Lemma 10.8, 7, is an orientation-preserving affine
map in normal forms coordinates of Theorem 4.28 which fixes z. If m, # Id,
then the orbits {n7(y):n € Z} are infinite. Since every 77(y) € WH(y), and
WH (y) = WH(y) by Lemma 11.5, we contradict that we are in case (D1) of the
return dichotomy. This finishes the proof. O

Lemma 11.9. The function r is constant on M*(p).

Proof. Suppose that r(z) < ro for some x € M*(p). Then since r = ¢ on an open
dense subset of M“(p), there is a nearby point =’ such that r(z") = ry. Choose a
short (o, —a, R¥)-path n connecting = and 2’. Then project the set of paths giving
the intersection point of W# (z') N M(p) to x along 1. Since the cardinality is
strictly greater, there must be some W#-path p’ starting from 2’ and returning to
some y' # a’ such that p = m,(p’) is a cycle at #. Then 7,1 maps a WH-cycle p
to a noncycle, contradicting Lemma 11.8. So r is constant on M (p). (Il

Proposition 11.10. If R* ~ X is totally Cartan, cone transitive and C", r =
(1,0) or r = oo and satisfies case (D1) of the return dichotomy, then the space
X/WH is a C" manifold, and the projection @ : X — X/WH determines a C",
non-Kronecker rank one factor of RF ~ X .
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Proof. We model the space X/W# locally on M“(p)/H. Notice that by Lemma
10.16, every WH leaf intersects M“(p), and by Lemma 11.9 the number of intersec-
tions is constant. We construct manifold charts as follows: given x := 1 € M“(p),
let {z1,...,z.} = WH(z) N M*(p). Choose ¢ > 0 such that M (x;) N M&(z;) =0
if i #j. Let § = A~Ne and let U = Bs(z) N M*(p)/H. Then U is an open set
in a 3-manifold, and has a chart ¢ : V' — U, where V C R3. Define the chart for
X/WH by (t) = WH(p(1)).

We first prove that v is injective. Any W -path connecting = to z; can be
achieved in W# by Lemma 11.5. Notice that by choice of §, each point y :=y; € U
must intersect M“(p) in points {y1,...,y,} near {z1,...,2,}, so y1 is the only y;
in U. Therefore, the map is injective.

The transition maps between charts are C”, since W# is a C” foliation. There-
fore, X/WH has an induced C" manifold structure, and the projection X — X/W#
is O by construction. Finally, since the RF-action takes W -leaves to W#-leaves,
and H fixes the W leaves, the action descends to an Anosov flow on X/W#. O

12. INFINITE RETURNS: FINDING A DENSE H-ORBIT

Throughout this section, we assume that we are in case (D2) of the return
dichotomy, giving some N € N and z € M®(p) such that Wi (z) N M%(p) is an
infinite union of H-orbits. While in case (D1), we showed the existence of a rank
one factor (and in particular, that no H-orbit is dense). In this section we show
that we have one of the other two conclusions of Theorem 2.1: that there is a
dense H-orbit or that H-orbit closures are dense in the fiber of some circle factor
(Proposition 12.16). In particular, this is a proof by contradiction, as we have
assumed in establishing the return dichotomy that no H-orbit is dense.

Recall the holonomy action of W#-paths on M paths (and vice versa) given by
Corollary 10.14: if p is a W -path and 7 is an (a, —a, R¥)-path which share the
same base point, 7,(n) is the path n “slid along” p, beginning at e(p), and similarly
my(p) is the path p “slid along” 7, beginning at e(n). We first prove the following:

Lemma 12.1. For any x € M“(p) such that W (z) N M®(p) is an infinite union
of H-orbits, v € W () n M~(p)\ (H - z).

Proof. By assumption, there are infinitely many W -paths p1, ps, ... based at =
such that x; = e(p;) all belong to distinct H-orbits. Since {z;} are infinitely many
distinct points in a compact space, they accumulate somewhere, and for every ¢ > 0,
there exist ¢ and j such that 0 < d(z;, ;) < €. By adding an H-leg as necessary,
we may assume that each x; can be reached from = by a short W<, W~ L-path
(where L is some fixed subgroup transverse to H).

Choose a very short (a, —a, R¥)-path 7;; connecting x; and z;, and let ¢;; =
?;;(¢) denote its length. Notice that ¢;; — 0 as ¢ — 0. Recall p{l is the opposite
WH path connecting z; with z. Then p} = m,(p; ') is a W¥H-path connecting
x; with some point whose distance from z is at most AV/¢;; by Lemma 10.15.
Furthermore, s(p}) = s(p;) < N, so the concatenation p}p; connects z to a point at
distance at most AN ¢;; from z, and has s(p;*pj_l) < 2N and e(p;*pj_l) ¢gH-z. O

Fix g¢ as in Lemma 10.5. We say that a WH-path p is a local M*-return at
if it is a WH-path based at z, and there exists an (a, —a, R¥)-path 7 of length at
most €g such that e(p) = e(n).
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Definition 12.2. Let Sy be the set of points z € X such that there exists a
sequence of WH -paths p,,, which begin at z and end at M¢ () such that e(pn) =
and e(p,) € Br(0,0) - &, where B (0,e0) is the ball of radius gg in H (i.e., points
which are accumulated by local M*-returns with at most N switches). We call Sy
the Nth self-accumulating set.

Lemma 12.1 exactly implies that there exists z € Sy N M*(p) for some R¥- and
H-periodic orbit p and some N € N. Notice that for any point y € W (x) N M<(p)
sufficiently close to x, ¥ is in the image of 1., where 1, is as in Lemma 10.5. Let
A, C R¥*2 be defined by A, = ;Y (WH(z) N M*(p) N B(x,¢)). Notice that since
we assume that © € WH(z) N M<(p), 0 € A, \ {0}. That is there exists a sequence
(tn, Snsvn) — 0 such that t,,s, € R, v, € R¥ and t,2 + s2 + ||vn||*> = 0. We
describe types of accumulation for elements of Sy, which we call Types I-V (in
each case, we allow the ability to take a subsequence):

In each accumulation type, we think of x,, as accumulating nontrivially in the
quotient of M*(p) by H (see Proposition 9.6). This is natural since we may add any
H-leg to the end of a W#-path without increasing the switching number. Thus,
any H-component can be ignored from an arbitrary self-accumulation. We will
prove Lemma 12.3 for each of the cases above:

Lemma 12.3. If x € Sy N M%(p), and there exists sequence x, — x such that
xn € WH(x) N M*(p) and x, & Bu(0,e0) - W2 (x) for sufficiently large n, then for
every y € W (z), y € San.

Proof. Suppose x,, — x is a sequence converging to x as described in the statement
of the Lemma, so that z,, & By (0,0) - W2 () for every n. We claim that we may
assume that z, & B (0,60)- W2 (x¢) for all n # £. Indeed, if the local By (0,¢)-W*-
leaf did not change infinitely often, it would eventually stabilize. But then the limit
of the z,, would lie in that local H - W-leaf, and the accumulation would be of
type V. Let 1 denote the path in W (z) from « to y with only one leg. Let p, be
the W -path which connects z to z,,, and set pl, = m,(py). Define y,, = e(m,(pn))-

Notice that by Lemma 10.15, y, € Wy, (zn) since y € W (z) and z, €
W{l (). Hence, since 2, & By(0,20) - W2 (2¢), yn & Bu(0,¢c0) - Wa ~.,(ye) for
every £ # n. In particular, y, # y,. Notice also that if y is sufficiently close to
x, then ¥, stays within a bounded distance of y, and therefore has a convergent
subsequence, yx — z. As in the proof of Lemma 12.1, we now choose y, and y,
such that d(y,,y¢) < d. Then connect them by a short (a, —a, R¥)-path 1,,.c which

begins at y, and ends at y,. Set ppe =y , (p;l_l) * p),. Then p, ¢ is a path which
starts at y, and ends at e(ﬁn;l ((p,)™ ) = e(m, ~1(n;)), which has length less than
ANG. Furthermore, the endpoint cannot be equal to y since it lies on a distinct o
leaf by construction. Thus, since § was arbitrarily small, y € Say. (]

Since Sy is RF-invariant, and the assumptions of Lemma 12.3 fail only for type
V accumulation, the following is immediate from Lemma 12.3:

Corollary 12.4. For every N € N, there exists €1 > 0 such that if x € SyNM*(p),
x has an accumulation of type I, II, III or IV, and y € W& (z) U W “(z) U RFz,
then y € Saon.

We now turn our attention to Type V accumulation. Let
AfR)={az+b:a,beR,a#0}
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be the group of affine transformations of R. We think of Aff(R) as the matrix group
{ (8 11)) ta,beR, a;«éO}, whose Lie algebra is Lie(Aff(R)) = { (8 g) s a, bER}.

Lemma 12.5 is a standard result.
Lemma 12.5. For every X € Lie(Aff(R)), there exists g € Aff(R) such that
Ad(g)X is a multiple of either (é 8) or (8 (1)) Any one-parameter subgroup of

Aff(R) is either the additive group {x + b : b € R} or conjugate to the multiplicative
group {ax :a € Ry},

Lemma 12.6. Let v € Sy N M%(p) and have a type V accumulation (so that there
exists x, € WH (2)NW(z) such that x, — x, v, # x). There existeo >0, M € N
and z € W*(z) \ {z} such that if y € W5(x) U (W2 (x)\ {z}) UR*z, y € Sy,
Furthermore, each y € W (x) \ {2} also has a self-accumulation of type V along
the a-leaf (i.e., there exists y, € Wi (y) " We(y) such that y, — y).

Proof. Since WH is saturated by H-orbits, we may without loss of generality assume
that if z = V. (tn, Sn,vs), then vy = 0. Notice that accumulations of Type V
correspond to accumulating along an « or —« leaf. We without loss of generality
assume that x; accumulates to x along an a-leaf. In this case, notice that each xy
belongs to a distinet local —a leaf, so we may apply Lemma 12.3 (replacing a by
—a) to get y € So for all y € W2 ().

So we must show y € Sy for all but one y € W<(x). The previous argument
fails exactly because the « leaf fails to change. Notice that since x € Sy, there
exists a sequence of paths p, in WH with s(p,) < N such that e(p,) € W<(z) and
e(pn) — x. We may extend each p, to a holonomy (from W%(z) to W%(z,) =
We(x)) as described in Lemmas 10.7 and 10.8. Since e(p,,) € W*(z), we may use
the normal forms charts of Theorem 4.28 (and part (d) of that theorem to center
the charts at x) to get that the endpoints of the path translated along « are given
by affine maps ¢, € Aff(R) such that o, (t) = an,t +b,, A72N <a, < AN b, #0
and b, — 0.

Notice that ¢, is a precompact family of affine maps. Therefore, the collection
©n 0 @b accumulates at Id € Aff(R). Furthermore, ¢, o ¢} is a map which
associates to a point y, the endpoint of a path in W# based at y with at most
2N switches. Since these maps accumulate nontrivially at the identity, evaluation
of these maps at y € W%(x) gives a sequence of points converging to y which lie
in W (y). If this accumulation occurs along a sequence without a common fixed
point (i.e., they do not lie in a multiplicative one-parameter subgroup as described
in Lemma 12.5), one can use the corresponding returns to get that y € Sy for
all y € We(x). Otherwise, there is a common fixed point of the transformations
converging to Id (this is the point z as in the statement), and all y € W (z) \ {z},
y € Son and has accumulation of type V along the a-leaf. O

Lemma 12.7. If Sy N M®(p) # 0, then Sy+ contains an open set in X for some
N’ eN.

Proof. We prove the Lemma in two distinct cases: since Sy N M“(p) is nonempty,
we have either that every z € Sy N M%(p) has an accumulation of type I-IV or
there exists x € Sy N M (p) which has a type V accumulation. If every point has
an accumulation of type I-IV, then for some N’, one can build an open subset of
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Sn'_oNM®(p) by iteratively saturating with local W*-leaves, W ~“-leaves and R*-
orbits. Notice that we can also saturate with [-leaves by applying S-holonomies
to get that for some open set U C X every point in U is self-accumulated by a
WH_path with at most N’ switches whose endpoints are connected by arbitrarily
short, nontrivial, o, —a, R¥-paths. This proves the Lemma in this case.

Now assume that x € Sy N M“(p) has an accumulation of type V, and without
loss of generality, assume it is along the W<-leaf. Then by Lemma 12.6, there is a
neighborhood U; C W% (x) containing = such that every y € Uy also has a type V
accumulation. Therefore, again by Lemma 12.6, we may saturate U; with —« leaves
and still lie in Sy/_o. Since Sy/_s is saturated by R¥-orbits, we have constructed
an open set in M (p) N Sys. Repeating the argument above obtains an open set of
points in X which has the desired self-accumulation property. O

As an immediate corollary of Lemma 12.7, we get the following:

Lemma 12.8. There exist N > 0 and £3 > 0 such that if p is an R¥-periodic point
whose R¥-orbit is e3-dense, then p € Sy.

Let p be an R¥F- and H-periodic point in Sy, which is guaranteed to exist by
Lemma 12.8 and Corollary 4.20. Notice that for any point y € W (p) N M“(p)
sufficiently close to p, y is in the image of ¥, where v is as in Lemma 10.5. Let
A, C R¥2 be defined by A, = ¢, (WH (p) N M*(p) N B(p,¢)). Notice that since

we assume that p € W (p) N Me(p) \ {p}, 0 € A4, \ {0}.

Lemma 12.9. For every RF-periodic orbit p belonging to Sy, at least one of the
following holds:

(a) WH(p) DRF . p,

(b) WH(p) > W*(p), or
(c) WH(p) D W=%(p).

Since p € Sy, we know that p has accumulation of some type I-V described
above. We prove that at least one of (a), (b) or (c¢) holds in each of the cases. We
prove Lemma 12.9 for each type of accumulation, in the following order: III, V, II,
I, IV.

Proof of Lemma 12.9, type III. In type III, we know that W# (p) accumulates to
p only along the RF-orbit of p. We claim that I' = {a eERF:a-pe WH(p)} is a
subgroup. Indeed, if a € T', there exists a WH-path p starting from p such that
e(p) = a-p. Then (—a) - p is a WH-path starting from a~! - p and ending at p.
Reversing the path results in a path from p to (—a) - p. That is, (—a) € T.

Now suppose that a,b € I'. Then there exist paths p; and ps beginning at p and
ending at a - p and b- p, respectively. Then a - p is a W#-path that begins at a - p
and ends at (a+b)-p. Concatenating p; and a- ps gives a path from p to (a+b) - p,
soa+bel.

Now, I is a subgroup of R containing the codimension one subgroup H and
which accumulates on 0 transversally to H. Therefore, it must be dense. So we are
in case (a) of Lemma 12.9. O

Proof of Lemma 12.9, type V. In this case, Wi (p) accumulates to p only along an
«a or —« leaf. Assume without loss of generality that it is along the « leaf, and
set C = WH(p) N W*(p). Fix the normal forms parameterization of W(p) as
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described in Section 4.7. Let p be a W -path with endpoint e(p) € W< (p). Recall
from the proof of Lemma 12.6 that p induces a map ¢, : W(p) — W<(p) such
that the endpoint of 7,([p, z]) is ¢,(x), where [p, 2] is the path with one leg along
W connecting p and x. Furthermore, the map ¢, is affine in the normal forms
coordinates at p (using Theorem 4.28). We have that there exist paths p,, such that
on(x) = ¢, () = apz+by, is a sequence of affine maps such that A=2N < q,, < A2V
and b, — 0.

Let T’ be the subgroup generated by ¢,. Notice that I is a Lie group and it
cannot be discrete since it accumulates at 0. If T is 2-dimensional, it must be the
identity component of Aff(R), and therefore acts transitively. In particular, we
know we are in case (b) of the Lemma.

If T is 1-dimensional, its identity component is a one-parameter subgroup, and
by Lemma 12.5 is therefore either the additive group {z + b: b € R} or conjugate
to the multiplicative group {az : a € Ry }. If it is the additive group, 0 has a dense
orbit and we are again in case (b) of the Lemma. If it is the multiplicative group, p
cannot be the common fixed point since ¢,,(p) # p for every n. Therefore, the orbit
closure of p under T is a ray (t,00), where ¢ < 0 if the coordinates are centered at
p (or, symmetrically, a ray (—oco,t) for some ¢t > 0). Choose an element a € R*
such that a - p = p and a(a) > 0. Then the orbit T' - p is also invariant under
multiplication by ||da|Wa(p) | ’ Therefore, the I'-orbit of p cannot be a ray, so we
know that I' contains the additive group. So we are in case (b) of the lemma. [

Proof of Lemma 12.9, type II. The proof is similar to Type III, but with an addi-
tional twist. Let I' = {a € R* : W(a- p) N W (p) # 0}. Notice that I accumu-
lates at 0 by construction, so it is not discrete. We claim that I' is a subgroup.
Indeed, if p is a WH-path that connects p to some x € W(ap), then a~!p is a path
that connects a~! - p to some y € W<(p). Applying an a holonomy to this path
connects some point z € W%(a~!p) to p. Reversing the path gives that a=! € I.

Now, assume that a,b € I'. Then there exist W -paths p; and p, starting at p
and terminating at some points 1 € W*(ap) and zo € W< (bp), respectively. Then
a - py is a path that begins at ap and ends at some y € W*((a + b)p), and again
applying an appropriate a-holonomy, we find a path p} beginning at zo and ending
at some z € W*((a + b)p). Concatenating ps and pj gives a desired path.

We claim that for every a € T', ap € WH(p). Indeed, notice that if a € T, there
exists a WH-path p such that e(p) € W*(ap). Choose some ag such that a(ag) < 0
and agp = p. Then ag™p is still a path that begins at p and ends at some point
in W%(ap). But lim,,_, e(ag™p) — ap. Therefore, ap € WH(p), and since T is a
dense subgroup, we are in case (a) of Lemma 12.9. (]

The last two cases are the most difficult, and we adapt the argument used in
Type 1II to the case when WH (p), but not W#(p), accumulates to p along W (p).
We develop a lemma which aids us in the proof. Recall that if p is any W#-path
based at p, p determines a holonomy map 7, : W*(p) — W%(e(p)) (see Lemmas
10.7 and 10.8). Say that a sequence of W -paths (py) based at p is a controlled

return if:

e 5(py) is uniformly bounded in k,
e e(py) converges to some point x € W*(p), and
e the derivatives of the holonomy maps m,, on W converge.
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Then let I' C Homeo(W?(p)) be the set of transformations which are limits of
the maps 7,, , where (py) is a controlled return. Note that I" has a grading in the
following sense: we let I'; = {f € I': f =limm,,,s(pr) < j for all k}. Crucially,
we allow the bound j to go to oo in the definition of I', as we will not be able to
show that each I'; is a subgroup.

Lemma 12.10. If f € T, then f is affine in the normal forms coordinates at p.
Furthermore, T is a subgroup of Aff(R).

Proof. That each f is affine follows from the continuity of the normal forms coordi-
nates and convergence of derivatives (see Section 4.7). So we wish to show that I is
a group. Suppose that (pi) and (o) are two controlled returns, and that f and g
are their corresponding affine maps. Using the local product structure of the coarse
Lyapunov foliations and a-holonomies, we may assume without loss of generality
that e(pi), e(ox) € M*(p). Since e(pr) — = = f(p) € W*(p), we may construct
an (o, —a, R¥)-path ng = n}, * [p, z] as follows: begin with an a-leg connecting p to
x (this is the leg [p, x]), then connect = to e(py) by a very short (a, —a, R¥)-path
(the path 7). Since e(py) converges to x in M*(p), we may do this using the local
chart ¢ at = as described in Lemma 10.5.

Let 6, = m,, (0k) be the projection of the path oy along n; as built in Corollary
10.14. Then 6 is a path which begins at e(ny) = e(pr). Notice that if o] =
Tl (1), then (o) = e(ma1(91)) — (o ([p,2])) = 9(x) = g(f(p)) a5 k — o0
by definition. Furthermore, since 7;, can be made arbitrarily short and s(o;) < N
the length of 7,, (77;,) can also be made arbitrarily short by Lemma 10.15. Therefore,
e(Gk * pr) = g(f(p)) so &y * pg, is a controlled return. One can easily check that the
derivative of the corresponding limiting holonomy map is f’(p) - ¢’(p). Combining
these facts exactly implies that the limiting holonomy map is f o g, so I' is closed
under composition.

We now check that if f € T, then f~! € I'. Indeed, suppose that p; is a
controlled return whose limiting holonomy map is f with f(p) = z. Build a path
e = N, * [p, ] as before, which begins at p, moves along the a-leaf to z, then
moves from x to e(py) with a very short (a, —a, R¥)-path. Let pj, and 7 denote
the reversal of the paths pi and 7y, respectively, so they are both paths connecting
e(px) to p. Let o = 75, (pr), so that oy is a path based at p. Again notice that
since py, has s(py) uniformly bounded, the length of 7, (1;,) can be made arbitrarily
small by choosing k very large. In particular, o is a controlled return. We claim
that the limiting map of o is f~'. Indeed, we have shown above that G * py, is
the controlled return which determines the composition. But by construction, &y
is the reversal of pi. Therefore, their corresponding holonomy maps are inverses,
and the sequence of maps induced by &y, * pi is constantly equal to the identity. [

Proof Lemma 12.9, types I and IV. In this case we will show that we are in case
(b) (in fact, we will be able to show both (b) and (c)). We use the local chart near
p determined by v used to describe cases I-V (see Table 1; this was established
in Lemma 10.5). We assume that our accumulating sequence x,, = (t,, Sn,vn) of
endpoints of paths in W# has v,, chosen in some fixed one-parameter subgroup L
transverse to H, so that we may think of (t,,s,,v,) as a sequence in R3. Recall
that by construction, ¢, and s,, are the normal forms parameterizations of the leaves
We(p) and W~2(p). Define the following cones:

Ck ={(t,s,v) : |t| > K(|s| + |v])}.
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TABLE 1. Table of accumulation modes

I. Generic accumulation | tx, sk # 0 and vy € H for all k
1I. Center-stable accumulation | For every k, s =0, vip, € H and tx # 0
(or center-unstable accumulation) (or tr =0, vy &€ H and s, # 0)
II1. Orbit accumulation | For every k, sy =0 and tx =0
IV. Non-L accumulation | For every k, vi, € H and sk, tx # 0
V. Strong-stable accumulation | For every k, s, = 0 and v € H
(or strong-unstable accumulation) (or ty =0 and vy, € H)

K

We claim that for every K > 0, we may construct a new sequence z,; =

(tE K oK) € Cx n WH (p) such that X — 0. Indeed, fix some ag such that
afag) > 0 and app = p. Then apply ag k times to a path p, starting at p and
ending at z,, = (t,, sn,v,) in WA so that the new path ends at (A\¥t,,, u®s,,, v,),
where A\ > 1 is the derivative of ag at p restricted to W<(p), and pu®) < 1 1is the
derivative of af at Y (p) (notice that M\ is a power since p is fixed, but x*) is only
a cocycle). Let zX be (\*t,,, u*)s,,,v,), where k is the smallest integer such that
l‘ff € Ck.

We claim that X still converges to 0 as n — oo. Indeed, notice that for
(Nt n®) s, 0,) € Ck, we must have that Aft, > K(u®s, + v,). The small-
est such k will therefore result in \Ft,, < )\K(,u(k)sn + vy,). Since p®) < 1, and
since sy, v, — 0, we conclude that A\¥t,, — 0 as well.

Define a new set B, which is the set of all points € W*(p) such that there exist
N € N and WH-paths p;, starting at p such that s(pi) < N with e(px) € M*(p),
e(pr) — x (i.e., the set of points reached by controlled returns). We claim that
p € B\ {p}. Indeed, using the normal forms coordinates for W(p) centered at p,
decompose the segment (0,1] as (0,1] = Upeo(A™**+Y, A7*]. By the existence of
the points zX there exist infinitely many k with some zy = (tx, s, vx) € Cx and
tr, € (AT A=), We claim it is true for all k. Fix kg, and notice that if k& > ko,
aéfkoxk is a point of Cx with t, € (A~*TYD A~*]. Letting K — oo shows that
there is some point of B N (A~(ko+1) \=ko] Therefore, B accumulates at p.

Notice that B is contained in the orbit of the group I' defined in Lemma 12.10,
so I is not discrete. Proceeding exactly as in Type V shows that I' must be either
all of Aff(R) or the additive group. In either case, W% (p) is contained in its orbit,
and we are in case (b). O

Choose a sequence of H- and RF-periodic points p, such that p, is %—dense
(which exists by Corollary 4.20). Notice that p, € Sy by Lemma 12.8. Then at
least one of the cases (a), (b) or (¢) of Lemma 12.9 occurs infinitely often. Clearly,
if a case occurs infinitely often, it must occur on a dense set of periodic points since
by construction, it will occur on each point of a %—dense orbit for arbitrarily large
n. Since (b) and (c) are symmetric we treat only cases (a) and (b).

Lemma 12.11. If (a) occurs on a dense set of periodic orbits, there is a point

x € X such that WH(z) = X.

Proof. Let Y C X denote the set of points y such that WH(y) > R¥ . y. Our
assumption implies that Y is dense. We claim that it is also a G set, in which case
it must contain a point such that R” - y is dense. This will imply the result.
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So we must show that it is a G5 set. Fix a € R¥, and let U,,(a) be the set
of all points € X such that there exists a W#-path p based at z such that
d(e(p),a-z) < =. We claim that Uy, (a) is open. Indeed, if 2’ is sufficiently close
to x, we may follow a path p’ based at z’ with the same lengths of the legs of the
paths of p for some fixed Riemannian metric. Since the foliations are continuous,
e(p’) can be made arbitrarily close to e(p). Similarly, by choosing z’ sufficiently
close to x, a - ' can be made arbitrarily close to a - z. Therefore, the set Uy, (a) is
open.

Finally, observe that the set of points such that a - x € WH(z) is exactly
Mynen Um(a). Since R* has a countable dense subset, the set of points such that

the R¥-orbit is contained in WH (z) is also a G set. O

We now assume that case (b) holds for the remainder of the section. Given
p,q € X periodic, let A, = Stabgx(p) denote the periods of p (the elements a € R*
which fix p). Given a periodic point p, let B, C R¥ denote a compact fundamental
domain for R¥/A,. By this we mean a compact subset B, C R* whose A,-translates
cover R¥ and such that (- B,)N B, is either empty, or on the boundary of B,. More
explicitly, we assume B, is the image of [0, 1]* under some isomorphism, between
ZF and A,, extended to RF.

Lemma 12.12. If (b) holds at an R¥-periodic point p and q is another R*-periodic

point, then there exists b € B, such that b-q € WH(p). In particular, B,-WH (p) =
X.

Proof. Fix a regular element a € R* such that —a(a) < 0 < a(a). We may choose
a such that there exists x € X with {(ta) -z :t € Ry} dense in X (this is possible
by Lemma 4.17(5)). Choose some intersection z € Wk¥(p) N WS(x). We may
connect p to z by first moving along an « leg to arrive at a point y, then along
the remaining -legs expanded by a. We then connect z to x by first moving along
the B-legs contracted by a (other than —a) to a point ¥/, then a —« leg, then the
RF-orbit. We may assume that the R*-orbit piece is trivial, since any other point
on the R¥-orbit of 2 also has a dense forward orbit under a. Call p the W -path
connecting y and .

Now apply ta to this picture, ¢ > 0. By taking a subsequence, we may assume
(tna) -z — g and (t,a) -p — b-p for some b € B,. Also, since (b) holds for
p, it also holds for (t,a) - p, so (tpa) -y € WH(t,a-p). Note that (¢,a) -y and
(tna) -y are connected by the path (¢,a) - p, and that s((t,a) - p) = s(p). We may
approximate (¢,a) -y arbitrarily well by endpoints of W#-paths based at (t,a) - p
by the assumption (b). Choose such a path, whose closeness is to be determined
later, and let z, denote its endpoint. Choose a very short (o, —a, R¥)-path 7,
connecting z, and (¢na) - y. Then we may push the path (¢,a) - p along 7, using
holonomies, and since the number of switches of (¢,a) - p remains constant, the
distance between the new and old endpoints is Lipschitz controlled by the length
of n,,. Finally apply some s,, € R¥ so that (s, +t,a) -p=b-p to get a path based
at b-p (since (t,a)-p — b - p, we may assume s,, — 0). Notice that by picking all
such choices sufficiently small, we get that " = lim, o (t,v) - ¥ = g belongs to
WH(b-p). Since the WH-sets are R¥-equivariant, b='q € W (p). O

Fix a periodic point p for which Lemma 12.12 holds, and let B = B, be the
corresponding compact fundamental domain for the RF-orbit through p. Call a
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point x good if B- WH(z) = X, and call G C X the set of good points. Notice
that the set of good points is nonempty since p € GG, and therefore dense, since if

y € B-WH(p), then y is also good.

If U C X is any set, let Uy = U,y (H 2UUgssq Wﬁ(x)> be the first WH-
saturation of U. We inductively define the nth W#-saturation of U, U,, to be
the first WH saturation of U,_;. The full WH -saturation of U is defined to be
Uso = Ux—1 Un-

Lemma 12.13. G is a G5 set.

Proof. Recall that WH(z) = Uxy_, W# (z) (it is exactly the full saturation of
{z}). Fix a countable dense subset {2}, C X. Then the set of points such that

B-WH(z) = X is exactly the set of points such that for every m,n € N there exists
a path p with legs in W based at  and b € B such that d(b- e(p),z,) < 1/m.
Notice that this is equivalent to saying that there exists b € B such that b=1 - z is
in the full W# -saturation of B(z,,1/m). Notice also that the first W*-saturation
of any open set is open, so the full W#-saturation is as well. Let Uy, , be the full
WH _saturation of B(z,,1/m), so Uy, is open. Then the set of good points is:

ﬁ B U

m,n=1

In particular, it is a G5 set. |

We know from Lemma 12.12 that G is nonempty and dense, and therefore resid-
ual. By Lemma 10.2, the set R of points x such that H -z = W#(z) is also
residual, as is the set D of points with a dense R* orbit. Therefore, we may choose
g € GNRND. If z € X, let A, C R* be defined by:

Ax:{aeRk:aureH-x}.

Lemma 12.14. A, is a closed subgroup containing H as a proper subgroup.

Proof. We first show that if a € A,,, then a=! € A,,. Since a € A, there exists
h,, € H such that h,, - ©g — a - ©9. Using local coordinates we can connect h,, - xg
to a - x¢ using a WH-path with at most 2 switches, then an (o, —a, R¥)-path such
that the length of every leg tends to 0. Using -holonomies and recalling Lemma
5.4, we can rearrange this connection as a path from xy to a - x¢ as follows: the
path begins with an arbitrarily short (a, —a, R¥)-path, then moves along a possibly
very long h,, € H, then along a short W¥#-path with two switches. Apply a~! to
this path. The derivative of a is fixed, so we get a path from a~! - 2y to z¢ which
begins with an arbitrarily short (a, —a, R¥)-path, then moves along a possibly very
long h,, € H, then along some W#-path. Reversing the start and endpoint of this
path shows that a=! - xo € WH (x9) = H - g, as claimed.

Now, let a,b € A,,. To see that a+b € A,,, let h,,-zg = a-xp and ky,-xo — b-zo.
Since b is uniformly continuous, (b+ hy,) - xg — (a4 b) - zy. Fixing n, we get that
(km + hn) - 2o = (b+ hy) - xo. Since (b+ hy,) - 29 can be made arbitrarily close to
(a+b)xg, one may choose m and n so that k,, + h,, is arbitrarily close to (a+b) - xo.
Therefore, (a +b) - g € Ay, .

Finally, notice that it obviously contains H since H - x¢g C H - z¢. Furthermore,

by choice of xg, B-WH (z¢) = B-H - 29 = X, so R¥ - 24 is contained in B - H - .
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Therefore, | J,¢ 5 bAz, = R¥. This implies that A, must be cocompact so it must
contain some element transverse to H. 0

We shall see the following case of A, is important in the proof. Recall that our
totally Cartan action is C”, where r = (1,0) or r = 0.

Lemma 12.15. If A,, = H ® Z{ for some ¢ ¢ H, then there is a C" factor
7: X - RF/A, =T of the RF-action such that Hxo = 7~ *(0).

Proof. Fix y € X, and let B, C R* be the set of all a € R¥ such that (a + H)zg >
y. We claim that B, is a coset of A,,. Suppose that ai,as € B, then y €
(ay + H)zo N (az + H)xo. Then a;'y € Hag N ((az — a1) + H)zo. As in the proof
of Lemma 12.14, we may build a path from z¢ to al_ly by choosing a long H-orbit
segment, then a short path whose legs lie in W with a fixed number of switches
and a short (@, —a, R¥)-path. We may find a similar path from (as — a;)xo to ¥.
Concatenating these paths gives a path from xg to (a2 — aq)zo. Since the number
of switches is uniformly bounded, we may push the o, —a, R*-legs to the end of the
path keeping them very short using control on the number of switches. This shows
that (az — a1)xo € WH (z) = Huxg, so that az — a; € A,,. Hence, B, is a coset.
Now define 7 : X — R¥/A, = T by n(y) = B,. It is clear that the map
determines a factor of the R¥-action, and by construction, Hzg = 7~1(0). We claim
that 7 is continuous. Indeed, it suffices to show that the preimage of a closed set is
closed. Let C C T be closed. Then 7~1(C) is homeomorphic to C' x w~1(0) which
is compact and hence closed. The homeomorphism is exactly given by (¢, z) — c¢-z.
Choose a regular element a € R*. Since 7 is continuous and determines a factor
of the R¥ action, it is constant on the leaves of W2 and W. Then 7 is constant
on the leaves of W2 and smooth along the R*-orbits (since it is a factor), so by
Theorem 4.36, 7 is smooth along the leaves of WS*. Notice that it is also constant
along W}, so again applying Theorem 4.36 to the complementary foliations WS*
and W}, we get that 7 is C" globally. O

Proposition 12.16. If there is a periodic orbit p for which Case (D2) of the return
dichotomy holds, Theorem 2.1 holds.

Proof. A, contains H and H has codimension one, so either A4,, = R or A, =
H @ Z¢. Since x( has a dense RF-orbit, if A,, = R¥, H -2y = X, we arrive at the
last conclusion of Theorem 2.1. Lemma 12.15 shows that if A, = H ® Z{, we have
the second conclusion of Theorem 2.1. g

13. PROOFS OF THEOREMS 2.1 AND 2.2

First, we note that Theorem 2.1 follows immediately from Propositions 11.10
and 12.16 and the return dichotomy. In this section, we use Theorem 2.1 to prove
Theorem 2.2.

Proof of Theorem 2.2. If there is a non-Kronecker rank one factor the theorem
holds, so assume that we either have the second or last conclusion of Theorem 2.1.
By Lemma 4.34, we may without loss of generality assume that we have an R*
action (rather than an R¥ x Z‘ action). When H has a dense orbit, we may use
Proposition 5.1 and the Livsic argument, to obtain the desired metric (as was done
in [47], see Section 5.4).
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Next, suppose we have a circle factor 7 : X — T of R* ~ X, and that there
exists z € Xo = 7 *(0) such that H -z is dense in X. Define a metric on E{ by
pushing forward any metric on £S. Then using Proposition 5.1, one may again show
that the metric defined on the H-orbit of x extends continuously to an H-invariant
metric on Xy. This argument also shows the metric is unique up to multiplicative
constant. Choose any a € R* such that 7(a-x) = 0, but 7(ta-z) # 0 for t € [0, 1).
Then pushing the metric forward by a yields another H-invariant metric on Xy,
which must be a scalar multiple of the original one, so that ||a.v|| = A ||v]| for some
A > 0 and every v € E* based at some point in Xy. Notice that a € H since if this
were the case, we would have 7(ta - ) = 0. Therefore, R*¥ = H ® Ra. So we may
define a functional o : R¥ — R by a(h,t) = tA. Finally, we define a metric on X
in the following way: choose z € X, so that = ta - y for some y € Xy and ¢t € R.
Then if v € ES, define [[v|| = A* ||(ta); 'v||. One may easily check that this metric
and the functional « are well-defined and satisfy the conclusions of Theorem 2.2.
Uniqueness follows immediately from the construction. O

Part IV. Constructing a homogeneous structure

Throughout this part, unless stated otherwise, we assume that R ~ X is a
C" (r = (1,0) or r = 00), cone transitive, totally Cartan action for which every
coarse Lyapunov foliation is orientable and has a distinguished orientation, and
that no finite cover of the action has a non-Kronecker rank one factor (we reduce
rigidity of R* x Z‘ actions to rigidity of RF*¢ action case in Section 18 by passing
to a suspension). We can always pass to a finite cover of X on which the coarse
Lyapunov foliations are oriented. By Theorems 2.1 and 2.2, we may and therefore
do assume the following throughout this part:

Higher rank assumptions.

(HR1) Each functional 8 € A is chosen together with metrics [||; such that
llasv||s = ePle) |[v]|5 for every a € R* and v € WA. The functional f3 is
unique, and the [|-|| ; is unique up to global scalar.

(HR2) For every 8 € A, ker 8 either has a dense orbit or has orbits dense in every
fiber of some circle factor of the R*-action.

Remark TV.1. The second case of (HR2) is mysterious, but we will still be able to
prove that systems of this form are algebraic. However, we do not know if any such
examples exist, we expect that they do not. Their existence is related to whether,
on a nilmanifold, having no rank one factors implies the same feature for the actions
on its center. It will be an annoyance, but not a real obstruction throughout the
proofs in this part.

Remark TV.2. Throughout this section, each functional £ is now defined uniquely,
whereas in Part III (and again in Part V), it is only defined up to multiplicative
constant. Therefore, unlike in those sections, we will take special care in considering
the coefficients of the weights (so rather than saying the case of a pair of weights «
and —a, we will need to consider the case of the pair o and —car). Compare with
Remark 4.10.

We also note that (HR1) implies that the Lyapunov exponent for E* with respect
to any invariant measure is equal to « (and not just some scalar multiple of «).
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Remark IV.3. Assumptions (HR1) and (HR2) will need to be relaxed in Part V.
In particular, we will identify a factor of the action on which the weights

Arig:={B€A ker 8 has a dense orbit or is dense in the fiber of some circle factor}

are collapsed, leaving only the weights corresponding to rank one factors A; =
A\ Agjg. By the results of Part ITI, every weight in Ag;, satisfies the conclusions of
(HR1) and (HR2). The arguments here will be written for the case when Ag;z = A
(which is the case of Theorem 1.9). We encourage readers interested in the general
case to look at Section 20.1 before proceeding.

14. ToPOLOGICAL CARTAN ACTIONS AND GEOMETRIC BRACKETS

For xy € A, we first define flows X along the oriented foliations WX which will
be critical to our analysis:

Definition 14.1. For each x € A, let nX denote the positively oriented translation
flow along WX (with respect to the norm [|-|[, ), which satisfies

(14.1) a-nf(z) = fo(a)t(a - ).

For homogeneous examples, these are exactly the unipotent one parameter sub-
groups which parameterize the coarse Lyapunov foliations. In our setting, we do
not know that they have good regularity properties (in fact, for now, we only know
that they are C! along their orbits and Holder transversally). Therefore, they are
locally Holder, and each evaluation map ¢ — n;*(x) is locally bi-Lipschitz onto its
image, according to the following

Definition 14.2. We say that a flow v; on a metric space Y is a Holder flow if the
evaluation map (¢,y) — ¥:(y) is locally Holder. A function f : X — Y between
metric spaces X and Y is called locally bi-Lipschitz if for every x € X, there exists
a neighborhood U such that f : U — f(U) is invertible, and both f and f~! are
Lipschitz on U and f(U), respectively.

Because the flows 7 are only locally Holder, it is natural for us to ignore smooth
structures and work in the setting of metric spaces, rather than smooth manifolds.
We therefore introduce a notion of a topological Cartan action, which distills the
output of the smooth dynamical assumptions into coarser topological data. Re-
markably, we will still obtain a classification result for such actions, of which The-
orem 1.9 will be a corollary, see Theorem 14.9.

We introduce this notion for two reasons:

First, it illustrates the versatility of the method for working with actions that
may a priori fail to have any smoothness properties. Indeed, even for C* actions,
the coarse Lyapunov foliations transversely are only Hélder, so it is not clear how
to take Lie brackets of vector fields tangent to these foliations. We therefore re-
place standard tools of differential geometry with “geometric brackets”. These are
motivated by the usual geometric interpretation of the Lie bracket but explicitly
use the rigid structure of the coarse Lyapunov foliations coming from a higher-rank
action.

Second, it clarifies and emphasizes which structures of the smooth Cartan actions
we will be using and is a useful reference for definitions in subsequent arguments.

Remark 14.3. Definition 14.4 is very technical and imitates the structures one
naturally gets from a smooth totally Cartan actions. We intentionally use the same
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notation for objects in the topological category that are constructed in the smooth
one to emphasize their roles and properties, but would like to emphasize that no
smooth structures are assumed. In particular, stable, unstable, center-stable and
center-unstable manifolds will be introduced, which have similar properties and
play similar roles to their smooth counterparts.

If Y is a metric space, let By (y,¢) denote the ball of radius ¢ along y.

Definition 14.4. Consider a continuous, transitive action of R* on a compact
metric space (X,d) with the following structures: a set A C (R¥)* (called the
weights of the action) and a collection of Holder flows {nX : x € A}. We will call
the elements of R¥ \ U, ea ker x the Anosov elements of the action, and the orbit
foliations of the nX the coarse Lyapunov foliations. We say that the action is a
topological Cartan action if it satisfies the following additional properties:

(TC-1) For every x € X, a + a - x is locally bi-Lipschitz from R* onto its image.
(TC-2) For any 8 € A, ¢ ¢ A for any ¢ > 0, ¢ # 1.

(TC-3) For every z € X and x € A, t — n*(z) is locally bi-Lipschitz from R onto

its image.

(TC-4) For every a € R¥, t e R and z € X, a - nf(z) = 0}, (a- ).

(TC-5) If a1, ..., a, € RF is a list of Anosov elements, and {xi,...,x,} is a
circular ordering of A~ ({aq,...,am}), then for every € X, the evaluation

map for 7j|c,, ., at @ is injective (recall Definition 3.2). If W¢, (z) :=
7(Cxu,....x»)) T, then for any combinatorial pattern 3 whose letters are all
from A™({ay,...,an}), 1(Cz)z C W, () for every z € X.
Keeping the notation from (TC-5), we introduce local stable and unstable, center-
stable and center-unstable, and local center-stable and local center-unstable man-
ifolds, in the following fashion (we define them here for the stable versions, the
unstable versions are defined, for instance by setting W(C;) = W(Cfai), etc.):

W(sai)(x> 5) = ﬁ(C(Xl ..... Xr) N Bgr (07 5))7
(C(Ii)('r) = Rk ’ W(Sa,i)(x)v
W(C;I)(x,é) = B]Rk (076) . W(Sai)(x,d).

(TC-6) If 7} is the corresponding action of P (see Definition 3.7), then 7 is transitive
in the sense that for every =,y € X, there exists p € P such that AH(p)z = y.

(TC-7) There exist d,¢ > 0, such that if a is Anosov, y € WS(x,0) and z €
Wt (x, 6), then the map (y, z) — W (y,e) N W2(z,¢e) is well-defined from
Wi(x,0) x We(x,0) and maps homeomorphically onto a neighborhood of
x.

We call the action cone transitive if there exists an open cone whose closure is
contained in the set of Anosov elements which has a dense orbit.

Remark 14.5. Notice that (TC-5) immediately gives the stable and unstable man-
ifolds the structure of topological manifolds. It is then not difficult to see that the
center-stable and center-unstable manifolds are also topological manifolds using

(TC-3).

Remark 14.6. Several of the properties of cone transitive totally Cartan actions can
be deduced for cone transitive topological Cartan actions, including the Anosov
closing lemma (Theorem 4.15) and density of periodic orbits (Lemma 4.17(2)). We
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will use them freely for the topological setting. Notice also that the higher rank
assumptions still make sense, after replacing (HR1) by (TC-3) and (TC-4). See
Remark 5.6.

Remark 14.7. One may introduce the notion of a topological Cartan action of
R¥ x Z* in a similar way, and prove similar results about them. They are related
to R**_actions by suspensions.

Proposition 14.8. Let R* ~ X be a CY9 cone transitive, totally Cartan action
on a compact manifold without a rank one factor. Then if every coarse Lyapunov
foliation is oriented, this data defines a topological Cartan action.

Proof. The special Holder metrics from Theorem 5.17 determine unit vector fields,
positively oriented, and thus flows which satisfy properties (TC-2)-(TC-4).

We now show (TC-5). Indeed, by Lemma 4.5, W{Sai} foliates the space and by
Lemma 5.11, we have the corresponding parameterizations. (TC-7) is immediate
from local product structure of Anosov actions. (TC-6) follows from (TC-7) and
connectedness of X. O

One may prove Theorem 1.9 for topological Cartan actions, which we now for-
mulate. For the rest of Part IV, we will not rely on the smoothness properties, only
the structures obtained in this section, and one additional structure provided from
regularity (see Lemma 14.13). So we aim to prove the following:

Theorem 14.9. Let RF ~ M be a cone transitive, topological Cartan action sat-
isfying (HR2). Further assume that if ua + v8 € [a, (], then either u or v > 1
(see Definition 14.11). Then there exists a homogeneous Cartan action R ~ G /T
which is topologically conjugate to R¥ ~ M.

14.1. The geometric commutator. We can now establish the main result in this
section, the principal technical tool in our analysis of topological Cartan actions:
the geometric commutator. Fix a, 8 € A, and pick some regular a € R* such that
D(a, 8) € A~ (a). Recall that D(«, 8) comes equipped with a canonical circular

ordering {a,¥1,...,vn, B} (see Definition 5.9). We use the following convention for
group commutators: if G is a group and g, h € G, then
(14.2) [9,h] = h™ g™ hg.

The next lemma is illustrated in Figure 4.

Lemma 14.10. Ift,s € R, a, 5 € A are nonproportional, there exists a unique
PP RxRx X — PD(a,p)\{a,8} Such that:
(14.3) PP (s,t ) [s), tP)] e C(x), and
po"ﬂ(s, t,x) = pif(s, t, :c)(X") %% p;’lﬁ(s, t, x)(Xl),
for a unique collection of functions p;;ﬁ RxRXxX =R, x; € D(a, 8) \ {a, B}

Furthermore, p®? and p;’iﬁ are continuous functions in t,s,x, and

(14.4) eXi(“)p;;ﬁ(s, t,x) = p;;ﬁ(ea(“)s, P Dt a. ).

Proof. Since o and 8 are not proportional, it follows from (TC-5) in the definition

of a topological Cartan action that there exists some unique path p, = ug’g ) *v,(lx")

N P = Pbia.g) satisfying py * [tP), s(] € C(x). Indeed, the endpoint of
1 1 (a,) ymg p p

*
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ker y1

*ker a

FIGURE 4. Canonical commutator relations

[t(8), 5(*)] belongs to W, for some collection of a; with A~ ({a;}) = D(a, B) (see
Lemma 5.10). It is therefore reached by a path of the described form. We wish to
show that p, has trivial & and S components. Notice that by linear independence
of «, B, we may choose a such that a(a) = 0 and S(a) < 0. Then notice that by
(14.1), for any = € X:

n—oo

(14.5) (na) {s(a),t(ﬁ)} (—na) -z = |s() enBlapB) ] o 1220 4

Since the action of 77 is Holder, the convergence is exponential since f(a) < 0.
But if p, has a nontrivial o component, that component does not decay, since it is
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isometric. Therefore it must be trivial. By a completely symmetric argument, the
[ component is trivial. O

Definition 14.11. If o, 8 € A are linearly independent weights, let
[a,8] = {x € A: p;’ﬁ(s,t,x) #0 for some t,s € R,z € X }.

It is clear that [a, 8] = [B, ], since p®*(t, s, p*P(s,t,2) - x) = (pavﬁ(s,t,x))fl.
Notice also that, a priori, each pz’ﬂ may vanish at some z € X, but not every x. We
will see later that the no rank-one factor assumption implies that pi’ﬂ is actually
a polynomial in s and ¢ independent of x.

14.2. Coefficients of nontrivial commutators. In this section, we prove a
lemma which will be crucial in the next section. We begin with a technical ob-
servation. If F;, ..., F,, are continuous foliations of a manifold Y, we say that
they induce continuous local coordinates if for every x € X, there is a map ¢,
defined on an open subset U € R% x ...R% such that

gi)x(ul, A ,UZ,Ug_i_l,O, .. ,0) S .7:[4_1((,25;5(11,1, - ,’U,g,O,O7 .. ,0))

for every uy, ..., upr1 € R4 x -+ x R% and ¢, is onto a neighborhood of 2. We
think of this as using the foliations to produce coordinates around = (even though
we do not ask that it be injective).

Lemma 14.12. Let Y be a smooth manifold, and F1, ..., Fp, be uniquely integrable
continuous foliations with smooth leaves such that T,Y = @~ T,F; for every
y € Y. Then the foliations F; induce continuous local coordinates.

Lemma 14.12 can be deduced in two ways: one may use a standard trick of
approximating the vector fields tangent to the foliations F; by smooth ones, proving
the continuous local coordinates property using the inverse function theorem, and
showing persistence of the transitivity using a degree argument. Alternatively,
this is a more general phenomenon which does not require unique integrability, see
[75, Lemma 3.2].

Lemma 14.13. If RF ~ X is a C? totally Cartan action on a smooth manifold
with no non-Kronecker rank one factors, a,8 € A are linearly independent, and
X =ua+vf withu <1 andv < 1, then x € [, 8].

Proof. Divide D(«,3) = AU B, where A = {ua4+vB8:u>1} N A and B =
{ua+vB:u<1}NA. Let B = {ua+v8:u<1l,0>1}NA. Give the weights of
D(a, 8) the canonical circular ordering {« = x1,...,Xxn = 8}. We will show that
if xi,x; € AU B, then [x;,x;] C AU B’ by induction on |¢ — j|. Then the result
follows since a = x1 and 8 = x,.

The base case is trivial: if |i —j| = 1, then x; and x; are adjacent in the
circular ordering, and therefore commute. We now try to commute x;, x; € AUB,
li — j| > 1. Notice that choosing a € ker 3, and perturbing by a very small amount

will yield an element a’ close to a for which (@XGA TWX) ® (@XGB TWX) is a
dominated splitting (cf. slow foliations, Section 10.2). Therefore, @XeA TWX is

tangent to a foliation W4. Notice that each leaf W4 has local C° charts given by
motion along each WX, y € A (the proof goes as in Lemma 5.11). In particular, if
both x; and x; € A, [xi, x;] C A. Similarly, if both x; and x; belong to B’, then
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they both belong to C = {ua +vf : v > 1} NA. So for similar reasons, choosing a
perturbation of b € ker v gives [B’, B’| C [C,C] Cc C C AU B'".

We now consider the case when y; € B’ and x; € A with |i — j| > 1 (the last
case follows from a symmetric argument). Let 2 € X, y = tX¢) . g, 2/ = s0G) . g,
y = s .y and w =t . /. Notice that y/ = [(—s)X3), (=t)X)] . w.

Let D;; = {Xit1,---,Xx;j—1} be the set of weights strictly between y; and ;.
Decompose D;; into {y1,-.., Ymy:01,---50my, €15+ - -, €mg b, where {4}, {0k} and
{ex} are the weights of AND,;, (B\B')ND;; and B'ND,;, respectively, each listed
with the induced circular ordering. We assume y and w are sufficiently close, to be
determined later (if we show it for sufficiently small s, ¢, we may use the dynamics
of R¥ ~ X and (14.1) to conclude it for arbitrary s,t).

Notice that the distribution EB‘;: 1
Wii with C? leaves since it is the intersection of stable manifolds for the action.
Since ¢y = [(—s)3), (=t)XI] - w, y' € WY (w) by Lemma 14.10. Therefore, by
Lemma 14.12 applied to the splitting TW?% into the bundles E"*, E% and E¢,
there exists a path moving from w to y’ which first moves along the leaves of the
1-dimensional foliations corresponding to B'ND;;, then the 1-dimensional foliations
corresponding to (B \ B’) N D;j, then the 1-dimensional foliations corresponding
to AN D;j, in the given orderings. Let p denote the point obtained after moving
along the B’ foliations from w, and q denote the point obtained by moving from p
along the B\ B’ foliations. Then ¢ is also connected to 3 via the A foliations. See
Figure 5.

TWXk is uniquely integrable to a foliation

s(x5) $(xj)

xT +(x3) Yy

FIGURE 5. A geometric commutator

Choose any pair of C?, |B|-dimensional embedded discs D > x,y, Dy 3 2’,q
transverse to W4 inside of W18l (). This is possible since = and y are connected
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via x; € B’ and 2’ and ¢ are connected via only weights coming from B. Therefore,
z’ and ¢ are the images of  and y under the W4 holonomy from D; to D,. By
[54, Section 8.3, Lemma 8.3.1], there exist bi-Lipschitz coordinates for which the
leaves of the foliation W4 are parallel Euclidean hyperspaces. In particular, the
holonomy along W4 is uniformly Lipschitz independent of the choice of D; and
Dy, given sufficiently good transversality conditions, so d(z,y)/d(x’, q) is bounded
above and below by a constant.

We claim that p = ¢ (i.e., no weights of (B \ B’) N D;; appear). Roughly, the
reason is that such weights contract too slowly. Indeed, pick an element a’ € ker a
such that 5(a’) = —1. We may perturb a’ to an element a which is regular and
such that a(a) < 0, and such that if § € B\ B’, xi(a) < d(a) < 0. This is possible
because if § = ua+vB € B\ B/, then v < 1,80 §(a’) = —v > —1 = B(a’) > x:(d’),
since when x; € B’, the 8 coefficient is at least 1. This is clearly an open condition
for each d, so we may choose a as indicated. We may also assume, by rescaling a
as necessary, that 8(a) = —1.

Since y € WXi(x), we can estimate distance between iterates of x and y using
the Holder metric along the coarse Lyapunov leaf WXi(z). Recall that since y; €
B', xi(a) < B(a) = —1. Therefore dyx:(a* - x,a* - y) = e Ddyx (z,y) <
e *dyxi (z,y) using the Holder metric on the manifold. Now, suppose p # gq.
Recall that p and g are connected by legs in B\ B’ = {d1,...,0n}, so that there
exist p = xq, 1, ..., T, = ¢ such that x; € W2 (x;_1). Since the foliations W%
are transverse, if p # ¢, there exists some [ for which x; # x;_;. Without loss of
generality, we assume that {0;} are ordered such that 0 > d1(a) > da2(a) > -+ >
Om(a) > xi(a). Then let Iy be the minimal [ for which z; # x;—1, and ¢; = d;,(a),
¢a = 0jy+1(a). Notice that 0 > ¢; > ¢ > —1. By minimality, we get x;,_1 = p.

Let d denote the Riemannian distance on the manifold. Since for any v € A, the
distance along each W7 leaf is locally Lipschitz equivalent to the distance on the
manifold, there exists L > 0 such that for all v € A and sufficiently close points
z € W(2'), we have L™ Ydy~(2,2') < d(z,2') < Ldw~(z,2"). Then after applying
the triangle inequality, we get:

d(a® -2’ a* - q) > d(d* - x1,,a" - p) — d(a* - &', a" - p) — d(a” -z, a"q)
> L7 d e, (0" - 2y, 0" - p) —d(a” - 2 a" - p) — d(a® - 24y, a"q)
> L_Qeclkd(l‘lo,p) _ L20602k > C/eclk

since by construction, we may iteratively apply the triangle inequality to all legs
connecting z;, and ¢ and 2’ and p, which contract faster than e®2* and e~*, respec-
tively, since ¢ > ¢z, —1. We may construct new disks D, , and Dy, with sufficient
transversality conditions to W# connecting a* - z and a* -y, and a* - 2’ and o* - ¢
(note that we may not simply iterate the disks D; and Do forward, since WA is
not the fast foliation for a, and the transversality may degenerate). Therefore,
since each of the foliations along weights of B is uniformly transverse to those of A,
and the holonomies are Lipschitz with a uniform Lipschitz constant on sufficiently
transverse discs, we arrive at a contradiction, so p = q.

Therefore, the connection between w and ¢’ only involves weights of AU B’. By
the induction hypothesis, the commutator of two weights xx, xs € (AU B’) N D;;
produces only weights in (AU B’) N Dy,. Hence, for any z,

S(Xk) wt(X0) L — p1 % t(x0) g (k) L — ¢ (x0) o g(Xn) P2+ T
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for some paths p; and ps which only involve weights in AU B’, but may depend on
x, s and t. Using such relations, for any word in the weights AU B’, we may put it
in a desired circular ordering without weights in B\ B’. This proves the inductive
step, and hence the lemma, since B\ B’ = {ua 4+ vf : u,v < 1} NA. a

14.3. Further technical tools. In the remainder of this section we establish some
further technical results related to the geometric commutators which will be useful
in future sections.

Lemma 14.14. Let Q C A~ (a) for some Anosov a € R¥. Suppose that the action
of Pq factors through a Lie group action H. Then

(1) H is nilpotent and simply connected,
(2) if a, € Q and x € [, B], then x = ua + vB with u,v € Z,, and
(3) if a, B € Q, then pjﬁrvﬂ(s,t,x) = cs"t? for some c € R.

Proof. By Proposition 3.8, the automorphism 1, descends to an automorphism
. of H. Since the eigenvalues di, are all less than 1, 1, is a contracting au-
tomorphism of H, and H is nilpotent and simply connected. If pg’ﬁ(s,t,x) Z 0,
then the subgroups of H corresponding to o and 8 do not commute. Further-
more, the Baker-Campbell-Hausdorff formula, together with the end of Proposi-
tion 3.8(3), implies that the sum of the 1-dimensional subalgebras corresponding
to {ua+vfB:u,v > 0,u,v € Z} is a closed subalgebra. In particular, if a weight y
satisfies p;’ﬁ (s,t,z) # 0, then x must have integral coefficients, as claimed. Finally,
the Baker-Campbell-Hausdorff formula also implies that each pi’ﬂ is a polynomial
as H is nilpotent, and (14.4) implies that this polynomial is u-homogeneous in s
and v-homogeneous in t. (I

15. POLYNOMIAL FORMS OF COMMUTATORS

In the remainder of Part IV, we will prove that certain canonical cycles are all
constant, and that constancy of such cycles is sufficient for homogeneity. For this
we first prove that geometric brackets are constant.

Proposition 15.1. Let R¥ ~ X be a topological Cartan action satisfying the
higher rank assumptions and assumptions of Theorem 14.9. If o, € A are not
proportional, then p®P(s,t,x) is independent of x.

15.1. A simple setting. The proof of Proposition 15.1 is long and complicated,
and will occupy the rest of this section. Here, we first provide a proof under a
significant strengthening of assumptions (HR1) and (HR2), namely that we have
(HR1) and

(HR2+) for every pair of linearly independent o, 8 € A, ker a N ker § has a dense
orbit on X.

These assumptions are very restrictive. Indeed, it is impossible for them to hold for
R2-actions and for R3-actions is similar to the assumption that every one-parameter
subgroup has a dense orbit. Among the homogeneous R*-actions, it does not allow
for any of the standard irreducible rank two actions as factors for any R¥-action.
One may compare this assumption with the assumptions of [47]. We provide this
alternate proof in the special case because it is remarkably simpler.
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Proof under (HR1) and (HR2+). Notice that if a € ker anker 8, then a commutes
with n” for any v = sa + t5, s,t € R. In particular:

[t((y)7 8(6)}pa’ﬁ(s,t, a-r) = a—l[t(ﬂ()7 8(6)}pa’ﬁ(s,t, a-x)a-r =1

Therefore, p®8(s,t,a-x) = p*P(s,t,z) for all a € kera Nker B. So p™P(s,t,-) is
constant on the orbits of ker a Nker 3, and hence constant everywhere by our dense
orbit assumption. O

15.2. Polynomial forms in the general setting. The remainder of this section
is the proof of Proposition 15.1 under the weaker assumptions (HR1) and (HR2).
We will show that for every «, 8 € A and x € D(«, ), p%’ﬁ(s,t,x) is independent
of x. The proof of this case involves two inductions. In each step of the inductions
we will show that

(15.1) if x € [a, B], then x = ka + 18 for some k,l € Zy, and
(15.2) if x =ka+18 € [a, 8], then p;’ﬁ(s, t,x) = c,s"th.

The outer induction is on #D(«, 8), in which case we will show (15.1) and (15.2)
for all x € D(a,f3) (at the base case when #D(a, ) = 0, n® and n” commute
and there is nothing to prove). The inner induction varies x with fixed «, 8: Let
O = {uat+vf:u+v=1LuveR;} NA. Then there are finitely many values
lp <ly <---<l,, such that

[0, )N A C D(a, B)NA = ..
1=0

With « and g fixed, we will show properties (15.1) and (15.2) by induction on i
(first proving the statements for x € €, then x € €, etc.).
Given a subset S of weights, and a weight x € A, let [x, S] = UX,ES[X, X'].

Lemma 15.2. If x € [a, Q] or [B, 8], then x € Q4 for some t > 1.

Proof. It v € ; and x € [, 7], we know that #D(a,7y) < #D(«, 8), since D(a, %)
is strictly contained in D(a, 8). Therefore, this follows from the induction hypoth-
esis (15.1) applied to « and 7. O

Since [a, B] N A C |J,, it suffices to show (15.1) and (15.2) for each weight
X € ;. Assume (15.1) and (15.2) hold for x € €, j < i. We use this induction
hypothesis together with the induction hypothesis on the forms of commutators of
a and 3 with v € D(a, ) (the outer induction hypothesis) and x € €, with j <
(the inner induction hypothesis).

For simplicity of notation, with fixed o and 3, we defined ¢, (s, z) = pi’ﬁ(s, 1, ).
Notice that if x = ua + vf and a € ker 3, by (14.4):

(15.3) oy (s,2) = e @y (2 Vs q - x).

While the proof of the following requires checking some complicated details, Lemma
15.3 follows from two simple ideas: splitting a commutator into a sum of two
commutators requires a conjugation and reordering, and with careful bookkeeping,
the reordering and conjugation can be shown to contribute polynomial terms only.
Recall that we assume that x € €;, and that (15.1) and (15.2) hold for every weight
of Qlj, J <.
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Lemma 15.3 (The cocycle-like property). ¢y (s1+s2,2) = ¢\ (51, 2) +py (52,75 )
+ s9p(81, 82) for some polynomial p whose coefficients are independent of x.

Proof. We assume that x € ;,. Recall that ¢, (s,z) = p;*ﬁ(s, 1,2) is the length
of the y-component of the unique path p®?(s, 1,z), written in circular ordering of
the weights in D(a, 8), which connects [s(®), 1(?)] .z and x. Notice that using only
the free group relations, we get that:

[(s1 + 32)(a),t(6)]
= (_t)(ﬁ) s (—s1 — 52)(0“) 1) & (s1+ 82)(@)
= (=) % (—s1 — 52)(@ %P & Séa)
* (((—t)('B) % 8500 £ ) s (=) % (—s1)(@ « t(B))) % Sga)
= (=) 5 (—s1)@ % (t(ﬁ) * (_t)(ﬁ)) # (—s52) (@ % t9) 4 sgl)*
. ((_t)(ﬁ) " Sga) % t(ﬁ)) " [Sga)J(B)]
= (=) x (=51)@ 5 1) % [Séa),t(ﬁ)} * (=) « Sga) G [Sga),t(ﬁ)]_

FI1GURE 6. The cocycle-like property

Figure 6 illustrates the equality of [(s1 + s2)(®),¢(®)] and the last term of the
string of equalities above. We may replace the last line with

(=6 s 5 5t D) ko8 (s, 1)~ (=) (5 690) ) P sy, ),
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where y = 72 (z). Therefore, as group elements acting on [(s1 + s2)(®),¢?)] - z,
(15.4)

p®P(s1 4 so,t,1)

= p*P(s1,t, ) % (((—t)(ﬁ) % 54 % t(ﬂ))fl 5 p®P (s, 9) % (=) * () « t(ﬂ))).

We now use the induction hypothesis. Notice that we would like to compute the
x term, so we must try to use the group relations known to put the expression into
its canonical circular ordering. In our computations, we will carefully reorder the
weights appearing in p®? (s, +s2, ¢, z), which in each case may introduce polynomial
expressions in the y term. This does not affect our result because we only wish
to obtain the cocycle property up to a polynomial term. We first make certain
geometric arguments which correspond to the formal proof manipulating expression
(15.4) which follows.

Let us summarize the figure. Notice that in Figure 6, there are five curves
consisting of up to 5 colors each representing the (conjugates of the) p®#-terms in
(15.4). The blue legs consist of weights from the collection v € €, with j <4, the
red legs correspond to the weight x € €, (which we isolate in the current inductive
step), the green legs consist of the other weights in §2;,, together with any weights
of Q;, j > 4. The brown legs consist of the weights in [, [a, 5]] \ [, 5] (while this
set will be empty by the Baker-Campbell-Hausdorff formula once the we conclude
that the action is homogeneous, we cannot assume this now).

We make some observations to justify the picture. Conjugating the p®#(sq,t,%)
in (15.4) corresponds to “sliding” it along the (%), sga) and in the opposite direction
t(P) legs. If 7 is a green leg, then Py = pi*" = 0 by Lemma 15.2, since x € €,
and the green legs are in €, with j > i. Therefore, the nonlinear parts of the
X terms come from commuting the blue legs (€;,, j < i) and brown legs. The
x-contributions from commuting with the blue legs are known to have polynomial
form by the outer induction, respectively. The new brown color curves correspond
to the possible weights A € [a,~] or [B,7], where v € [, 8]. If v € Ay, v appears
in some €, and we may use Lemma 15.2 if j > i or the induction hypothesis if
j < i to give a polynomial form of A, which guarantees a polynomial contribution
to x. If v € [, ], the A terms take polynomial form by induction. In summary, at
each conjugating step when conjugating p®#(ss,t,y), we obtain polynomial forms
for all legs which feed into Y, yielding the desired cocycle-like property.

We also provide a formal, algebraic argument, using (15.4). We must commute
the p®#(sq,t, z) term with the (£ % s$ « (=t)®) term. By the outer induction,
if v € [a, B, since #D(a,v) < #D(a, B), we know that commuting (—t)(#) past
any such v gives polynomials, possibly in other base weights or fiber weights, but
all of which lie strictly between o and .

Now suppose that X" € D(a, ) satisfies x € [, x] or x € [3, X'], so that x" € &,
j < i by Lemma 15.2. Rearranging with the fiber weights, we know also by the
inner induction that x contributions from such rearrangements are polynomial form.
Thus, commuting (—t)®) past each leg of p®#(sq,t, ) in the fiber also has x-term
which is a polynomial in sy and t. We may similarly pass sga) and t® through
to arrive at a product of terms such that every contribution from some x' € €,
with j < 4 is a polynomial. Any x legs obtained by commuting polynomial terms
with « or (B are therefore also polynomial by induction, and these are the only
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possible weights that can feed into y by Lemma 15.2. The yx terms directly from
p“B(s;,t,x) are therefore the only nonpolynomial terms which could appear after
putting the weights in a circular ordering, and must coincide with the original x
terms p®P(sy,t,x) and p®P (sq,t,y).

Thus we have shown that ¢, (s1 + s2,2) = ¢\ (51,7) + @y (82,75, 7) + P(s1,52)
for some polynomial P. Divisibility of P by s, follows from taking so = 0 in this
equality, giving ¢, (s1,2) = ¢y (s1,2) + P(s1,0), so P(s1,0) = 0 for every s;. This
occurs if and only if P is divisible by ss. O

By Lemma 14.13, if p;‘(ﬁ Z# 0, either v or v is at least 1. Without loss of generality,
assume that u > 1.

Corollary 15.4. ¢, (s,z) = ¢z for some ¢, € R which is either independent of
x or constant along the fibers of a circle factor on which ker B has dense orbits.

Proof. We claim that for every z € X and Lebesgue almost every

0
s1 € R, s oy (s, )

§=81

exists. It suffices to show that ¢, (s, z) is locally Lipschitz in s. By Lemma 15.3,

lox(5,2) — @x(s1,2)| = @y (s — s1,m8 ) + (s — 51) - p(s,5 — 51)|
S ‘S - 51|u ’@X(lva’ ' n?l‘r)| + ‘S - Sl| ! |p(575 - 51)|

for a suitable choice of a € ker 5 (using (15.3)). Since p is a polynomial and u > 1,
¢y (s, x) has a Lipschitz constant in any neighborhood of s. Therefore, for almost
every s1 € R, ¢ is differentiable in s at s;. By Lemma 15.3, for every z € X,
Lebesgue almost every y € W*(z) has ¢, (s,y) differentiable at 0. Therefore,
flz) = %L:o ©y (s, x) exists on a dense subset of X, since it holds at Lebesgue
almost every point of every leaf W<(z). The set on which f is defined is also
ker S-saturated, since by (15.3), if a € ker g,

(15.5)

fla-z) = lim 1p;’ﬁ(s, l,a-z) = lim L e“o‘(a)p;’ﬁ(670‘(‘1)57 z) = e D) £ (),
s—0 8

s—0 8

We claim that |f(x)| < B for some B € R whenever it exists. Indeed:

1 1
=1 — =1 s . <
(@)l = T (s @)l = g 6™ fox (L a5 - 2)] < sup fex (L 9],

where a; € ker § is chosen appropriately (using (15.3)), since we assumed u > 1.
Therefore, either u = 1 or f = 0, since otherwise one may apply an element
a with a(a) arbitrarily large to (15.5) to contradict the boundedness of f. Since
u=1or f =0, fis constant along ker 8 orbits. We claim that f is also constant
along W< leaves whenever it exists. Assume it is not identically 0, otherwise the
claim follows immediately. In this case u = 1, and ¢ must be a cocycle over the
n%-flow by comparing Lemma 15.3 and (15.3). Then pick a Weyl chamber W for
which ker  bounds W and a(W) > 0. We may then build the SRB measure pyy
as in Section 4.6.1, and disintegrate it into ergodic components for the ker 5 action.
By Proposition 4.22, it follows that for py-almost every point z, f is constant
at Lebesgue-almost every point of W (since it is a ker S-invariant function, and
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defined at Lebesgue almost every point of every W¢ leaf). Since f is the derivative
of ¢, and ¢ is a cocycle over the n%-flow, it follows that

o(s,2) = / " F (@) dt = ms,

where m, is the common value of f at almost every point of W*(z). Then ¢ is
linear on a dense set of W leaves, and has slope invariant under ker 5. Since ¢ is
continuous, it follows that ¢(s,x) = mg,s, where m,, is a slope which depends only
on a circle factor. This concludes the case when u = 1.
Now assume that f = 0. Then
0

(15.6) —

s o(s + s1, )

s=0

0
90(87 .’L‘) = &

_9
© 9s

where ¢ is some polynomial independent of x (or depends only on the value of
x is some circle factor). Since p(0,2) = 0, one may integrate ¢(s1) to a get a
polynomial form for ¢ at each z. Finally, ¢(s,z) = ¢s¥, since by (15.3), it must be
u-homogeneous. O

_0 [80(51,1’) + @(s,n5,7) + (5 — s1)p(s1, 5)] =q(s1),

Now, we analyze the second variable, t. Notice that if ¢ (¢, z) = pi’ﬁ(l7 t,z) and
a € R*, then
eX(“)w(t, a-z) = eX(“)pa’ﬁ(l,t, a-x) = pa,ﬁ(ea(a)’ eﬂ(“)t,x) - e”ﬁ(“)w(eﬁ(“)t,x).
Here, we may use an arbitrary element of R* instead of just ker @ since we have
already established the polynomial form in Corollary 15.4. Hence, for fixed ¢, 1 (¢, x)
is a continuous function invariant under ker o, which has a dense orbit (or dense in

the fiber of some circle factor). With ¢ independent of x, the following finishes the
proof:

Lemma 15.5. Let d € Ry and f : R — R be a continuous function such that
FO) = Xf(t) for all t, A € R and f(ty +t2) = f(t1) + f(ta) + q(t1,t2) for some
polynomial q. Then d € Z and f is a polynomial.

Proof. If d = 1, then f(t) = t- f(1), so f is linear. Now assume that d # 1 .

Then f(2t) = 2°f(t) = f(t) + f(t) + a(t,1), so (29 = 2)f(t) = q(t. 1), so f(t) =
(2¢ —2)71¢(t,t) and f is a polynomial. Since f is a polynomial, d € Z. O

Proof of (15.2). We have shown that ¢, (s, z) := p;“(’ﬁ(s, 1, ) is a monic polynomial
of degree u, which is either independent of x or depends only on the fiber over the
circle factor over which z lies. Define f(z) := p;ﬁ(l, 1,2) = ¢,(1,z). Then if
a € ker B, by (14.4), Corollary 15.4, and since x = ua + vf3:

fla-z) = p? (L1 a o) = Wppf(e () 1, 0) = @, (7 )
_ eua(a) . Cz(e*a(a))u =c; = @X(l,.’[) = f(x)

We have also shown that ¢ : ¢ — pi’ﬁ(l,t,x) is a monomial with coefficient
depending only on the fiber of a circle factor (except the circle factor is now de-
termined by ker a-orbit closures rather than ker S-orbit closures), so that the map
t— p;“(’ﬁ (1,¢, ) is a monic polynomial of degree v. From this, we may conclude that
f(a-x) = f(z) for all a € ker . Since ker a and ker 3 span R¥, f is R*-invariant,
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and hence C := p;“(’ﬁ(l, 1, ) is independent of x. Therefore, we get (15.2), since for

any s,t € R,, we may choose a € R* such that e*(®) = s and e?(®) = ¢. Then by
(14.4),

(15.7) p;’ﬁ(s,t,x) = eX(a)p;’ﬁ(l, 1,—a-z) = Ceral@+vhla) — Cgupy,

Now, from Corollary 15.4 (and its counterpart for t), we get that p7((—1)™,
(—1)™2,z) = (—1)™u*tm2vC. Therefore, we may repeat (15.7) to get the polyno-
mial forms for negative values of s,¢. This completes the proof. |

16. SYMPLECTIC CYCLES

Definition 16.1. Fix a topological Cartan action R¥ ~ X. Given a subset & =
{B1,---,Bn} C A, let 7lp denote the induced action of Py = R*®l on X, and
Co(z) C C(z) denote the stabilizer of z for 7, and C(z) = Ca(x). Let Py =
RF x Pg, considered as a subgroup of P=RFxP (Definition 3.7).

In this section, we prove another class of cycles is independent of x by studying
the stabilizer of the action of Py, _.q} for a € A. Since our end goal is understand-
ing the structure of Staby(x) for some z, the following results provide important
structures for paths coming from symplectic pairs.

Lemma 16.2. Let R ~ X is a topological Cartan action, and suppose that
a,—ca € A are negatively proportional weights. Then if xo € X is such that
(ker @) - w0 D Pa,—ca} - T05 Cia,—ca}(T0) C Cia,—ca}(w) for all x € (kera) - v and
Pia,—ca}/Cia,—ca} (T0) is a Lie group.

Proof. Notice that in the group ’ﬁ{a7,ca}, ifa € R*, aC{ay,m}(:ﬂ)a—l = C{a,—ca}(a-
z), and if a € kera, aCa,_ca}(®)a™' = Cia_cay(x) by (14.1). In particular,
Cia,—ca}(+) is constant on ker o orbits, and hence if = € (ker a) - 2o, Cia,—ca}(20) C
Cia,—cay(x). Since the ker a-orbit closure of xg contains the Py, _cqy-orbit of
20, Cia,—ca}(0) C Cia,—ca}(x) for every x € Pio _cay. Hence, the quotient
Pla,—ca}/Cia,—ca} (o) is a Lie group by Corollary 3.12. O

Remark 16.3. Lemma 16.2 applies immediately when ker « has a dense orbit, since
this clearly implies the conditions. If ker & only has orbits dense in the fiber of
some circle factor, see Lemma 16.6.

0 0

Definition 16.4. Let g = s[(2,R). We call (8 (1)) and <1 0

> the standard

unipotent generators, and ((1) _01) the corresponding neutral element. Let h =
Lie(Heis), where Heis is the standard 3-dimensional Heiseberg group, so that h =
0 =z =z 0 10 0 0 O
0 0 y|:z,y,zeR). Wecall |0 0 0| and [0 O 1| the standard
0 0 0 0 0 0 0 0 0
0 0 1
unipotent generators and [ 0 0 0 | the corresponding neutral element.
0 0 0

Notice that in both sl(2,R) and b, the map which multiplies one of the stan-
dard unipotent generators by A, the other by A~! and fixes the corresponding
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neutral element is an automorphism of the Lie algebra. Let G, .o} be the group
P{a,—ca}/c{oz,—coz}~

Proposition 16.5 classifies which groups can appear as G, _cq}- It works ex-
tremely generally, requiring only the topological Cartan condition (together with
the assumption that Gy, _.q) is a Lie group).

Proposition 16.5. If R¥ ~ X is a topological Cartan action and x, —cx € A sat-
isfy that Gy —cx) = Pix,—ex}/Cix,—ex} (T0) is a Lie group for some o € X, then
Gix,—cx} 18 either locally isomorphic to R%, PSL(2,R) or the Heisenberg group.
Furthermore, in the last two cases, the flows nX and n~°X are the one-parameter
subgroups of the standard unipotent generators and the corresponding neutral ele-
ment generates a one-parameter subgroup of the topological Cartan action.

Proof. Giy,—cyy is a Lie group by Lemma 16.2, which is generated by two one-
parameter subgroups corresponding to the flows nX and n~%X. Let vy denote the
elements of Lie(Gy,—cy}) Which generate nX and n~°X, respectively, and assume
they don’t commute (if they commute we are done). By Proposition 3.8, the action
of a € R” intertwines the action of G{x.—cx} by automorphisms, and vy = [v4,v_]
is an eigenspace with eigenvalue e(!=9X(@) By Lemma 3.15, the action of the one-
parameter subgroup generated by vg is Holder, so the distance in the Lie group is
distorted in only a Hélder way. So for each element a € R, if ¢ > 1 and x(a) > 0,
each point in the orbit of the one parameter subgroup generated by vy will diverge at
an exponential rate. Similarly, one may see exponential expansion or decay proper-
ties for different choices of a and different possibilities for ¢. Therefore, if ¢ # 1, the
orbit of this one-parameter subgroup is contained in the coarse Lyapunov subman-
ifold for either x or —cy. Since Cartan implies that each coarse Lyapunov foliation
is one-dimensional, ¢ = 1 and vy is neither expanded nor contracted. Similarly,
since [vg, v+] must be an eigenvalue of the automorphism corresponding to a with
eigenvalue eX(@) [vo,v4] C Rouy. In particular, as a vector space Lie(Giy,—cx})
is generated by {v_,vg,v4}. One quickly sees that the only possibilities for the
3-dimensional Lie algebras are the ones listed.

Assume ¢ = 1 and let fX denote the flow generated by vg. We claim there exists
b € R* such that fX(x) = (tb)-x. We first show this for a sufficiently small, fixed .
Therefore, let f = f* and ¢ be small enough so that d(f(z),z) < ¢ for every z € X.
Notice that f(a-x) = a- f(z), since by Proposition 3.8, vy is an eigenvector of
eigenvalue 0 for the resulting automorphism of Gy, _,;. Fix a regular element a; €

R*. For each z, there exists a path of the form p, = tgo‘l)*- . -*tsff’“)*sgﬁl)*- . -*sl(ﬁl)*b

such that f(z) = p, xx, and aq, ..., am, Bi1, ..., Bi is a circular ordering on the
negative weights and positive weights, respectively (see Definition 5.7). We claim
that ¢; = 0 for every <. Indeed, by applying a; to p, we know that the c; components
will all expand, and the b and s; components remain small. Thus, if ¢ is sufficiently
small (relative to the injectivity radius of X'), we may conclude that d(f(x),x) > §
for some z € X, a contradiction. A similar argument shows that s; = 0 for every
j.

Therefore, f(z) = b, -z for some b, € R¥. Notice that if Stabgx(z) = {0},
b, is unique and continuously varying. Since f commutes with the R action,
fla-z) = by.pa-x = ab, - x, thus b, is constant on free orbits. Since there is a
dense RF orbit, b, is constant, and f (z) = bz for all x € X, as claimed.
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Thus we have shown that each fX has an associated b(t) € R¥ such that fX(z) =
b(t) - x for sufficiently small ¢. Tt is easy to see that b(t) varies continuously with ¢
from the construction above, and that the map ¢ — b(t) is a homomorphism from
R to R*. Hence, fX(x) = (tb) - z for some unique b € R*. O

Lemma 16.6. Let R¥ ~ X be a topological Cartan action satisfying the higher
rank assumptions, and suppose that o, —ca € A are negatively proportional weights.
Then the action of Pia,—cay factors through the action of a Lie group locally iso-
morphic to R?, some cover of PSL(2,R) or Heis.

Proof. We combine the techniques of the previous arguments. Assumption (HR2)
of the higher rank assumptions implies that either ker o has a dense orbit (in which
case we allude to Lemma 16.2) or ker o has a dense orbit on a fiber of a circle
factor. In the latter case, it must have a dense orbit on every fiber, since R¥ can
take one fiber to any other, and the action intertwines the action of ker . Since
the fibers of the circle factor are saturated by all coarse Lyapunov exponents (and
hence contain P, _cq-orbits), we may use Lemma 16.2 and Proposition 16.5 to get
that each fiber has an action of a group locally isomorphic to R2, Heis or a cover of
PSL(2,R), but that the group and action may, a priori, depend on the basepoint.

Now, simply notice again that Co,—co(az) = 4(Ca,—ca(z)) by (14.1) and defini-
tion of 1, (see Definition 3.7) for every a. But since 1, descends to automorphisms
of R?, Heis and any cover of SL(2,R), we conclude that 1, (Ca.—ca (7)) = Ca,—ca(T),
and therefore the result. (]

17. HOMOGENEITY FROM PAIRWISE CYCLE STRUCTURES

Assuming constant commutator relations, we now construct a homogeneous
structure of a Lie group for totally Cartan actions. Propositions 15.1 and 16.5
give partial algebraic structures corresponding to certain dynamically defined ob-
jects (commutators in stable manifolds and symplectic subaccessibility classes, re-
spectively). We carefully piece together such structures to build one on X. In
particular, we use specific, computable relations between the flows of negatively
proportional weights provided by the classification in Proposition 16.5. We will see
that such relations yield a canonical presentation of paths in an open neighborhood
of the identity in a group P (recall Definition 3.7). This procedure is analogous to
a K-theoretic argument that has appeared in works on local rigidity [18], and was
generalized to other settings in [82,84, 85].

Our approach is to find canonical presentations for words in P using only com-
mutator relations and symplectic relations which we assume are constant and well-
defined. By fixing a regular element, we will be able to use such relations to
rearrange the terms in an open set of words to write them using only stable legs,
then only unstable legs, then the action (Proposition 17.12). This will imply that
the quotient group of P by the commutator is locally Euclidean, which allows for
the application of classical Lie criteria. The core of the approach is Lemma 17.11,
which gives the ability to commute stable and unstable paths.

Definition 17.1. Fix a topological Cartan action R¥ ~ X. We say that the action
has constant pairwise cycle structure if

(CPCS1) for each nonproportional pair a, 8 € A, v € D(a, 3), and fixed s,t € R,
p2P(s,t,z) (as defined in Lemma 14.10) is independent of z and
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(CPCS2) for each a € A such that —ca € A for some ¢ > 0, the action of Py, _cay
factors through a Lie group action.

The main goal of this section is to prove the following.

Theorem 17.2. If R¥ ~ X is a topological Cartan action with constant pairwise
cycle structure, then the action is topologically conjugate to a homogeneous action.

Remark 17.3. Theorem 17.2 does not require the higher-rank assumptions (HR1)
and (HR2). In particular, it still holds in the presence of rank-one factors. Notice
that (CPCS1) and (CPCS2) are implied by (HR1) and (HR2), by Lemma 16.6 and
Proposition 15.1.

17.1. Stable-unstable-neutral presentations. For the remainder of Section 17,
we will assume that R¥ ~ X is a topological Cartan action with constant pairwise
cycle structures (i.e., that conditions (CPCS1) and (CPCS2) hold). We let piy”ﬂ(s7 t)
denote the common value of p2#(s,t,x) for o, 3 € A and v € D(av, ) (which is
guaranteed to be constant by constant pairwise cycle structures). Recall Definition
16.1, and let P = Pa.

Definition 17.4. Let C’ be the smallest closed normal subgroup containing all
cycles of the form [s(®), (8)]xp®8 (s, t) as described in Lemma 14.10 and any element
of P{a,—cay Which factors through the identity of the Lie group action provided by
(CPCS2). Since such cycles are cycles at every point by assumption, ¢’ C C(x) for
every z € X and C’ is normal. Let G = P/C’ be the quotient of P by C’.

Fix ag € R*, a regular element. The goal of this subsection is to show that any
p € G can be reduced (via the relations in C’) to some p4 * p_ * pg, with p; having
only terms ™) with x(ag) > 0, p_ having only terms t*) with y(ao) < 0, and po
being products of neutral elements generated by symplectic pairs (see Definition
16.4). We will do so by first embedding G in a larger group that incorporates the
Cartan action, and proving this decomposition for the larger group (see Proposition
17.12). We begin by identifying well-behaved subgroups of G. Given a subset
Q C A, let Gg denote the subgroup of G generated by the flows X, x € Q. Call Q
a closed stable subset if there exists ag € R such that a(ag) < 0 for all a € Q, and
if aq, ap € Q, then D(Oél,az) c Q.

Lemma 17.5. If Q is a closed stable subset of weights, then Gq is a nilpotent Lie
group.
Proof. Write Q = {1, 52, ..., 8-} in a circular ordering, so that
[8i, B;] C {Bi+1,---+Bj-1}-
We first claim that every p € Go can be written as
(17.1) ugﬂﬂ s xulPr)

and that the elements u; are unique. Indeed, any p € G can be written as p =

viﬁil Ve -*v,(f'ik ), We may begin by pushing all of the terms from the 8; component

to the left. We do this by looking at the first term to appear with 1, call it U;Bij) =

(B1)
J

. . Bi;_ . . .
. We may commute it with v;_i V) using the commutator relations which are

constant from (CPCS1). In doing so, we may accumulate some p(vfl,vj(-[ji{_l))

which consists of terms without (1, since we have quotiented by the commutator

v
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relations (14.3) (see Definition 17.4). We may continue to push each f-leg to the

left of the expression, so that in G, p is equal to u(lﬁl) x p', where p’ consists only of

terms without ;.

We now proceed inductively. We may in the same way push all 55 terms to the
left. Notice now that each time we pass through, the “commutator” p(u”2,v%),
7 > 3 has no 1 or 35 terms. Iterating this process yields the desired presentation
of p.

Uniqueness will follow from an argument similar to Lemma 5.11. Suppose that
ugﬁl) oo xulPr) :1)561) *~-~*v§’8"), so that

Ugﬁl) Kok Ugnﬁ') * (—’UT)(BT) koo0e %k (_Ul)(ﬂl)

stabilizes every point of X. Picking some a € ker §, such that (;(a) < 0 for all
i=1, ..., r—11implies that

(eﬁl(a)ul)(ﬁl) e x u"(ﬂﬁr) * (_vr)(ﬁr) K. (_651 (a)/vl)(ﬁl)

also stabilizes every point of X. Letting a — oo implies that (u, — vr)(ﬁr) stabilizes
every point of X. If u, # v,, applying an element which contracts and expands g,
yields an open set of ¢ for which ¢(#) stabilizes every point of X. But this implies
that 1?" is a trivial flow, a contradiction, so we conclude that w, = v,. This allows
cancellation of the innermost term, and one may inductively conclude that u; = v;
foreveryi=1,2, ..., r.

Thus, every element of Go has a unique presentation of the form (17.1). The
map which assigns an element p to such a presentation gives an injective map from
G to R". By Lemma 3.3, it will be continuous once its lift to Pq is continuous.
In each combinatorial cell Cg, the map is given by composition of addition of the
cell coordinates and functions p®#(-,-) evaluated on cell coordinates, which are
continuous. Therefore, the lift is continuous, so the map from Gg is continuous.

So there is an injective continuous map from Gg to a finite-dimensional space,
and Gq is a Lie group by Theorem 3.9. Fix a which contracts every g;. The fact
that Gq is nilpotent follows from Lemma 14.14. O

Let x € A be a weight such that —cy € A for some ¢, and § € A be any
linearly independent weight. Let Q = {t8+sx:t>0,s € R} N A, and Q' =
{tB+sx:t>0,s e R}NA =0\ {x, —cx}.

Proposition 17.6. If Q) is as above and p € Gq is any element, then p = py * por,
where py € Gy —exy, P € Gar. Furthermore, such a decomposition is unique.

Proof. The proof technique is the same as that of Lemma 17.5. Using constancy
of commutator relations, we may push any elements u) or u(=) to the left,
accumulating elements of Gg/ as the commutator, as well as cycles on the right
(on the right because they are cycles at every point, so we may conjugate them by
whatever appears to their right). If p, x por = p * pg,, then (p;()_l * Py = Ply *p&,l.
But G is a subgroup of Gg and it is clear that Gor NGy, _cyy = {e}. Therefore,
Py = px and par = pg,, and the decomposition is unique. O

Corollary 17.7. If Q is as above, Gq is a Lie group. Furthermore, Go has the
semidirect product structure Gy, ey X Gar, with Gy _c\y locally isomorphic to R2?,
the Heisenberg group, or (some cover of ) PSL(2,R), and Go: a nilpotent group.
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Proof. Notice that in the proof of Proposition 17.6, we get a unique expression
by moving the elements of Gy, _.; to the left, and doing so changes only the
Gq element. Therefore, the decomposition gives Gq the structure of a semidirect
product of Gry .y and Go. The action of Gy, .y} on Go/ is continuous since
the actions of its generating subgroups corresponding to x and —cy are given by
commutators, which are continuous. Therefore, G, is the semidirect product of the
Lie group Gyy,—y} with the Lie group Gor, with a continuous representation, and is
hence a Lie group. The possibilities for Gy, .,y follow from Proposition 16.5. [J

The crucial tool in showing that P /C’ is Lie is to show that it is locally Euclidean.
To that end, the crucial result is Lemma 17.11. Fix an Anosov element ag € R”,
and recall that

AT(ag) = {x € A:x(ao) >0},  A7(ag) ={x € A: x(ap) <0},

and set G = Ga+(ay) and G = Ga-(4y)- Consider a Gy, _.y} locally isomorphic
to Heis or SL(2,R). Let Dy be the subgroup of Gy, _.,} generated by the neutral
element corresponding to the generators nX and n~X (see Definition 16.4). Let
D C G be the group generated by all such D, as a subgroup of G. Note that the
action of each element of D coincides with the action of some element of the R*
action by Proposition 16.5. However, the action of D may not be faithful, as is the
case for the Weyl chamber flow on SL(3,R) where there are 3 symplectic pairs of
weights, each generating one-parameter subgroups of the diagonal subgroup, which
is isomorphic to R2.

Lemma 17.8. Suppose the R¥ orbit of xo is dense. Then if d € D is a cycle at xg,
then d is a cycle everywhere.

Proof. The action of each generator of D coincides with that of some element of the
Cartan action by definition of D, and D, therefore the action of D commutes with
the Cartan action. Then if d is a cycle at xg, d is a cycle at any point in RF(zg),
hence everywhere as the R* orbit of x¢ is dense. |

Denote by Cp the group of cycles in D at a point zo with a dense R¥-orbit, and
set G = G/Cp and D = D/Cp. Notice that G and D are topological groups since
Cp is a closed normal subgroup by Lemma 17.8. Furthermore, let G4 denote the
projections of the groups G+ to G. Lemma 17.9 is immediate from the fact that
the action of D coincides with some subgroup of the Cartan action and Corollary
17.7:

Lemma 17.9. Let p* € Gi and p° € D. Then
P’ (p°) 7t € G
We require the following computational lemma in the subsequent result:
Lemma 17.10. Let H cover PSL(2,R) and denote by hT and hy the unipotent

flows in H covering (é i) and (1 (1)) respectively. Also let a; = (é (1))

T
If st # —1 then

]’L:h; = h:fst h,:(1+st)a1+5tZ(S,t),

where z(s,t) belongs to the center of H. If s and t are sufficiently small, z(s,t) = e.
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Proof. If st # —1 then

o DG D =(akm D6 T k)

Therefore the claim holds in PSL(2,R), and thus in H up to some central element
z(s,t). If s and t are sufficiently small, all calculations take place in a neighborhood
of e, so the central element is z(s,t) = e. O

Lemma 17.11. For an open set of elements p™ € G, p~ € G_ containing {e} x
{e} there exist (pT)' € G4, (p~) € G_ and p° € D such that

ptapT = (p7) * (p*) *p".
Furthermore, (p*), (p~)" and p° depend continuously on p* and p~.

Proof. Order the weights of A% (ag) and A~ (ag) using a fixed circular ordering as
At (ap) ={a1,...,an}and A~ (ag) = {B1, ..., Bm}- Since AT (ayp) is a closed stable
subset, G is a nilpotent group. Therefore, we may write p = t%a") Kook tgal) for
some t1, ..., t, € R by Lemma 17.5. We will inductively show that we may write

a-1) Ly Sgal)

the product pt % p~ as &) % .- t,(ca"') *(p7) * 512;71 x pY for some
ti,s; €R, (p7) € G_ and p° € D (all of which depend on k). Our given expression
is the base case k = 1.

Suppose we have this for k. If —cxay € A, then it must be in A_. Let [(k) denote
the index for which 8y = —cray if —cpay is a weight. Otherwise, since there is
no weight negatively proportional to oy, we set 5jx) = —ay, with [(k) a half integer
so that —ay, appears between [j()—1/2 and Bjx)+1/2- Then decompose A into six
(possibly empty) subsets: {ax}, {—cran}, A1 = {1 <k}, Ay = {ay: 1>k},

As={f:1<l(k)} and Ay = {5 : 1 > I(k)}. See Figure 7.

{x : x(ap) = 0}

—CpQk

FIGURE 7. Decomposing (R¥)* into quadrants
We let Ga, denote the subgroup of G generated by the A;. Notice that A_ =

AsU{—cray }UA, (with {—cray } omitted if there is no weight of this form) is stable,
so again, since G_ is nilpotent, (p~)’ may be expressed uniquely as g3 u(~) x g4
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with g3 € Ga, and ¢4 € Ga, (if —cpoy is not a weight, we omit this term). Now,
{ar} UAs U Aj3 is a closed stable subset, since we may choose an open half-space
which contains ag, no element of A; and all elements of Ay, Az after perturbing
the open half space cut from (R?)* \ Ra containing Ay and Az. Therefore, its
associated group is nilpotent. So t,(ca’“) % q3 = qo * (g3)" * s(*) for some ¢y € Ga,,
(q3)' € Ga, and s € R. Notice that by iterating some a € R¥ for which ay(a) = 0,
and B(a) < 0 for all 8 € Ay U Ag, we actually know that s = t;. Thus, we have
put our expression in the form:

tgzan)*"'*tl(qak) «(p7) *Sglkl Dy *S(al)* 0

_ tglan) ¥ tl(cak) % (qs * ul—crar) qq) * S(O‘kl D . %S (0‘1) * p

= tff‘") Kok t,gtffl) *qo * (q3) * tl(f’“) x ulTCRar) g4 * s,(C ey Dok sgal) * pl.

Now, there are three cases: there is no weight of the form —cpay in which case
u(=) does not exist. Or this weight exists but commutes with t(ak) and we
simply switch the order. Otherwise, o and —cpay generate a cover of PSL(2,R)
or Heis. In the case of PSL(2,R), if ¢; and w are sufficiently small, which is an
open property, we may use Lemma 17.10 to commute tf:y’“) and u(~2) up to an
element of D. In the case of Heis, we use the standard commutator relations in
Heis to commute the elements up to an element of D. Furthermore, notice that ¢
and the terms appearing before ¢o all belong to As, so we may combine them to
reduce the expression to:

(#0) (@) s (£, ) @) % (gg) 3 (1) R s (5) @) s gy st -t 0

for some collection of ¢,u’, s}, € R, and d € D. But by Lemma 17.9, d may be
pushed to the right preserving the form of the expression and being absorbed into
pY. We abuse notation, do not change these terms and drop d from the expression.

Now, we do the final commutation by commuting (s},)(®*) and g4. Notice that
{ar}UAUA, is a closed stable subset (for the same reason that {ax} UAsUA5 is
a closed stable subset). Therefore we may write (s,)(@*) % g4 as (qq)" * (s))(@) x g
with ¢1 € Ga,,(q1)" € Ga, and s] € R. Inserting this into the previous expression,
we see that the g; term can be absorbed into the remaining product of the sz(a‘)
terms. This yields the desired form. O

Recall each action of each element D coincides with an element of the Cartan
action. Then if D is the universal cover of D, there exists a homomorphism f :
D — RF which associates an element of D with the corresponding element of the
R* action. Then let G be the quotient of P (see Definition 3.7) by the group
generated by ker(P — G) and elements of the form f(d)r(d)~", where d € D and
Th - D — D is the covering homomorphism. Note that ]Rk naturally embeds as a
subgroup of G, and that the restriction of the G-action to this copy of R is exactly
the totally Cartan action.

Recall that P is the free product of copies of R, and has a canonical CW-complex
structure as described in Section 3. The cell structure can be seen by considering
subcomplexes corresponding to a sequence of weights ¥ = (x1,---,Xx») and letting
Cy = {tEX” woxtX) € R} >~ R". Then a neighborhood of the identity is a

union of neighborhoods in each cell Cy containing 0.
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Proposition 17.12. There exists an open neighborhood U of e € P and a contin-
uous map ® : U — G4 x G_ x RF such that n(®(u)) = 7(u), where m : P — G is
the canonical projection.

Proof. We describe the map ®, whose domain will become clear from the definition.
Let At (ag) = {a1,...,a,} and A~ (ag) = {B1,- ., Bm} be the weights as described
in the proof of Lemma 17.11. Given a word p = t1X1) %%t we begin by
taking all occurrences of «,, in p and pushing them to the left, starting with the
leftmost term. When we commute it past another o;, we accumulate only other «;,
i1+ 1<j<n-—1,in p*“ which we may canonically present in increasing order
on the right of the commutation. A similar statement holds for the commutation of
a, with ;. We iterate this procedure as in the proof of Lemma 17.11 to obtain the
desired presentation. Since the commutation operations involved are determined
by the combinatorial type, the resulting presentation is continuous from the cell
Cy. Furthermore, if one of the terms tEX’i) happens to be 0, the procedure yields
the same result whether it is considered there or not. Thus, it is a well-defined
continuous map from P — G4 x G_ x R¥ (it is continuous from P because it is
continuous from each Cy).

Notice that in the application of Lemma 17.11, we require that st # 1 whenever
we try to pass tX) by s(—X). This is possible if s and ¢ are sufficiently small. Thus,
in each combinatorial pattern, since the algorithm is guaranteed to have a finite
number of steps and swaps appearing, and each term appearing will depend con-
tinuously on the initial values of tl(.Xi), we know that for each y, some neighborhood
of 0 will be in the domain of ®, by the neighborhood structure described above.

Notice that the reduction of a word u to a word of the form wy *xu_ xa €
G, x G_ x R* uses only relations in G. Therefore, if after the reductions, the same
form is obtained, the original words must represent the same element of G. |

Corollary 17.13. G is a Lie group, and acts locally freely on X.

Proof. We claim that if V., V_ and V| are sufficiently small neighborhoods of G,
G_ and R*, respectively, then the map o : Uy x V_ x Vy — Gisa homeomorphism
onto its image, and that its image is a neighborhood of e € G. To see that it is onto
a neighborhood, notice that by Proposition 17.12, there exists a neighborhood U
of P whose elements can be reduced to this form. Then m(U) is contained in the
image of ¢, and open in G by definition of the quotient topology.

To see that o is injective, notice that by condition (TC-7), if vyv_vy -2 =
v\ v g -, then vy = vy, v_ = v/ and vy = vy, ATherefore, o is injective, since if
o(v4,v_,v9) = o(vs,v_,vp), then the images in G act in the same way on X.

Once o is injective, it is a homeomorphism onto its image when restricted to
compact sets. Choosing such a compact set with interior in V. x V_ x Vj shows
that G is locally Euclidean, and hence Lie (by, for instance, Theorem 3.9). The
previous paragraph further shows that the action of G is locally free. (]

Proof of Theorem 17.2. The topological Cartan action R¥ ~ X is embedded in the
action of @, and the G-action on X is locally free by Corollary 17.13. The action of
G is transitive on X by (TC-6), giving X the structure of a G‘—homogeneous space,
and the action of R¥ is by translations. ([l
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18. PROOFS OF THEOREMS 1.9 AND 14.9

We prove all results for R*-actions, since given an R x Z¢ action, one may build
a suspension space X with an R*+¢ action into which the R* x Z‘ action embeds,
with a T factor. This action has a non-Kronecker rank one factor if and only
if the original action has a non-Kronecker rank one factor by Lemma 4.34. The
resulting homogeneous action will have a T*~factor, and the fibers of this factor will
be conjugate to the original RF x Z¢ action.

Proof of Theorems 1.9 and 14.9. Let R¥ ~ X be a Cartan action satisfying the
assumptions of Theorem 1.9 or 14.9. Then by Theorems 2.1 and 2.2, it follows
that R¥ ~ X satisfies the higher-rank assumptions (HR1) and (HR2) (recall that
these were proven at the end of Part III in Section 13). Hence, by Lemma 16.6 and
Proposition 15.1, the action satisfies conditions (CPCS1) and (CPCS2). Thus, by
Theorem 17.2, the action is topologically conjugate to a homogeneous action. This
completes the proof of Theorem 14.9.

In the case of Theorem 1.9, we show that the conjugating map h : X — G/T’
is %%, For any o € A, h intertwines the actions of 1 with some one parameter
groups of G/T by construction. Thus if V(x) = %‘t:o ne(x), dh(V) exists and
is equal to some element of Lie(G) (thought of as right-invariant vector fields).
Hence, dh(V) is smooth and V is f-Holder since W is a C# foliation with C+9-
leaves for some (3, and the generator is chosen to be unit length according to the
B-Holder metric from Section 5.4 (without loss of generality we may choose a Holder
constant 8 which applies to both the metric and the foliation, see Proposition 5.1).
In consequence, h is C1# along all n@* orbits. Similarly, h is C1¥ along the R¥ orbit
foliation.

We in fact claim that h has the desired regularity (C*¢ or C*°) along nf orbits.
We let 7 = (1,0) or co depending on the version of the theorem. Fix a Lyapunov
exponent a and some smooth Riemannian metric on X (not necessarily the one of
Section 5.4). Let ¢, : X — R be defined to be the norm derivative of a restricted to
E> with respect to the chosen Riemannian metric. That is, ¢, (z) = ||da|ge(x)]],
so that ¢, is Holder. Notice that if the ratio of the Riemannian norm to the
dynamical norm of Section 5.4 is given by v(z), then (x) is Holder (since the
dynamical metric is Holder) and

(18.1) pa(r) = e DY(a- a)ip(z) 7.

Take £ = X xR to be the trivial line bundle over the manifold X, and let 7(x,t)
be the point which has (signed) distance ¢ from z in the smooth Riemannian metric
on X. For each a € R”, there exists a unique lift @ to £ such that m(a(x,t)) =
a - m(x,t). Notice that since each fiber corresponds to a C" submanifold, a is a
C" extension as in Section 4.7. Let H : £ — L be the map H(z,t) = (x, H.(t)),
with H, uniquely satisfying ng; ) (#) = m(2,t). Then observe that HaH Y (z,t) =
(a-x,e@t) by (14.1).

Notice that the derivative of m(x,t) with respect to t is the unit vector of E¢
with respect to the smooth Riemannian metric, and the derivative of g ) (x) is
the derivative of H, times the unit vector of E* with respect to the dynamical
norm. Therefore, H.(t) = v (m(x,t)), so H, € C*(R,R) varies continuously with
x. Now, finally we modify H slightly by defining G(x,t) = H(x,(z)~'t). Then
G/(0) = 1 and G is still a linearization by (18.1). Therefore, G is a system of
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C" normal form coordinates by the uniqueness of the normal forms provided by
Theorem 4.24, and H,(t) is C" in t. This implies that h is C” along W*-leaves.

Choose some Anosov element ag € R¥ which determines the positive and negative
weights A, and A_. Order the weights A\ € A_ cyclically: Ay, ..., A\;. Then
inductively we see from Theorem 4.36 that h is C*? along the foliations tangent
to EM EM @ B2 @1:17_”71E)‘i. Clearly, the last foliation is nothing but the
stable foliation of ag, W, . Hence, h is C1? along W, and similarly along the
unstable foliation Wi of ag. Using Theorem 4.36 again, we get that 7 is C L0 along
the weak stable foliation, by combining stable and orbit foliations, and then on X
combining weak stable and unstable foliations.

In the C'*° setting, one may repeat the arguments with the C'°° version of The-
orem 4.36 to obtain that h is C°°. |

Part V. Structure of rank one factors and applications

In this part, we return to the setting of C" totally Cartan RF-actions, r = (1, )
or r = 0o, and prove a structure theorem for them. As usual, we deduce theorems
about R* x Z‘ actions by passing to suspensions. In particular, since we allow
rank one factors, we no longer have the Holder metrics from (b) of the higher rank
assumptions. Instead, we will again rely on Lemma 5.4, which only requires the
totally Cartan assumption to hold.

From Parts IIT and IV, we have established a dichotomy: either there exists a
non-Kronecker rank one factor for the action which is an Anosov 3-flow or the action
is homogeneous. In this part, we establish structure for totally Cartan actions which
have rank one factors. We begin by identifying the a factor of the action by the
0-entropy elements, the Starkov component. After passing to such a quotient, we
build a homogeneous structure on the common fiber of every rank one factor in
Section 20.

We also make some observations about the centralizer of a totally Anosov R*-
action (Section 21), and using this to identify when a rank one factor splits as a
direct product (Section 22). Actions in which rank one factors exist but do not form
a direct product with a homogeneous action were not known to exist until recently,
see Sections 8.6 and 8.7. We conclude the paper by proving some applications of
the main theorems (Section 23).

19. THE STARKOV COMPONENT

Fix a C", totally Cartan R* action on a manifold X, and let S = ﬂﬁeA ker 3
denote its Starkov component (recall the definition made directly before Remark
1.12).

Proposition 19.1. The action of S factors through a torus action.

Proof. Fix some Riemannian metric on X. Recall that by Lemma 5.4, if a € ker 3,
then ||da|gs]|| is uniformly bounded above and below by constants L and 1/L,
respectively. Since a € S, we have this for every coarse exponent § and since da|ro
is isometric (where O is the orbit foliation of the R* action), the action of S is
equicontinuous. By the Arzela-Ascoli theorem, the closure of S in the group of
homeomorphisms of X is a compact group, call it H.

Observe that if h € H, then h is an equicontinuous homeomorphism that
commutes with the RF-action. Now, for every a € R*  d(a™ - h(x),a™ - ) =
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d(h(a™ - x),a™ - x) is uniformly bounded above and below. Let h be close to the
identity in H, and h(x) be reached from x by an a-stable leg, an a-unstable leg, and
then an R¥-orbit leg. If either the unstable or stable leg was nontrivial, h(x) and
x would separate at an intermediate distance for some iterate of a or —a, respec-
tively. Thus, it follows that h(x) € R* - x. Therefore, if ¢ is sufficiently small and
dco(h,1d) < e, h determines a continuous function 7 : X — R by h(z) = 7(z)z
and ||7(z)|| < e. A simple computation using the fact that h commutes with the
RF-action shows that 7 is constant on R¥-orbits and since there is a dense R¥-orbit,
T is constant everywhere.

Therefore, the action of a neighborhood of the identity in H coincides with a
subgroup of the RF-action. Since H is the closure of a connected group, H is
connected, and the action of H and the action of a subspace of R* coincide. But
any a ¢ S cannot act equicontinuously (since then S(a) # 0 for some ), so we
know that S factors through H. Since H is a compact factor of S, H = T* for some
¢ and we obtain the result. |

We now characterize the Starkov component in terms of various dynamical prop-
erties, thereby justifying Remark 1.12.

Lemma 19.2. Let R* ~ X be a C" totally Cartan action. Then the following are
equivalent:

(1) a€s.

(2) a has zero topological entropy.

( {ak ke Z} is an equicontinuous family.

(4) a does not have sensitive dependence on initial conditions.

(5) a is not partially hyperbolic (with nontrivial stable and unstable bundles).
Proof. 1t is clear that condition (1) implies all others by Proposition 19.1. There-
fore, we need only show that the others imply (1). In each it is easier to prove the
contrapositive.

(5) implies (1): Assume that a ¢ S. Then the bundles F$ = @ E* EY =

a(a)<0
EB EY and ES =TO @ @ E® are all nontrivial. Therefore a is partially
a(a)<0 a(a)=0
hyperbolic (with nontrivial stable and unstable bundles), so (5) is not satisfied.
Hence (5) implies (1).

(4) implies (1): Again, assume that a ¢ S. Recall that a has sensitive dependence
on initial conditions if there exists € > 0 such that for every z € X and 6 > 0,
there exist y € X and n € N such that d(x,y) < §, but d(T"(z), T"(y)) > e. To
find such a y, we use that a ¢ S, so there exists some « such that a(a) > 0. If
y € W2.(z) \ {z}, then some sufficiently large iterate of a will separate z and y by
a fixed amount. Hence (4) implies (1).

(3) implies (1): Assume that a € S. Then along some coarse Lyapunov leaf, the
derivatives grow exponentially. This implies that a® cannot be equicontinuous.

(2) implies (1): This follows from the standard construction. Assume a ¢ S. Fix
x € X, and consider « such that a(a) > 0. Then let A = ir‘}/f [|ax|ge (2)]]. Then
zeEWS

loc

we may choose a metric such that A > 1. We claim that the topological entropy of
a is at least A. Indeed, choose any subset of W which is spaced at distance £/A".
By 1-dimensionality, up to a constant depending on the curvature of the manifolds

3
4
5

o —
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We(z), these points are (n, ¢)-separated. Since we may fit Ce - A\ such points, the
topological entropy is at least . ([l

Lemma 19.3. The quotient X/S is a manifold.

Recall the X/ is called the Starkov factor of X. It is clear that the action of any
(k — dim(S))-dimensional subspace of R¥ transverse to S descends to a locally free
action on X/S and the coarse Lyapunov foliations W# descend for every § € A,
giving X/S a transitive, totally Cartan action.

Proof. Using Proposition 19.1, the proof is identical to Proposition 9.6, we briefly
summarize the method. We must show that Stabg(z) is independent of . To this
end, we show that for every z,y € X, Stabg(x) C Stabg(y). Then reversing the
roles of z and y shows equality. It suffices to show that Stabg(z) C Stabg(y) for
every y € R¥ .z and y € WP(z) for any 8 € A. The proof for R is trivial by
commutativity. One may use the preservation of the 3 leaves together with normal
forms (Theorem 4.28) to show that if a € S and a-z = =, then afys(,) = Id. Indeed,
since x is fixed by a, if ||da|pys|| # 1, then it would grow or shrink exponentially,
violating Lemma 5.4. ]

Corollary 19.4. Let R¥ ~ X be a cone transitive C" totally Cartan action with
r = (1,0) or r = oo, and Starkov component S C R¥. Then X is a principal T*
bundle over a C" manifold Y, where £ = dim S. Moreover, Y carries a canonical
cone transitive C" totally Cartan action of R¥ /S with trivial Starkov component,
and if m: X =Y is the corresponding factor map, then 7w(a - x) = (aS) - w(x).

20. THE MAIN STRUCTURE THEOREM

Corollary 19.4 implies that given an action with a Starkov component, there is
always a factor of the action with trivial Starkov component from which the original
action is obtained by a principal bundle extension. These actions are described in
Theorem 20.1. Recall the definitions of A.j; and Ay in Remark IV.3.

Theorem 20.1. Let R ~ X be a C", cone transitive, totally Cartan action,
with r = 2 or r = oo and trivial Starkov component. We let ' = (1,0) or oo,
respectively. Then (after passing to a finite cover of X ) there exist

e a collection of transitive C™ Anosov flows on closed 3-manifolds 1; : R ~
Y;,i=1,..., 4,

e a homomorphism oRig : RF — RY which is onto a rational subspace of R’
(in the usual Q-structure),

e aC" mapm:X =Y =Y x--- XY,

a Lie group Grig with a locally free C"' action Grig ™ X,

a homomorphism from R* — Aut(Grig) (for which we denote the image of

a by ®,), and

o a subgroup A C Grig with an isomorphism igis : kerogriz; — A (which
identifies ker o as a subgroup of Grig)

such that
(1) the product action R* ~Y =Y; x --- x Y, defined by
(201) (tla e 7t5) : (yl, D) y[) = (1/1? (yl), e ﬂ/’?(yz))

is a totally Cartan action,
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(2) for every x € X, Grig -z =7 (m(z)),

(3) mis a C"™" submersion onto its image, which is a cr submanifold whose
tangent space is given by the sum of the stable and unstable bundles on each
Y;, and the tangent space to the orbit foliation of o(RF),

4) for every x € X, g € Grig, and a € R*, a - (gx) = ®,(9) - ax,

) for every x € X and a € ker oRig, a - & = irig(a) - ,

) for every x € X, m(a- x) = orig(a) - 7(z), and
) for every B € Ay, x € X and ' € WP(z) sufficiently close to z, there
exists a Hélder continuous holonomy fy 2+ : Grig - © — GRrig - @' defined by

fea(2) = I/Vl/ic(z) N Grig - 2.

Remark 20.2. Tt may help to understand the theorem by seeing its features in an
example, which is described in Section 8.6.2.

(
(5
(6
(7

Remark 20.3. Theorem 20.1 gives X a structure very similar to that of a G-bundle
over Y. The fibers are all G-homogeneous spaces with lattice stabilizers, but the
transition maps from one fiber to another may not be translations in G. Instead,
they will be affine maps in G. On the other hand, since the full affine group of G
does not act on G/T" (as many automorphisms of G will move the lattice T'), we
may not make it an Aff(G)-bundle, either.

The rest of this section is devoted to the proof of Theorem 20.1. We begin in
Section 20.1 by identifying a certain class of weights and corresponding flows along
their corresponding coarse Lyapunov foliations which will generate the group GRrig.
These will exactly be the weights 8 for which conditions (HR1) and (HR2) can be
deduced (for that specific 5). We will then build the group action of Grig from
these flows, which are all uniformly transverse to every rank one factor, and in fact
parameterize their common fiber.

The usual intertwining properties with the R*-action, together with the descrip-
tion of Grig as the common fiber of all rank one factors, imply most of Theorem
20.1. The only conclusion which will not be immediate is (7), which is shown in
Section 20.2.

20.1. The rigid fiber. Recall Remark IV.3, and the sets
ARig
:={f € A : kerf has a dense orbit or is dense in the fiber of some circle factor}

and Ay = A\ Agjg. By Lemma 9.4, A; consists of a union of symplectic pairs +a.
For each such pair, pick one such a and let Af be the set of such choices. Then
by Theorem 2.1, it follows that after passing to a finite cover, for each a € AT,
there exists a 3-manifold Y, with Anosov flow %*, submersion 7, : X — Y,, and
homomorphism o, : R¥ — R such that for every 2 € X, a € R¥, n,(a-2) =
VS () (Ta(@)). Consider m = HaeAT o i X — HaeAT Ye.

Recall Definition 14.11.

Lemma 20.4. If 51,52 € Arig are linearly independent, then (1, B2] C ARrig-

Proof. Recall that a € [By, B2] if and only if pP1:52(s,t,z) # 0. Furthermore, the
functions p1%2 are defined via geometric commutators. If a € Ay, then there exists
an associated factor map 7, : X — Yy, and the foliations W5, W72 are contained
in the foliation W that appears in Section 11 (specifically, Lemma 11.4). In
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particular, it follows that W# and W#2 are contained in some W2 NW# and thus
B1,82 —
porP? = 0. (]

Notice that if 5 € ARjg, the action of ker 3 either has a dense orbit or has orbits
dense in the fibers of some circle factor by definition. This allows us to construct
the metrics as in (HR1) using arguments identical to the proof of Theorem 2.2 (see
Section 13). Let Prig ~ X denote the action of the free product Prig = RIARiel
induced by the flows 1°. Let Hy = ﬂaeAl ker ar, and ﬁRig = Hy X Prig. Recall the
terminology of Definition 16.4 and Proposition 16.5.

Lemma 20.5. If 8 € ARig is such that —3 € A and Pyg _g) factors through the
action of a Lie group Gyz _gy ~ X, then the neutral element of Lie(Gyp,_py) (if it
is nontrivial) acts in the same way as a one parameter subgroup of Hy.

Proof. We will show that the neutral element of Gys gy lies in kera for every
a € A;. Fix such an a and notice that the orbits Grz gy - = are contained in
75 (7o (x)) (which is the leaf of the foliation W# as in Lemma 11.4 for H = ker a/).
Therefore, since any a ¢ ker a projects to some time-t map of the Anosov flow on
Y., and the orbit of the neutral element must be contained in the fibers, it must
be contained in ker . Since o was an arbitrary element of Aj, the neutral element
must be contained in Hj. O

Proposition 20.6. The action of 75Rig ~ X factors through the locally free action
of a Lie group Grig, and for each a € R*, there exists an automorphism 1, of GRig
such that for every g € Grig, ag-x = .(g)a - x.

Proof. We claim that the conclusions of Sections 15 and 16 apply. Indeed, we have
the higher rank assumptions (HR1) and (HR2) for a fixed weight or pair of weights
in Agjg. The arguments of Section 15 apply verbatim using Lemma 20.4 to verify
the inductive procedure works using only commutators from Agjs. Furthermore,
by Lemma 20.5, we may follow the constructions around Lemma 17.8 to identify
any element that appears as a neutral element of Gy _ gy with an element of Hy to
build the group Grig after making such identifications.

Therefore, the action of ’ﬁRig has relations as in Definition 17.1, and one may
make the same algebraic manipulations to put an arbitrary word in 75Rig in the
form of Proposition 17.12. Then the proof of Corollary 17.13 works verbatim, as
local product structure still implies that no small cycle consisting of a single stable,
single unstable, and single R*-orbit foliation exists.

To see the intertwining of the G'rig action by the RF action is by automorphisms,
notice that if o € ’ﬁRig is a cycle at x, then a -0 is a cycle at a - x, and a acts by
automorphisms on each coarse Lyapunov generator. The automorphisms then come
from Proposition 3.8. O

A surprising feature of the map 7 is that it may not be onto. This occurs when
one takes the restriction of a product action to a generic subgroup. See Section 8.3.
However, Lemma 20.7 shows that it is always a submersion onto its image.

Lemma 20.7. Y := 7(X) is a C"" submanifold of [loca, Ya and m: X =Y isa

C"" submersion, and the induced action of R¥ on'Y is totally Cartan.

Proof. Since each 7, is a submersion, and ker dr, is exactly the sum of the tangent
space to the orbits of ker o with @[#ia TW?#, it follows that 7 is a map of constant
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rank, and ker dr is exactly the tangent space to the orbits of Hy and the sum of
TWﬁ, B e ARig'

Note that even though 7 has constant rank, its image may not be a subman-
ifold. Rather, it is at this point only an immersed submanifold, possibly with
self-crossings. It will be a submanifold if we can prove that every point has a
unique family of manifold charts. We may produce such charts by pushing forward
the image of an open neighborhood in X and using the implicit function theo-
rem. These will give a manifold structure as long as the following is satisfied: if
x1, w2 € X satisfy m(z1) = m(x2), then for any neighborhood U of x;, there exists
a neighborhood V' of 5 such that = (V) C =(U).

To see this, note that a neighborhood of 7(x1) is exactly given by the saturation
of m(z1) by a local stable and unstable manifold of 7(z1) for some Anosov a,
together with the image of the o(IR¥)-orbit foliation. It is then clear that images of
sufficiently small neighborhoods of V' are contained in such neighborhoods of 7(x1).

It is clear that the induced action of R¥ on Y is totally Cartan since the stable
and unstable foliations of each Anosov flow on Y, are images of coarse Lyapunov
foliations on X. Such foliations are intersections of stable manifolds for a collection
of Anosov elements a; acting on X by definition.. Such Anosov elements are Anosov
on Y and the intersections of their stable and unstable manifolds give the desired
description of the stable and unstable manifolds of each Anosov flow as common
stable manifolds of the o(R¥)-action. O

Corollary 20.8. Ifx € X | then ﬁRigm is the connected component of =1 (n(x)).

Proof. Since T'(r~1(x)) is exactly the sum of the tangent spaces to Hp-orbits and
EBﬁe Attom TW?8, which is exactly the tangent space of G-orbits, Prom are exactly
the connected components of the fibers of . |

20.2. Intertwining properties of holonomies. In this section, we show condi-
tion (7) of Theorem 20.1, which completes its proof.

Fix a coarse Lyapunov foliation W#, 8 € A; and some y,y € Y such that
y € W*(y'), where W* is the unstable foliation of the Anosov flow on Yz (we
assume without loss of generality that 8 corresponds to the unstable foliation and
—f to the stable). Then y and y’ determine a holonomy f , : wgl(y) — ng(y’),

by setting f,.,/(2) to be the unique (local) intersection of W#(z) with ﬂgl(y’).
Lemma 20.9. For any z € Wﬂ_l(y), fyy' (GRig - 2) = GRig - fy,y (2).

Proof. First, notice that if b € ker 3, then fy, ,(b-2) = b- f, (), since ker 3
preserves the fibers of m3 and leaves the foliation W# invariant. We then claim
that it suffices to show that if & € Agjg, then f, , (W*(2)) C Grig - fyy(2) for
every z € X. Indeed, since GRrjg is generated by Hy C ker 8 and all such «, the
claim follows inductively.

We now show that f, (W (2)) C Grig - fy,y(2) for every z € X. Observe that
if z € X and 2 € W%(2), then f, (1) is reached from z by first moving along
the W foliation to get to z;, then along the W# foliation by definition. Therefore,
we may use the weak geometric commutator of Lemma 5.12 to reach fy ,/(21) by
first moving along the W7 foliation, then along the W foliation, and finally along
foliations in D(a, 8). However, since the W7 foliation on Yj can first be lifted to
Y, and the other W# foliations, 8’ € D(a, B) N Ay, commute with W5 on Y, it
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follows that any of the weights in A; N D(«, §) must have a trivial leg in the weak
geometric commutator of the a- and S-leaves. This implies that z; € Grig - fyy(2),
as claimed. O

21. CENTRALIZER STRUCTURE

The results of this section analyze the centralizer structure for an RF action,
and identifies an important finite subgroup. Let R¥ ~ X be a cone transitive,
totally Cartan action with trivial Starkov component. Fix an R*-periodic orbit p.
Consider V = RI®l as a vector space, whose entries represent the logarithms of
eigenvalues of the derivatives of a map along the foliations W5, ..., WAl at p.
Let A, C Zpig1 (RF ~ X) denote the subgroup of the centralizer of the R¥ action
consisting of elements fixing p. Define a homomorphism % : A, — V by setting

Y(A) = (log dA|pyws: (p), - . ., log O\ EEIN (p))-

Lemma 21.1. The homomorphism 1 is injective.

Proof. The proof is very similar to that of Proposition 9.3 and Lemma 19.3. Sup-
pose that ¥(A) = 0. Then dA(p) = Id. Since A acts by linear transformations in the
normal forms coordinates on the W#”-leaves, A also fixes the leaves W7 (p) pointwise
for every f € A. We may inductively show that A also fixes any point reached by
a path in the W#, 8 € A, and R*-orbit foliations, which is all of X. Therefore,
A = Id and the map is injective. O

Lemma 21.2 is immediate by jointly diagonalizing the derivatives of elements
a € R”* such that a - ¢ = ¢ to obtain coefficients of the Lyapunov functionals,
and pushing the metric around with the desired rescaling along its R*-orbit. The
procedure is analogous to the metric constructed when there is a circle factor in
the proof of Theorem 2.2 in Section 13.

Lemma 21.2. If q is an RF-periodic point in X and B is a weight, there exist some

cg € Ry and a norm ||-||5 = [|||5 4, 07 Ef ., a € R* such that for every b € R¥ and
v € By, 102 (0)]|5 = e o] 5 .

aq’

Let F be any finite collection of periodic points in X with distinct R¥-periodic
orbits, one of which is p. Let Ag C A, be the subgroup of A, defined by:

Afj:{feAp:f(Rk-q):Rk-qforeverquF}.

Then Ag has finite index in A, since for each ¢ € F', there are only finitely
many other periodic orbits with the same R¥-stabilizer. We now define a new
homomorphism Up : Aff — VIFIF1 To p, and each point in F, we associate an
element of V. For p, we use 9. For ¢ € F, associate the element

(108 1A lwss @115, +- - Jog [ Ay, @] ) -

Proposition 21.3. U is an injective homomorphism.

Proof. That it is injective follows from Lemma 21.1. To see that ¥ is a homomor-
phism, suppose that f,g € Ag . It suffices to show that U is a homomorphism in
each of the V-components. Fix ¢ € F' and 5 € A. Then:

(f9)slws(q) = felws(9(q)) - gxlwe(q)-
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Upon taking norms and logarithms, this proves that ¥ is a homomorphism,
provided that we show that fi|ws(9(q)) = felwe(q) for every f,g € Ag. Notice
that since g € AJ, it suffices to show that || f.|ys||4 is constant along the R* orbit
of g. To see this, notice that since fa = af, (fa)«lws = (af)«|ws. Therefore,
1folis (@)l - e = €05 || 1,5 ()5 and || fulws ()] 5 constant along
the R¥-orbit of ¢ as claimed. O

Corollary 21.4. Assume that A\ € Zpgg(RE ~ X), and that for every i,
|dA™ | pyws; || s uniformly bounded above and below in n. Then A is a finite-order
diffeomorphism.

Proof. Fix p and F as discussed after Lemma 21.2. Since for p and each g € F,
there are only finitely many periodic orbits with the same period, there exists some
n such that A" fixes the R¥-orbit of p and the R*-orbit of ¢ for every ¢ € F. Choose
some a € RF such that (aA")-p = p, so that a\” € Ag. Notice that by the
assumption on derivatives, ¥ p(aA") = Up(a), so a\™ = a by Proposition 21.3. It
follows that A™ = Id and A is finite order. O

We now fix a choice of F. For each weight 3, find an element a such that W7 is

the slow foliation for a (this is possible by Lemma 10.7), and again let W# denote
the complementary foliation within W*(z) for a suitable choice of a. Since periodic
points are dense by Lemma 4.17, for each § € A, we may pick another periodic
point ¢ very close to some point € W#(p) distinct from p at distance ¢ > 0 from
p (so that both ¢ and x lie in some chart around p in which local product structure
holds). By local product structure, there is a unique local transverse intersection
wes (@) N W ..(p) = {y} and since d(p,z) = €0, by choosing ¢ sufficiently close

a,loc a,loc
to , we may assume that W5 (y) N W#(p) = {2’} has 2’ # p (again, see Lemma
10.7). Pick points x and ¢ for every 8 € A, and let F' denote the collection of such
points ¢, together with p.

Lemma 21.5. For the choice of F' established above, \I'F(Ag) is a discrete subgroup
Of V|F|+1.

Proof. Suppose that A € Ag satisfy that Wx(\) is very close to 0 € VIFIT1 5o that
[[A«lw~ (g)],, is very close to 1 for every v and at every g € F.

Fix such a q. We claim that for A such that ¥p()) is sufficiently close to 0, A
fixes the intersection of W3 .(¢) N Wi, .(p) = {y}. Indeed, A(y) will still belong

to this intersection, as p is fixed by A and the center-stable manifold of ¢ is fixed
by A. Furthermore, y does not move much by the smallness of (). Since the
intersection is locally unique we get that A fixes y. Then y € W8 (') for some z’ # p,
and since W#(y) and W¥#(p) are both invariant and have derivatives very close to
one, their local intersection is also unique and preserved. But then A(z') = 2/, so
A fixes two points on the same 8 leaf. This implies that A\ fixes the entire 5 leaf
since it must be linear in the normal forms coordinates. So dA|pys(p) = 1. Since
this can be arranged for each 3, we get that ¥(A\) = 0 and hence by Lemma 21.1,
we conclude that A = Id. Therefore, W(AF) is discrete in VIFlHL O

By Lemma 21.1, ‘I’F\Ag is an isomorphism onto its image, and Ag is therefore

a free abelian group of finite rank by Lemma 21.5. Since p € F is an RF-periodic
point, Af; NRE = 7ZF. Therefore, A := Af; -R* is a finite index subgroup of
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Zigt (R¥ ~ X)), and is exactly the set of elements which fix the orbits of elements
of F', not necessarily fixing p.

Lemma 21.6. Uy extends to an injective homomorphism from AF to VIFIF1,

Proof. Notice that AF is an abelian group isomorphic to R¥ x Z* for some ¢, and
that Ag =~ 7F x 7' is a lattice in A¥. Since ¥ is now an injective homomorphism
from a lattice to a lattice, it must extend to an injective homomorphism on the
corresponding vector spaces. |

Define
Q= {X€ Zpyn (R¥ x Z* ~ X) : d\"(2)| s is uniformly bounded,
foralln e Njz € X and 8 € A}.
Corollary 21.7. Q is a finite group.

Proof. Let F denote the set of periodic orbits g - (R¥ - x), where R¥ - x € F and
g € Zpigr (RF x Z%). Notice that this is still a finite set, since for each possible
period, there are only finitely many orbits with that period. Let S(F) denote
the set of permutations of the finite set F', which itself is a finite group. Then
there exists a homomorphism ¢ : @ — S (F ) which tracks how the orbits of F are
permuted. We claim that ¢ is injective, which implies that @ is finite.

Indeed, by construction, if A € ker ¢, then \ fixes every orbit of F C G. There-
fore, A € AF. However, since d\" is uniformly bounded, we get that ¥z ()\) = 0.
By Lemma 21.6, A = Id. Therefore, ker ¢ = {Id} and ¢ is injective, as claimed. O

22. DETECTING DIRECT PRODUCTS

Fix a cone transitive C" totally Cartan action R¥ ~ X with trivial Starkov
component, with » = 2 or r = co. We continue assuming that ' = (1,6) or oo,
respectively. We assume throughout this section that 7 : X — Y is a C" rank
one factor, with homomorphism ¢ : R¥ — R and Anosov flow v, : Y — Y such
that 7(a - ) = Yy(q)(m(x)). Let £a denote the symplectic pair of weights whose
corresponding foliations project to the stable and unstable manifolds of v, and
Hy denote ker o, so that Hy has a dense orbit in each 77 1(y), y € Y. We require
Definition 22.1 to understand the behavior of Hy on each fiber 7= (y).

Definition 22.1. Let +a € A be a pair of weights such that the W*®-foliations
descend to the stable and unstable foliations of some C” rank one factor Y, r’ =

(1,0) or co. We say that « is a splitting weight if L, := ﬂ ker 8 is nontrivial.
BF#Etao
Lemma 22.2. Let R* = R x R*1 A Y x X be the direct product of an Anosov

flow on Y and a totally Cartan action R¥=Y ~ X with trivial Starkov component.
Then if a(t,a) =t for (t,a) € R x R¥=1 « is a splitting weight.

Proof. Notice that if § € A, then either f = +a and W# is a stable or unstable
foliation on Y, or W is a foliation in X. Since the action is a product action, the
Anosov flow on Y is isometric on W#. That is, R x {0} C ker 3 for all 8 € A.
Therefore, R x {0} C L, is nontrivial. O

Much of the rest of this section is proving the converse to Lemma 22.2, which is
true up to finite cover (Theorem 22.6).
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Lemma 22.3. If R* ~ X is a cone transitive action with trivial Starkov compo-
nent, and *« is a pair of weights descending to some rank one factor 'Y, then the
following are equivalent:

(1) « is a splitting weight,

(2) « is not a linear combination of weights from A\ {*a},

(3) dim(Ly) =1, and

(4) RF =kera @ L.

Furthermore, if « is a splitting weight, the action of ker o on w=1(y) is totally
Cartan for everyy € Y.

Proof. Assume that « is a splitting weight (i.e., (1) holds), so that L, is nontriv-
ial. We will show (2). Assume for a contradiction that o = > ¢;8; is a linear
combination of the weights 3;. Then for any a € L, a(a) = > t;8:(a) = 0.
Therefore, a € ker 8 for all § € A (including 8 = «), and is therefore part of the
Starkov component. Since the Starkov component is assumed to be trivial, this is
a contradiction. Therefore, we have (2).

If (2) holds, we claim that dim(Ls,) =1 (i.e., (3) holds). Consider the subspace
V C (RF)*, which is the linear span of the weights 8 € A\ {#a}. By (2), a €V,
so dimV < k. On the other hand, V @& Ra = (R¥)*, since the set of a € R*
killed by V @ Ra is exactly the Starkov component. Therefore, dim(V) = k — 1.
But L, = {a € RF: B(a) =0 for all B € V}, and the standard duality implies that
dim(Ly) + dim(V') = k. Therefore, dim(L,) = 1.

The equivalence of (3) and (4) is immediate once we know that kera N L, = 0.
This follows from the assumption that the action has trivial Starkov component.
It is also immediate that (4) implies (1), since dim(ker &) = k — 1.

We now show that if o is a splitting weight, then the ker o action is totally
Cartan. Indeed, notice that T7~1(y) = T'(kera) @ Dsrsa EP. Since the action
of ker «v is the restriction of the R* action, we recover the totally Cartan property
immediately once we show that no two weights of the ker o action are positively
proportional. That is, the ker @ action is not totally Cartan if and only if there
exist distinct weights 81, B2 € A\ {Za} such that S1|kera = B2|kera. This occurs
if and only if (81 — B2)|kera = 0. But then §; — B2 is proportional to a on R¥.
If 31 — B2 = 0 on R*, then they are the same weight, which is a contradiction.
Otherwise, 81 — B2 = ca, ¢ # 0, and « is a linear combination of weights in
A\ {£a}. O

Lemma 22.4. Let RF ~ X be a cone transitive, totally Cartan action with rank
one factor m: X — Y as described above, and assume the corresponding weight «
is a splitting weight. Then if the W -foliation on X projects to the stable foliation
onY, andy € W*(y), then the holonomy maps f.',, : 7 y) = 7 1(y') along the
W< -foliations satisfy

° f;y, commutes with the ker a-action,

® [, 1sa C/’T, diffeomorphism,

o fi, is C" asy' waries along W*(y),

° f;y, varies continuously in the C”/—topology in the variables y and y'.

Proof. The first claim is immediate from the fact that ker o preserves the fibers
of w, and intertwines the leaves of W<. Since the local holonomies are defined
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as the intersection of m=1(y’) and W (y), we get that ker & commutes with the
holonomies.

To see that it is a C"-diffeomorphism, notice that we have assumed that « is a
splitting weight. Therefore, we may choose a € L, such that a(a) = —1. Choose
some b € R¥ such that a + tb is Anosov for sufficiently small + € R. Then consider
a small number ¢ such that both a + 6b and a — db are Anosov, and the splitting

IX=E"e |(TO® P E° | e B~
B#Ea

[e3

is an invariant partially hyperbolic splitting, where E¢ is expanding, E~¢ is con-

tracting, and the remaining bundles are neutral for a. Write

Tnly)=T0'e P F'o @ E°=T0' ¢ Lo E”,

B(0)>0 B(b)<0

B#ta B#ta
where ' is the tangent bundle to the ker a-orbit foliation. Notice that the second
and third terms of the sum are integrable, and the leaves are exactly the unstable
and stable manifolds of a4 db in the fibers, considering a+ db as a transformation of
the fiber bundle. Furthermore, the element a + 6b has stable distribution E* @ E*
on X, and since a € kera, for ¢ sufficiently small, E* is the slow foliation and
E® is the fast foliation for a + db, as in Definition 4.11 and subsequent Remark
4.12. Therefore, E“ is uniformly C" along W*, the foliation tangent to E*, and the
corresponding W< holonomies are uniformly C” along W, Considering a — 6b, by
the same arguments, we conclude that the W< holonomies are uniformly C" along
W*. Since they commute with the ker a-action, they are immediately C” along O'.

Now, since W* and O’ are complementary foliations inside the weak stable
manifolds subordinate to the fiber, Journé’s Theorem 4.36 implies that the W -
holonomies are smooth along the weak stable manifolds. Since the weak stable
manifolds together with W are complementary in X, it follows again Theorem
4.36 that the holonomies are uniformly C™ as maps from one fiber to another.

To see the smoothness of f;y, as 3’ varies along W*(y), notice that we know that
each individual f*, , is a O™ transformation, and that 7~ (W*(y)) has a canonical
C"™" manifold structure as an immersed submanifold of X. Therefore, we may pick
a C" metric on the leaf W* (y), which corresponds to a flow which parameterizes
the leaf at unit speed. This flow lifts to a flow on 7= 1(W*(y)), and each time ¢
map is a C" transformation by Theorem 4.36, as it is cr along its orbits and each
fiber, which form uniformly transverse Holder foliations. Since each time ¢t map of
the local flow is C™', it follows that the local flow is O™’ (see, e.g., [58, Corollary, p.
202]). Hence the holonomies f,*,,, the time ¢ maps of the flow, are C™" as y varies
along W*(y).

To see the global continuity of f7 & in the cr topology, we note that by
combining with the previous claim, it suffices to show that f* , varies contin-
uously as y and 3y’ are moved along their 1);-orbits and W*-holonomies. It is
clear using the intertwining properties of the W-leaves with the RF-action that
Loty bntyy = (ta)f,', (—ta), where a € L, is the unique element which maps to
1. It is immediate from this equation that as ¢ — 0, fgt(y)ﬂ/)t(y/) = [y, in the

cr' topology.
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So we must show that fa , is continuous along W*(y). That is, we let y; €
WH(y), and y; € W(y1) be the unique local intersection with W“( ). Then
since ¥} € W (yy1), there exists a unique yo € W#(y1) such that y; = ¢:(y2) for
some small ¢. We wish to show that fa y, converges to f,',, in the cr topology as

y1 — y. To this end, notice that contlnuous variation in the C° topology follows
immediately from the continuity of the W%-foliation on X. So we must show that
the derivatives are close. Fix z € 7~ !(y), and let

=0, m=fn), = fo(a), and %= £ ().

We claim that there exists some a € R¥ covering v such that 2} = a-z3. Indeed,
we may use local product structure to connect zj and zo by first moving along a
piece of R* orbit, then along W<, then along W~%, then along the foliations W
and W*. Because ¢}, = ¢(y2), it follows that the W= legs are trivial and the
RF-orbit leg covers 10;. Finally, pick an element b’ € ker a such that Wu = Wit
and W* = Wy. Then d((tV') - 2, (t') - z3) is uniformly small, since both z} and 2y
are connected to z by a short (a, —«)-path. It follows that the W“—leg of the path
connecting 2z} and z» is trivial. By considering —b', we conclude that the Ws—leg is
also trivial. Hence the only nontrivial leg is the RF-orbit, which must cover ;.

Now, as y1 — y, we know that z; — 2z, a — 0 and 2} — 2z’. If we can show that

«
(22.1) e = —@0 [y vl o fow © Fylys

we may conclude continuity in the cr topology from the C" variation along the
leaves themselves. To see this, note that we may obtain (22.1) by showing that
going along the loop of holonomies

yayofy Y’ 10aoc ylyz °© 74_;;1
yields the identity action on the fiber. Since we know that each holonomy inter-
twines the ker a-action, going along a loop centralizes it. Since « is a splitting
weight, the action on the fiber is totally Cartan by Lemma 22.3. Hence, its central-
izer is a discrete extension of ker & by Lemma 21.5. Since this loop of holonomies
can be contracted, it follows that going around a loop of holonomies acts via an
element of kera (ie , F' € ker ). But since we chose a so that the loop closes up
at z (i.e.,, F(z) = z), it follows that FF = Id. Hence, the loop is trivial and (22.1)
holds. |

Lemma 22.5. If o is a splitting weight, there exists a family of metrics ||-]|,
T, [n *(w(x))] = R such that ||||, is Holder as x varies in X, and invariant under
L, and the W+ holonomies.

Proof. The proof follows the proof of the Livsic theorem. Fix a point yy € Y such
that the orbit of yg under the Anosov flow 9, on Y is dense, and an arbitrary cr'
metric ||-||, on 77 (yo). Recall that by Lemma 22.3, the action of ker a on 7 (yo)
is totally Cartan. Therefore, if we consider the group

Q= {)\ € Zpyp (kera ~ 7 (yg)) : A" ()| s is uniformly bounded,
for all n € N,z € 7 (yo) and B € A\ {+a}},

we know that @ is finite by Corollary 21.7. We first prove the lemma when @ = {e},
then deduce the lemma in general.

This is a free offprint provided to the author by the publisher. Copyright restrictions may apply.



CARTAN ACTIONS OF HIGHER RANK ABELIAN GROUPS 849

Denote y; = ¥(yo) and a € L, to be the unique element which projects to 1.
Consider the metrics [|v||, = ||(—ta).v]|, on 7~ *(y;). We claim that if there exists
ty — oo such that y;, — y, then [|||, converges to a well-defined metric on 7~ (y),
and that this family of metrics is unique and satisfies the properties described by
the lemma.

Indeed, the maps tra : 7 (yo) — 7 1(ys, ) all have uniformly bounded deriva-
tives by Lemma 5.4 and the definition of L,. They therefore converge as uniformly
Lipschitz maps to a map 7 : 7~ 1(yo) — 7 *(y). We claim that 7 is also c"'. In-
deed, notice that each tya preserves each coarse Lyapunov foliation, and restricted
to a given coarse Lyapunov leaf W#(z) C 7~ (y), is linear in the normal forms
coordinates from W#(z) to W#(tra - 2) (see Section 4.7). Hence if tra -z — 2/,
limtga : WA (2) — WH(2') is linear in the normal forms coordinates, and hence
cr'. Therefore, restricted to each coarse Lyapunov leaf contained in 7~ *(yq), the
map 7 is C". By iteratively applying Journé’s theorem (Theorem 4.36) as in the
end of Lemma 11.4, it follows that 7 is C”" as a map from 7 (yo)-

We therefore define [[v[|, = HdT‘l(v)HO when v € Tr~1(y). This is well-defined
as long as 7 is unique. But if 7 and 7/ are both obtained as limits of maps txa and
spa, respectively, then 77107’ is a map from 71 (yg) to itself which commutes with
the ker o action. Furthermore, it is clearly an element of (), since it a composition
of limiting elements of L,. Since we have assumed Q = {e}, it follows that 7 = 7/
and the norm is uniquely defined.

We claim that the metrics [[-[|, are Holder continuous. It suffices to show that
the metrics restricted to the bundles E?, B # 4« are Holder continuous, since
together with the ker a-orbit foliation, they span T'm—1(y) for every y. Consider a
reference norm |||, on X. Since each E” is 1-dimensional, we may consider the
functions fz : X — R defined by the relation [[v]|, = fz(y)[|v||, for any v € EP.
We will show that fg is Holder continuous.

Indeed, suppose that z, 2’ € X are two close points, and consider y = 7(x) and
y" = w(2’). Then if t;, and s; are sequences such that yr = ¥, (yo) — y and
Y = Vs, (W0) = V', Ysp—t, (Yr) = yj,. Since yi and yj, are converging to y and y’
which are close, the Anosov closing lemma applies and we may choose a periodic
point pg with the following properties:

e y; is reached from p; using a short W?- leg, then a short W*-leg. The
lengths of the W*- and W*-legs depend Holder continuously on d(yx, yj,)-

e If L, is the period of py then |Lp — (sx —tx)| < Cd(yx,y})? for some
0o € (0, 1)

e There exist some C; > 0 and A > 1 such that d(¢(yx),¥e(pr)) <
Oy A mindtLe=thq(y, o) for all ¢ € [0, Ly].

Now, let g, € 7~ 1(px) be the point which is obtained from zj by applying the
We- and W~“-holonomies of the fixed W*- and W"-path connecting y; and pj.
Then since py, is 1-periodic, gy is Lo-periodic, since Liya : 7~ 1(p) — 7~ *(p) has
uniformly bounded derivatives and therefore belongs to @ = {Id}. Since the points
P (pr) and ¢ (yx) stay close on Y for t € [0, L], and We- and W~%-holonomies
are intertwined by L, C R¥, if follows that ¢y is connected to Lya - 2} by a short
path consisting of a single W*-leg and single W—%-leg (it is the pushforward of the
connection between x and gy).
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Summarizing, if pj denotes the path in Y connecting py to yi, and p’ = (Y1, )«pk
denotes the pushforward of this path connecting vy, (yx) and py, then both py
and pj, are paths whose lengths have a Hélder estimate in d(yg,y;,), and (Lga) o
for = fpp 0 (Lra), where f,, and v, are the holonomy actions. Since Lya acts as
the identity on 7~ !(py), it follows that Lya : 7 (yx) — 7 1 (¢r, (yk)) is exactly
equal to f o f 1 and its derivatives are Holder close to the identity by Lemma
22.4. Finally, since |(sg — tx) — Li| < Cd(yx, y,)?, it follows that the derivative of
(s — tg)a on w1 (ys) is close to the identity with Holder estimates. In particular,
we get that

()= Jim 100 s ()| = Jim [t = sl (- )| - [[d(50) s (o)
~ (14 Cd(x,2")%) - fa(2').

Hence fg is Holder and we have verified the desired properties of the metric.

To finish the construction of the metric in general, we remark that if @ # {e},
then while @ does not have a global action on the manifold, it does induce an
equivalence relation in the following way: we say that xq,x2 € X are related if
7(z1) = m(z2) and there exist some z € 7 1(yo), ¢ € Q and sequences t, s, € R
such that z; = lim¢ia - ¢ and x9 = lim sga - (gx). This is an equivalence relation
in which every equivalence class has cardinality |@Q|. We may therefore pass to the
finite factor induced by the equivalence relation yielding a space in which the maps
preserving m*(yo) obtained as limits of multiples of a are all the identity (i.e., on
the factor, @ = {e}). We may therefore build a metric as above, and lift it to the
covering as necessary.

We have therefore produced a family of metrics which are L,-invariant. Note
that this immediately implies invariance under holonomies: if 2/ € W#(z) for some
B linearly independent with o and x,z’ cover y,y’ € Y, respectively, choose some
a € ker a such that 8(a) < 0. The holonomy satisfies

f;,y’ (117, LL'/) =a" g”y,a”y’an‘
Since a*™ preserves the constructed metric, and the middle term in the right hand
side is a holonomy which converges to the identity transformation in C”" by Lemma
22.4, the transformation is an isometry. O

Theorem 22.6. Let 7 : X — Y determine a C” rank one factor, and o be the
weight for which W+ descends to the stable and unstable manifolds of the Anosov
flow Y on Y. Assume that « is a splitting weight, a € L, is chosen so that
m(a-x) = P(n(x)) for all x € X. Then if yo € Y, and X = 7 (yo), there
exists a finite cover Y of Y with corresponding lifted flow ¥, and a finite-to-one

’

C" covering map H : Y x X — X such that for allt € R and b € ker a:

Proof. We first construct Y in the following way: let Py, denote the set of paths
with W?, W*, and v-orbit legs based at yo, and C,, C P, denote the set of cycles
in such paths. Then Y is canonically identified with the set Py, /C,,. Furthermore,
Cy, acts on X = 77Y(yo) by compositions of the corresponding +a-holonomies and
the flow L,,.

Notice that by Lemma 10.7 and Lemma 22.5, the action of Cy, is C"" and iso-
metric in some Holder norm on X and commutes with the kera action on X.
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Hence it belongs to the finite group @ of Corollary 21.7. That is, there exists a
homomorphism 7 : C,, — @ which associates to a cycle its holonomy action on the
fiber. Notice that the space Py, carries a canonical topology by embedding each
combinatorial pattern of paths with combinatorial length n into Y, and making
identifications with a pattern of lower complexity when a leg of a path is trivial.
With this topology, the set Cy, is closed, since the map associating a path to its
endpoint is clearly continuous.

Furthermore, C,, is locally path connected. Indeed, if v is a cycle in W*, W*
and ;-orbits on Y, let ; denote its retract, so that vg = v, 1 is the trivial path
and ~; is a path which goes up to time ¢ along ~, after parameterizing v as a
cycle from [0,1]. Then while 4, is not a cycle, if it is contained in a sufficiently
small neighborhood, using local product structure, there exists a uniquely defined,
continuously varying path p; connecting the endpoint of v; with yo. Then the one-
parameter family 4; = p; * ¢ connects the path + to the trivial path in the space
Cyso-

Finally, since the holonomies and maps ta € L, vary continuously with the
basepoint, the homomorphism 7 is continuous.

Let C = ker7, and notice that since @ is finite, C is a finite index subgroup of
Cy, containing the path component of Cy,. Hence Y = P,,/C is a finite extension
of Y by construction. Hence, Y carries a canonical " manifold structure by using
local charts from Y.

Now, we may build our map H. Indeed, ify € Y and = € X, then y is represented
by some path p in the W* W?* and t-orbit foliations based at yg € Y. Let
fo + ™ Hyo) — m '(e(p)) denote the induced composition of holonomy maps.
Then define H(y,z) = f,(x).

We claim that H is well-defined and satisfies the conclusions of the theorem. We
first show that it is well-defined. Indeed, if p’ is another path representing y € Y,
then p’ * p~1 € C. By definition, p’ * p~! acts trivially on X, and we conclude that
fo= 1}

We now check the intertwining properties. Indeed, if p is a path on Y, let g
denote the path with one leg moving distance ¢ along the ;-orbit foliation, which
begins at the endpoint of p. Then 6y ;) * p represents the point 1/~Jt(y) on Y. Hence:

H(u(y), @) = fo oeo(®) = fo0. © fol@) = ta - H(t,x).

Similarly, if b € ker «, then by Lemma 10.7 and the fact that a commutes with
kera, bo f, = f, o b for any path p € Py,. Therefore,

H(y,b-z)=fo(b-z)=0b- fo(x) =b- H(y,x).

These two intertwining properties imply the combined intertwining property.

We will now show that H is finite-to-one. Indeed, observe that if H(y1,21) =
H(y2,2), then f,, (x1) = fp,(x2) for some representatives p; of y;, ¢ = 1,2. This
implies that ;21 o fp,(21) = 29, and that o = py t % p1 is a cycle on Y. The action
on the fiber belongs to 7(Cy,) C @, a finite group. This finite group element must
determine the point xo from x;. Hence, (y2,22) = ¢ - (y1,21) for some ¢ € @, and
the map H is finite-to-one.

Finally, we show that H is cr. We prove this using Journe’s Theorem 4.36,
by showing that it is uniformly cr’ along Y and X. That it is C’r along X
follows because for a fixed p, the composition of holonomies f, is cr’ by Lemma
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22.4. That it is C™ along Y follows again from iterating Theorem 4.36: restricted
to each W5/%(y) x {2}, the map is C”" since the W% leaves are C" -embedded
submanifolds, and the smooth structure on Y, and hence each W/ U(y)-leaf, is
inherited from the projection map 7 : X — Y. Then since they jointly integrate
with the L,-leaf foliation, which has C™'-embedded leaves, it follows that the weak
unstable manifolds are C" -embedded. Our arguments have shown that the W*
and W leaves jointly integrate (since they are exactly the images of the Y-leaf in
Y x X ), so applying Theorem 4.36 implies that each Y leaf is C™ embedded. O

23. APPLICATIONS OF THE MAIN THEOREMS

Proof of Corollary 1.14. Let Z* ~ X be a cone transitive, totally Cartan action.
Let X denote the suspension space of X, equipped with a transitive, totally Cartan
action of RY. By Lemma 19.3, the Starkov component S C R acts through a free
torus action. In particular, it must be a rational subtorus in the torus projection
P X > T determining the suspension. Let k& = ¢ — dim(S), and choose any
rational k-dimensional subspace V transverse to S. Then let ay, ..., a; € Z* be
generators of this subspace. Notice that since the first return action of S is by
a finite group, and we wish to embed only a finite index subgroup, it suffices to
consider the case of trivial Starkov component.

Rather than suspending Z¢ ~ X, we suspend the action of (a1, ...,ay). Call the
resulting space X, and notice that by construction, the R* action on X has trivial
Starkov component. The space X is still a suspension of an action on X (since it is
the suspension of a discrete action, on an existing suspension space) with a factor
map p: X — Tk,

We claim that the generators of each Anosov flow on a 3-manifold, and the
span of the generators of the homogeneous action, are all rational subspaces in R™.
Indeed, notice that by Theorem 20.1, there exists a factor 7: X — Y} x -+ x Yj,,
which projects to a product of Anosov flows. By Lemma 4.34, each Y; corresponds
to a rank one factor of the action of Z* on X, and there exists a projection 7x :
X = 7y X -+ X Z,, where Y; is a suspension of an Anosov diffeomorphism on Z;.
The dynamics along the fibers of wx is algebraic in the sense of Theorem 20.1,
and since there exists an Anosov element, the group parameterizing the fibers must
be nilpotent. Finally, the spaces Z; are all diffeomorphic to T2, since they are
2-manifolds carrying an Anosov diffeomorphism. (]

Proof of Corollary 1.15. Suppose G is a semisimple real linear Lie group of non-
compact type without compact factors, and let I' C G be a cocompact lattice which
projects densely onto any rank one factor of G, M be a connected compact sub-
group which intersects I" only at {e}, and X = M\G/T be the corresponding double
homogeneous space. Notice that if some finite cover of the action on X is smoothly
conjugate to a Weyl chamber flow, so is the original action on X (since the action
is determined by vector fields which commute with the deck transformations of the
cover, so always lift and descend). So we allow ourselves to pass to finite covers
throughout the proof.

Passing to a subgroup of finite index, we may assume that I' is torsion-free by
Selberg’s Lemma (see, e.g., [59, Theorem 4.8.2]). If K denotes a maximal compact
subgroup of G containing M, then I' acts freely and properly discontinuously on
K \ G, the symmetric space attached to G. Through an application of the Borel
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density theorem, there is a decomposition of G into an almost direct product of
semisimple Lie groups, so that G is finitely covered by G; x G x --+ X GG, and
if T'; is the intersection of the image of G; in G with T', then T'; is a lattice in G,
F=Ty-Ty-----Tpand I'; NT; € Z(G) (see, for instance [59, Proposition 4.3.3]
or [70, Corollary 5.19]). By assumption, the rank of each G; is at least 2. Let M;
denote the intersection of M with G;, and X; be the symmetric space K;\G;, where
K; is a maximal compact subgroup of G;. Since the rank of G; is at least 2 for
every i, the dimension of X; is at least 4. Furthermore, every X; is aspherical, and
thus T'; = m1(K; \ G;/T';). By the Serre long exact sequence for a fibration, there
is a surjection oy : m1(G;/T;) — m1(K; \ G;/T;) = T'; whose kernel is 71 (K;).

Since we have assumed that I intersects M only at {e} and M C K, we may do a
similar analysis for the quotients M;\G;, where M;\G; /I is seen as an M;\ K;-fiber
bundle over K;\G;/T. Accordingly, we have a short exact sequence associated to
their fundamental groups:

1— 7T1(Ki)/7T1(Mi) — Wl(Mz\Gz/Fz) —I; — 1.

Consider a C? cone transitive, totally Cartan R¥-action on M\G/T. After pass-
ing to a finite cover, by Theorem 20.1, some finite cover of X can be written as

a homogeneous fiber bundle over a product of 3-manifolds Y7 x ... x Y. Hence
m1(M\G/T) has m1 (Y1) x ... x m1(Y%) as a factor, and w1 (H/A) as a normal sub-
group.

We claim that &k = 0, so that no such rank one factor exists. Indeed, if there was
such a factor, 71 (Y7) would be a group with exponential growth, since Y7 supports
an Anosov flow [65]. In particular, it is nonabelian. Let p; : m (M;\G;/T;) — m1(Y1)
be restriction of the map induced by the projection onto Y7, and p; denote its
pullback to m1(G;/I';). By the Margulis normal subgroup theorem for universal
covers (see, e.g., [30, Part 3]), ker p; is either central or cofinite in m (M;\G;/T;),
which is a lattice in éi, the universal cover of G;.

If kerp; is cofinite, p; has a finite group as its image. But (Y1) has no finite
subgroups, since by [81], the universal cover of Y is R and any group acting prop-
erly discontinuously and cocompactly on R? must have cohomological dimension
equal to 3. Since any group with torsion has infinite cohomological dimension, we
conclude that p; is the trivial homomorphism.

Now assume that ker p; is central. Note that since 1 (Y1) has no torsion elements,
any torsion elements of 71 (G;/I';) are contained in ker p; Ny (K;). Therefore, they
form a subgroup, since they are contained in the abelian group Z(m(G;/T;)). If
T, is the torsion subgroup of 71 (G;/T;), T; is a normal subgroup contained in both
ker p; and 71 (K;). Let A; = m(G;/T;)/Y;, so that A; is still a central extension of
T';, but without torsion, and A; is also an extension of 7;(Y7). We therefore have
the following exact sequences:

and
(232) 1— (kerpi/Ti) — Ai — 7T1(Yi) — 1.

The cohomological dimension of I'; is the dimension of the symmetric space
associated to (G, which is strictly larger than 3 by assumption. Furthermore,
kerp, C Z(m(G;/T;)), since by assumption, kerp; is central in m1(G;/T;), and
Z(m1(Gi/T;)) C m1(K;). Since kerp;/T; and m1(K;)/Y; are torsion-free, countable
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abelian groups of finite rank, it follows that they are isomorphic to Z¢ and Z¢,
respectively, with ¢/ < ¢ (since ker p; embeds into 1 (K;)). Since m1(Y7) acts freely
and properly discontinuously on the aspherical 3-manifold, Y; (which is aspherical
by [3, Lemma 5.5, p.147]), we conclude that the cohomological dimension of (Y1)
is 3. In particular, by [4, Theorem 5.5], the cohomological dimension of A is £ +
dim(K\G/T') > £+ 3 from (23.1), and ¢ + 3 from (23.2). Since ¢ < ¢, this is not
possible, and we have reached a contradiction. Hence p; is trivial for every ¢, and
hence m(Y7) is the trivial group. This is a contradiction since m1(Y7) must be a
group with exponential growth by [65].

In conclusion, we see that the R¥ action on M\G/I' does not have any rank 1
factors, and M\G/T' is homeomorphic to H/A. We assume without loss of gener-
ality that H is simply connected, and claim that H is semisimple. Indeed, if not,
then by Theorem 7.1, we may consider the Levi factor HY of H (which has no
compact factors), and the solvradical H®, and A* = H®* N A as a normal subgroup
of A, and A¥ = A/A®. Since A = 7;(H/A) is isomorphic to m; (M\G/T'), we may
consider the isomorphic image of Z(m(M\G/T")) in A.

We claim that the center of A is exactly Z(AL) - A®. Indeed, it is clear that the
center must be contained in this group, so we must show that Z(AL) - 7 (H®) is
central in A. This is immediate for Z(AL), since central elements of semisimple
groups always act trivially in finite-dimensional representations. To see that A® is
central, we consider its isomorphic image in 71 (M\G/T"). By considering its factors
onto each irreducible component, and again applying the Margulis normal subgroup
theorem, it follows that it must be central as well.

Now, the quotient of 71 (M\G/T') by its center is exactly I', and the quotient of
A by its center is AL. Therefore, by Mostow rigidity [60, Theorem A’], G is locally
isomorphic to HL, so dim(G) = dim(HL). Since

dim(G) > dim(M\G/T') = dim(H) > dim(H") = dim(G),

with equalities holding exactly when M = {e} and H® = {e}, respectively, we
conclude that H is semisimple and M is trivial.

Therefore, we know that there is an affine diffeomorphism between H/A and
G/T (= M\G/T). Conjugating the dynamics on H/A by this diffeomorphism, our
RF totally Cartan action is C'?-conjugate to a homogeneous subaction of G on
G/T by a subgroup A of G' (up to an automorphism of R¥). Since the R¥-action
is Anosov, A is a split Cartan of G. Since the coarse Lyapunov spaces are 1-
dimensional, so are the root spaces of G. Hence G itself is R-split.

Finally, if the action is C*°, so is the conjugacy by Theorem 1.9. O

Proof of Corollary 1.18. Let G be a semisimple Lie group, and G ~ X be a locally
free action of G such that the restriction of the action to a split Cartan subgroup
A C G is totally Cartan. Notice then that the bundle which is tangent to the
G-orbits as an invariant subbundle yields an A-invariant subbundle of T X. Since
the action is by a Cartan subgroup of G, the root splitting of G with respect to A
must coincide with the coarse Lyapunov splitting, and the centralizer of the Cartan
must be trivial. Furthermore, G has no compact factors. Therefore, GG is R-split,
and the root subgroups of G are coarse Lyapunov subgroups.

We claim that the action of A on X has no rank one factors (up to finite cover).
Indeed, suppose that 7 : X — Y is a submersion onto a 3-manifold, ¢, : Y — Y is
an Anosov flow and o : A — R is a homomorphism satisfying 7(a-x) = ¢y () (7(z))
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for every a € A and x € X. Then there exists a unique symplectic pair of coarse
Lyapunov exponents +« such that £“ and E~% map to the stable and unstable
distributions E° and E" for ¢, respectively. We claim that « is a root of G. Indeed,
if @ were not a root of GG, then every root subgroup of G would be contained in
the fibers of m. Since the root subgroups of G generate A, this would imply that
the A-orbits were contained in the fiber as well. This is a contradiction to cone
transitivity, so o must be a root of G.

Let A denote the set of roots of G which are not proportional to £a. Then
since they are contained in the fibers of the projection onto Y, they are normalized
by the root subgroups corresponding to +«a. Hence the group generated by the
root subgroups in A is a normal subgroup of G. Since G is semisimple, it has a
transverse subgroup, so the root subgroups corresponding to +a generate a factor
of G locally isomorphic to PSL(2,R). Since we assume that no such factor exists,
we have arrived at a contradiction, and there is no rank one factor of the A-action
on X.

Finally, we apply Theorem 1.9. Notice that the relations on the group G au-
tomatically determine the commutator and symplectic relations in the path group
P used in the proofs of Part II (i.e., they determine the pairwise cycle structures
(Definition 17.1 for weights corresponding to roots). Therefore, the group G em-
beds into the group giving the homogeneous structure provided by the dynamics,
and the G-action, as well as the A-action, is homogeneous. O
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