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Abstract

The goal of this paper is to study ergodic and rigidity properties of
smooth actions of the discrete Heisenberg group H. We establish the de-
composition of the tangent space of any C'*° compact Riemannian manifold
M for Lyapunov exponents, and show that all Lyapunov exponents for the
center elements are zero. We obtain that if an H group action contains an
Anosov element, then under certain conditions on the element, the center
elements are of finite order. In particular there is no faithful codimensional
one Anosov Heisenberg group action on any manifolds, and no faithful codi-
mensional two Anosov Heisenberg group action on tori. In addition, we
show smooth local rigidity for higher rank ergodic H actions by toral auto-
morphisms, using a generalization of the KAM (Kolmogorov-Arnold-Moser)
iterative scheme.

0 Introduction

In the past few decades, there is a considerable progress in studying the ergodic
theory and smooth rigidity of dynamical system of higher rank abelian group
actions. Smooth action (local) global rigidity for higher rank abelian algebraic
actions has since been extensively studied; some of the highlights are [DK1], [DK]
and [KKH, [HW]. We refer the reader to [Sc] for a systematic introduction of the
dynamics of algebraic Z¢ actions. A natural question is how to extend these
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theories to noncommutative group actions. The discrete Heisenberg group is a
2-step nilpotent group, which is the most close to being abelian. So studying the
dynamical properties of discrete Heisenberg group actions is the first step toward
extending what we have known about Z%-actions.

Throughout the paper, we use the symbol H to denote the discrete Heisen-
berg group (see Section 1 for the explicit definition). We first establish a tangent
space decomposition into subspaces related to Lyapunov exponents on any com-
pact manifolds M in Theorem A, which can be viewed as an extension of the
corresponding theorem established for Z? actions in [Hu]. As corollaries of this
theorem, we obtain that the action of central elements of H must have 0 Lyapunov
exponents respect to any H invariant measure, and have 0 topological entropy
when the action is C*°. This indicates that the action of central elements in H
cannot be chaotic for any H action on compact manifolds.

The second part of our work is concerning faithfulness of H actions. We
show in Theorem B that if an H action is C", r > 1, and contains an Anosov
element which has simple eigenvalues on stable direction with A_ > )\TH{T’Q} (see
(L4))), then the action of any central element of H is of finite order. Specially,
it is true for any codimension 1 action. For Anosov H actions on tori, we show
further in Theorem D that the action of any central element is either conjugate
to a translation of finite order or conjugate to an affine transformation of order 2
when the action is of codimension one or two. This implies specially that there is
no faithful Anosov H action on T™ with n < 5, though there are faithful Anosov
H actions on T" with n = 6 or n > 8 (see Example [[.4 and Remark [[F in
Section [J).

Lastly we obtain some regidity results for H actions on tori. We prove that
all such actions are topologically conjugate to an affine one in Theorem C, using
the results in [AP], [Fr] and [Ma]. Further, we extend an approach for proving
local differentiable rigidity of Heisenberg group action by toral automorphisms,
based on KAM-type iteration scheme that was first introduced in [DK] and was
later developed in [DKI].

Recently, we note that the expansiveness and homoclinic points for Heisenberg
algebraic actions are investigated by M. Goll, K. Schmidt, and E. Verbitskiy in
[GSV]. One may consult [GS| [Li] for the study of abstract ergodic theory about
nilpotent group or amenable group actions. It is known in 1970s that if M = R, S!
or I = [0,1], then any nilpotent subgroup of Diff*(M) must be abelian ([PT]),
which implies that there is no faithful C? action of % on S!. In this century it
was found out that every finitely generated, torsion-free nilpotent group has a
faithful C! action on M ([FE]). For the case dim M = 2, there are many faithful
analytic Heisenberg group actions on S?, closed disks, closed annulus and torus
([Pa]). However, Franks and Handel [FH| showed that a nilpotent group of C*
diffeomorphisms which are isotopic to the identity and preserve a measure whose
support is all of T? must be abelian.

The paper is organized as following. We state the results of the paper in



Section [0l Section Blis for proof of Thereom A concerning Lyapunov exponents,
while Section [3] is for proof of Thereom B concerning faithfulness. Thereom C
and D are proved in Section [l The last section is for smooth rigidity: the proof
of Theorem E.

1 Background and statement of result

Let M be a C* compact manifold. We denote by Diff"(M) the group of C”
diffeomorphisms on M for r > 0. Let H be the discrete Heisenberg group and let
A, B and C denote the generators of H:

AC =CA, BC =CB, AB = BAC (1.1)

Then for every K € H, there is a unique triple (ni,n,n3) € Z3 such that
K = Am B™(C". Clearly, H is a 2-step nilpotent group with center (C). In this
paper, we are concerning ergodic and rigidity properties of H actions on compact
manifolds.

Let o : H — Diff"(M) be a C” group action of H on a C*° compact Rie-
mannian manifold M, i.e., a : G — Diff"(M) is a group homomorphism. Write
f=a(A), g=a(B) and h = «(C), then

fh=nhf, gh=hg and fg=gfh. (1.2)

Throughout the paper, we always use f, g and h to denote a(A), a(B) and «(C)
respectively for a fixed H action a.

The Heisenberg group H naturally induces an action on T? since H embeds
into SL(3,7Z). We can obtain more general examples as the following.

Example 1.1. Let

[X I, o] [Y O O [In o) X—ly—l]
A={0 X O|, B=|OY I |, C=|0 I, 0 ,
0 0 x| 00 v o6 1 |

where XY € SL(n,Z) with XY =YX, and I, and O are n X n identity and
zero matrix respectively.

It is easy to check that condition (I.1) is satisfied. If M = T3", then A, B and
C induce automorphisms f, g and h on M respectively that generate a Heisenberyg
group action.

1.1 Dynamical properties of the central element A

A probability measure p on M is said to be a-invariant if a(k).pu = p for every
k € H. We denote by M(M,«) the set of all a-invariant Borel Probability
measures. It is well known and easy to prove that M(M,a) = M(M, f) N



M(M,g) N M(M,h) # (), where M(M, f) is the set of f-invariant probability
measures.

Let T, M be the tangent space of M at x € M and ¢ € Diff?(M), then
¢ induces a map D¢, : T,M — Ty, M. It is well known that there exists a
measurable set I'y with ul'y = 1 for all p € M(M, ¢), such that for all z € I'y,
0 # u € T, M, the limit

1
exists and is called the Lyapunov exponent of u at x.

Let A1(w,¢) > -+ > A\p(z,4) (7, ¢) denote all Lyapunov exponents of ¢ at z with
multiplicities m1(z, @), , Mmy(5.¢)(z, ) respectively, and T, M = @;iﬁ’w Ei(z, )
be the corresponding decomposition of tangent space at € M.

The first result shows that the Lyapunov space decomposition of H-action is
similar to the case of Z? action:

Theorem A. There exists an H-invariant measurable set I' such that pul’ =1
for all w € M(M,«), and for every x € T' there is a decomposition of the tangent

space into
r(z,f) r(z,9)

TJCM = @ @ Ezj(m)
=1 j=1
such that if E;j(x) # {0}, then for all 0 # u € E;;j(x) and all s,t,r € Z,

: 1 S r\Nn
[Jim —log || D(f*g'h")zu ||= shi(z, f) + tA;(w, g). (1.3)

By this theorem, we have some immediate corollaries, which indicate that the
action of central elements in H cannot be chaotic for any H action on compact
manifolds. The concept of chaos was first introduced by J. Yorke and T. Liin [LJ].
Up to today, there are many definitions of chaos based on different viewpoints.
In general, having positive Lyapunov exponents or having positive topological
entropy is regarded as an important feature of chaos for diffeomorphisms.

Corollary A.1. All Lyapunov exponents of h are zero with respect to any measure
w € M(M,«). In particular, for any n > 0, if h has finitely many periodic points
p of period n, then all eigenvalues of Dhyy have modulus 1.

Corollary A.2. If the action « is C*°, then the topological entropy hiop(h) = 0.

Remark 1.2. As we mentioned in Introduction, Corollary A.1 and Corollary A.2
indicate that the central elements in H cannot be chaotic for any C* H action
on manifolds.

Observe that f*g"™ = g™ f”h"Q, we have naturally the following question.

Question 1.3. For any p € M(M, ), is |Dh| bounded by eV for some
€ >0, or even by a polynomial in n for u-a.e. x?



1.2 Existence of faithful Anosov H action

A group action a : G — Diftf" (M) is called faithful if the map « is injective. We
give some conditions under which an H action cannot be faithful.

A diffeomorphism ¢ on a compact manifold M is called Anosov if the whole
tangent bundle has an uniformly hyperbolic decomposition into T, M = Ej & E*
invariant under the differential D¢ : TM — TM. For a group action o : G —
Diff" (M), if a(G) contains an Anosov element, then the action « is called Anosov.
The following is an example of Anosov H action:

Example 1.4. In Example[I 1, if X orY is a hyperbolic matriz, then f or g is
a hyperbolic diffeomorphisms on M = T3". Hence o(H) is an Anosov action. In
particular, we can take M =TS, and

2 1 10 0 0
S T PR

and then we get a Anosov H action on M = TS.

We say that an Anosov diffeomorphism ¢ has simple eigenvalues on the stable
direction if for every periodic point p of period n, all eigenvalues of D(ﬁg\ By are
real and has algebraic multiplicity 1. An Anosov diffeomorphism is said to be of
codimension 1 if either dim E* = 1 or dim E* = 1. Clearly, either ¢ or ¢! has
simple eigenvalues on the stable direction if ¢ is of codimension 1.

If D(ﬁg\ B has eigenvalues A1, A2, -, Aqim s (¢) O the stable direction, we
denote by
Ao = min IAil, A= max |Ail- (1.4)
1<i<dim Es(¢) 1<i<dim Es(¢)

Theorem B. Let o : H — Diff" (M), r > 1, be an action of H on compact
manifold M such that a(H) contains an Anosov diffeomorphism that has simple
etgenvalues with A_ > )\Tm{zr} on the stable direction. Then h* = id for some

k>1.
Following from Theorem B, we have immediately

Corollary B.1. There is no faithful C", r > 1, Heisenberg group action that
contains an Anosov element with simple eigenvalues with A_ > )\Tm{Q’T} on the
stable direction. In particular, there is no faithful C" codimension 1 Anosov

Heisenberg group action on any compact manifold.
Also the proof of Theorem B gives

Corollary B.2. For a C", r > 1, H action on M, if any element is a codimension
1 Anosov diffeomorphism that has exactly one fized point, then h? = id.

The next statement is a consequence of Theorem D. We state here since it
concerns faithfulness.



Corollary D.1. There is no faithful C?> Anosov Heisenberg group action on T™
with n < 5.

As supplements to Corollary D.1, we give the following remark.

Remark 1.5. Example indicates that TS does admit faithful Anosov Heisen-
berg group H actions. So the number “5” appeared in the above corollary is the
best. In fact, it is easy to see that there exist faithful Anosov Heisenberg group
actions on T" for any integer n > 8 by using the action in Example crossing
an Anosov diffeomorphism of an manifold of dimension two or higher. However,
the authors do not know whether such group actions exist on T7.

1.3 Rigidity of H action

Let , @’ be two actions of group G on M, then o and o are said to be topologically
conjugate if there is a homeomorphism 7' : M — M such that Toa(g) = o/(g)oT
for any g € G.

The first two results are about global topological rigidity of an H action on
TN. Before the statement of Theorem C, we introduce some related notions. Let
T" = R"/Z"™ be the n-dimensional torus. For any A € GL(n,Z) and a € R",
define Ty q : T — T™ by Ta o([z]) = [Az+a] for any 2 € R™. Such Ty, is called
an affine transformation on T™. Specially, T4 o is called a linear automorphism
of T" induced by A and Tiq, is called a translation on T" by a. All the affine
transformations on T™ form a group which is called the affine transformation
group of T™ and is denoted by Aff(T™). If A has no eigenvalue with modular 1,
then Ty 4 is an Anosov diffeomorphism.

Theorem C. Every Anosov Heisenberg group action on T™ is topologically con-
jugate to an affine one.

In some cases, the form of h can be completely determined as the following
theorem showed.

Theorem D. If f is a codimension 1 Anosov diffeomorphism of a Heisenberg
group action on T™, then h is topologically conjugate to a translation of finite
order. If f is a codimension 2 Anosov diffeomorphism for a Heisenberg group
action on T™, then h is either topologically conjugate to a translation of finite
order or topologically conjugate to an affine transformation T_iq . of order 2 for
some c € T™.

For the codimension 1 case, the following example indicates that h in the
above theorem can be non-trivial.
|5 3 _(2/5 _(2/5
Example 1.6. Let A = {3 9 }, b = ( 3/5 ), c= ( 4/5 ) Define affine
transformations f,g,h on T2 by f([z]) = [Az], g([z]) = [Az + b], and h([z]) =
[z + ¢| for all z € R%. Then fh = hf, gh = hg, fg = gfh, and h®([z]) = [x].

Thus we get a Heisenberg group action on T? with h being a translation of order 5.



The following example shows that there do exist examples such that h is
conjugate to T_jq . as shown in Theorem D in the codimension 2 case.

2 1 X 0 0 X
Example 1.7. Tal{:eX—{1 1}LetA—{O —X}’B_{X O}’

and C = { _OI —OI }, where I is the 2 x 2 identity matriz. For any c¢ € R*, let
a=—32(A—1I)c and b = —3(B — I)c. Then it is easy to check that the affine

transformations Tgq,Tpp and T_iq. on T* satisfy the relations TpoT_ iqc =
T iq,cTAa, TBpT ide = T—ia,cIBp and TaoTBp = TBpTA T ia,c- Thus we get
an affine Anosov H action on T* with h being of the form T iq,c.

An action « of a finitely generated discrete group G on a manifold M is C*™¢
locally rigid if any C* perturbation & which is sufficiently C” close to « on a
finite generating set is C* conjugate to a; i.e., there exists a diffeomorphism T
of M C* close to identity which conjugates & to a: T o a(g) = o/(g) o T for any
g €aqG.

An H action « by automorphisms on T% is called an ergodic higher rank action
if it contains two elements hj, hy such that a(h{*h%y) € SL(N,Z) is ergodic for
all (m,n) # 0 in Z2.

Theorem E. Let a be an ergodic higher rank H action by automorphisms of the
N-dimensional torus. Then there exists a constant | = l(a, N) € N such that «
is C°b locally rigid.

2 Lyapunov exponents: Proof of Theorem A and its
corollaries

Since g and h are commuting maps, by Theorem A in [Hu| there exists a mea-
surable set T'g with g5h'Tg = Ty Vs,t € Z, and ul’ = 1, Yu € M(M, g, h), such
that for all € I'y, there is a (unique) decomposition of the tangent space into

(z,9) r(x;h)
T,M = @ @ (2.1)
j=1 k=1

such that for all s,t € Z with E;,(x) # 0, for all 0 # u € Ej(x),

V}LHéo —log | D(g°h")2u ||= sAj(z, g) + tAk(z, h). (2.2)
Moreover,

D(g*W)a(Eje(x)) = Ejelg*hiz)

and

A](gshtx’g) = )\](Cﬂ,g), )‘k(gshtxa h) = )\k(CE, h)

Let 'y = Niezf'To. By (L2) it is easy to see that fT'y = I'y, gI'y = I'; and
hT'y =T'1. So I'y is an H-invariant measurable set and ul'y =1 Yu € M(M, ).



Lemma 2.1. For all x € I'y and all 0 # u € E;i(x), we have
X(fz, Dfou, g%) = £Aj(w, 9) F A(w,h),  x(fa, D fou, h™) = £A(x, h).
Proof. By (2] we have
I Dg*" D fyu ||=|| DfDg="Dhi™u ||, || DR*"D fou ||= | Df Dhy ™ ull.
So there is a constant ¢ > 0 such that for all n > 0,

¢ | Dg DM <||Dg" D fyul| < ¢ Dg" D" ul,
¢ |Dhi"ul| <|DRF"D foul| < ¢ Dhg " ul.

Then by (2.2)) we get that

.1 n
X(f2, D fru, ™) = lim —log||Dg™" D foull = £A;(x, 9) F (@, h), 03
2.3
1
x(fz, D fyu, k1) :Ji_)rrgoﬁlogHDhianqu = +\p(z, h),

which are what we need. O

Lemma 2.2. For any x € I'1, any (j, k) with E;;, # 0 and any 0 # u € Ej;, we
have x(x,u,h) = 0.

Proof. Assume to the contrary that there is some xg € I'y and some (jo, ko) with
Ejy ko # 0 and some 0 # ug € Ej , such that x(xo,uo, h) # 0. From Lemma 2.1]
we have

X(fxO’Dfmou(]ag) :)‘jo(xo’g) - Ako(x(]a h),
X(fxo’ Dfmou(]a hil) ==+ Ako (xO’ h)

It follows that in the decomposition

r(fzo,9) r(fzo,h)

ToM= @ D En(fro),

j=1 k=1
there is some Ej 1, (fxo) # 0 such that for all 0 # u € Ej 1, (fzo),
X(fx07 u, g) :)\jO(x()a g) - )‘ko(x07 h)7
X(fxo,u, h) =g, (x0, h).

Then by induction process, we get that in the decomposition

r(f"zo,9) r(f"xo,h)

TnoeM = P @ ik (f o),
7=1



there is some Ej, i, # 0 such that for all 0 # u € Ej .,
X(fnx07 u, g) :)\j() (.%'0, g) - n)‘ko (1’0, h)7
X(f"xo,u, h) =i, (zo, h).

Since Ak, (o, h) = x(zo, w0, h) # 0, |x(f"xo,u,g)| — o0 as n — oo, contradicting
to the fact that |x(p, v, g)| < supgenr [|Dgzl| < 0o Vp e I'y, Vv € T, M. O

Proposition 2.3. For all x € 'y, there is a decomposition of the tangent space
into T, M = @;g’g) Ej(z,g) such that for all 0 # u € E;(z,g),

(i) the spectrum {\;(z,g), mj(x,9), j=1,---,r(x,9)} is H-invariant;
(11) D(fsgthr)l‘Ej(xag) = E](fsgthrxag) v] = 17 e ,T(.%',g), v S,t,?“ S Z;
oy e L
(i) lim log [ D(g'h )2l = th(e.g) Vb, € Z.
Proof. By Lemma [22] we get that the number r(x,h) = 1 and the decomposi-
tion (2.1)) becomes that, for all x € T'y,
r(z,9)
TJ:M - @ Ej(x,g),
j=1

where F;(z,g) = @Z(:xih) Eji(x) = Eji(x). It follows from Lemma 2.2 again that

equations (2.3) become

X(fz, D fpu, g=") =+ \j(, g),
x(fz, D f,u, hil) =0.

So (i) and (ii) holds, and (iii) follows from (2.2]). O
Exchanging f and g, we can get the following proposition similarly:

Proposition 2.4. There is an H-invariant measurable set TI'o with pl's = 1,
Yu € M(M,«a) such that for all x € Ty there is a decomposition of the tangent

space into T, = ;’Lﬁ’f) Ei(x, f) satisfying that for every 0 # u € E;(z, f),
(i) the spectrum {\;(x, f), mi(z, f), i=1,--- ,r(z, f)} is H-invariant;

(11) D(fsgthr):BEl(xaf) = Ei(fsgthrx?f) \V/Z = 15 T ,T('Iaf)7 v S,t,’l" S Z;

1
(i) Jim_ ~log [ D(/*R")2ull = shi(z, ), V5,7 € Z.



Proposition 2.5. There is an H-invariant measurable set I's C I'y N 'y with
ul's =1 VYu € M(M,«) such that for all x € T's there is a decomposition of the

tangent space into
r(z,f) r(z,9)

T.M= B @ Eij(x
=1 =
satisfying that if E;j(x) # 0, then for all 0 # u € E;j(x) and all s,t,r € Z,

: : 1 ST\ N _ . : 1 tpr\n _ . .
(1) lim ~log | D(f*A")gull = shi(z, f), lim —log | D(g"h")gull = tA;(z, 9);
(i) D(fg'h")aEij(x) = Eij(f°g'h");

(i) M(F g, £) = (e £), APt g) = Aj(a, ).

Proof. For all z € I'1 NI, let T, M = @r(x’g Ej;(z, g) be the decomposmon given
in Proposition 2.3l By Propos1t10n|2{|(u) Dfx( i(x,9)) = Ej(fx,g). Restricted
to {E;(x,9)}, {Df}} is a cocycle on M with respect to f Thus, similar to
the proof of Proposition 2.3 in [Hul, we obtain an H-invariant measurable set
I's c Ty Mg with ul's =1 Vu € M(M, «), and a decomposition of the tangent
space into

r(@,f) r(z,9)
T, M = Ey(z), Va € Ts.
=1 j=1
Clearly E;j(x) = E;(x, f) N Ej(x,g). Thus (i) (i) and (iii) are direct corollaries
of Proposition 2.3] and Proposmon 2.4 O

Proof of Theoren A. For any s,t,r € Z and any € > 0, set

Al ={z:30 # u € Ejj(z) s.t. x(w,u, f5g'h") — shi(z, f) — tA; (2, 9) > (|A| + 1)e},
A7 ={z: 30 # u € Ejj(z) s.t. x(w,u, f2g'h") — shi(z, f) — tAj(x,9) < (|A| + 1)e},
where A = 6s + 6t + |2r — st|. It is easy to see that we only need to prove that
for any u € M(M, ), for all € > 0, u(AX) =0

Now we prove p(AT) = 0, the other one can be obtained similarly.

Suppose p(AF) > 0 for some € M(M, ) and € > 0. Then there exists a
constant C' > 0 sufficiently large such that the set

Ao ={x:30#u€ Ey(x) s.t. [|[D(f°g"h")1ul| (2.4)
>C’71Hu|| expn(shi(z, f) +tAj(z,g9) + |Ae) Vn > 0} .

satisfies p(Az ) > 0. Let
0= p(A: o).

By (L.2)) we have

n(n—1)
ID(f*g"h")yull = | DR

Dfs"Dg"™ DA ul|.

10



Then
HD(fsgthr)inUH _ ”Dh2stn2Df2san2tnDhg2rfst)nu” Vn > 0.
For [ > 0, let
Ay = {z 7 ul expn(Ni(z, f)—e) < [DfFull < Ulul expn(Xi(z, f)+e) Yu € Eyj(x) Vn > 0},
A = {o 17 ull expr(d (2. 9)—¢) < [ Dgiull < Lull expn(s(z,)+€) Yu € Ey(x) ¥n > 0}.
Al =@ 7 ull exp(—[nle) < | DR2ull < Uull exp(|nle) Vu € Eyy(x) ¥n € Z).
Choose [ sufficiently large so that
WAY S 1— L5 i=fgh
7 26 9 ' Yy

Let
B, = Al ngmm(Ab) 0 AL n et (Al o hmet (AL,

Then p(By,) > 1 — 26, and for all « € B, and all 0 # u € Ej;(z), we have
ID(f*" g™ )oull < UIDgy ull exp sn(Xi(g™, f) + )
<1?||u|| exp [tn)\j(x,g) +snhi(z, f) + (s + t)na],
and
n £sni, s n2 - SnipSs n2
ID(g"™ for 0" )gul| = U HID(f" R )qul| exp(tnA;(z, ) — tne)
2l72||DhSt”2u|| exp [sn)\i(ﬂz, f)+tnXj(z,g) — (t+ s)ne].

Since f5gtn = gin fsnpstn® it follows from (Z35) and (Z86) that
DR u)| < 1*||ul| exp[2(t + s)ne]  Vn >0, Va € By, V0 # u € Ejj(x).

Let C, = h™"""(B,) N B,. Then u(C,) > 1 — 5. For all z € C, and all
0 # u € E;j(x), we have

HDh?gSthuH — HDhSthDh;thUH < l4HDhgsCtn2u||62(s+t)ne < l8||u‘|64(8+t)n8.
Let
D, = h—(2r—st)ng—2tnf—25n(cn) N h—(Zr—st)ng—Ztn(Alf) N h—(2r—st)n(A;) N A%

Then 10 5 5
D l—-——6——6=1—-=->1-9§
w(Dp) > 56° ~ 95 5 > :
and so

w(Dp N Ac0) > 0.

11



For any € D, N A ¢ and any 0 # u € E;j(x), we have
HD(fsgthr)inuH _ HDh2stn2 DfQSanQtnDh:(grfst)nuH
<l864(s+t)n5l623n>\i(x,f)+25nal62tn>\j (x,g)+2tn5l6\2r—st\ne HuH (27)
=" Jull expn[2sXi(, ) + 2tA;(, g) + Ae)),
where A\ = 65 + 6t + |2r — st|. In addition, from the definition of A, ¢ in (Z4]) we
get that for all x € A, ¢, there is 0 # u € E;j(x) such that
ID(f*g"h") 3 ull > CHull exp 2n[sAi(z, f) + tA; (2, g) + |Ale]

-1 (2.8)
=C""exp(n|Ae)||ul| expn[2sXi(x, f) + 2tA;(x, g) + |A|e].

. . log(I*C)
Clearly, (2.7) and (28] are contradict to each other if n > TIE
€

must have p(AF) = 0 for all p € M(M,a) and and £ > 0. We complete the
proof of Theorem A. O

. Hence we

Proof of Corollary A.1. By taking s =t =0 and r = 1 in (I.3]) we know that the
Lyapunov exponent of any 0 # u € E;;(x) is equal to 0 with respect to h, and so
is that of any 0 # u € T, M.

Let p be a periodic point of h of period n, that is, A" (p) = p. Since fh = hf
and gh = hg, we get that both f"(p) and ¢"(p) are periodic orbits of h with
period n. Since there are only finitely many periodic point of h of period n, we
get that {f¢'h"(p) : s,t,r € Z} is a finite set. Hence we can define a measure
w € M(M, ) supported on the set. By finiteness and invariance we know that
w({p}) > 0, i.e., p is a generic point of u. The fact that all Lyapunov exponents
of h at p are equal zero gives that the modulus of all eigenvalues of Dh"(p) are
equal to one. O

Proof of Corollary A.2. Assume that hiop(h) > 0, then there is some h-invariant
probability measure v on M such that the metric entropy h, (h) > 0 by the varia-
tional principle. Consider the probability measure sequence v, = ﬁ il lil<n(f tg7) .
Passing to a subsequence if necessary, suppose v, converges to a probability mea-
sure £ in the weak-* topology. It is easy to check that u is o(H)-invariant. Hence
by Corollary A.1 all Lyapunov exponents of h are zero with respect to u. Hence
hu(h) = 0 by Ledrappier-Young’s formula.

On the other hand, since h commutes with every element in a(H), we have
h(figiy.(h) = hy(h) for any i,j € Z. Since the entropy map v — hy(h) is
affine, we have h,, (h) = h,(h). As the action « is C*, it follows from [NP| that
0=hy(h)> Jim hy, (h) = hy(h) > 0. This is a contradiction. O

3 Faithfulness: Proof of Theorem B and its corollaries

Let T be a diffeomorphism on a manifold M with a hyperbolic set A. For any
x € A, the stable manifold of x for T is defined by W#(x,T) = {y € M :
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d(T"z,T"y) — 0 as n — oo}, which is T-invariant. For any ¢ > 0, the local
stable manifold W (x,T) is the set {y € M : d(T"x,T"y) < ¢ for all n > 0}. It
is well known that W2(z,T) C W¥(z,T) and W*(z,T) = Up>oT "WZ(T"z,T).

Lemma 3.1. Suppose p is a common fized point of f, g and h, and f is Anosov
and has simple eigenvalues on stable direction with A_ > )\i at p. Then either
h =id or h?> =id on W*(p, f).

Proof. Note that the eigenvalue of Dh,, restricted to each stable eigenspace is +1
by Corollary A.1. We may assume it is 1, otherwise use h? instead of h. Since
f has simple eigenvalues on stable direction, and h commutes with f, we must
have Dhy|gs(p, ) = id, where E*(p, f) = {v € T,(M) : | D fp(v)| < [Jv[l}.

Denote 1’ = min{r, 2}. Take ¢ > 0 small enough such that \_ —& > (A, +¢)”
and such that for any z,y € W2 (p, f) and n € N,

Ci0 - —o)d(a.y) < d(f"(2), ' (y)) < Cohs +2)d(zyy)  (3.1)

for some fixed constants C1,Cy > 0. It is clear that hW?*(p, f) = W*(p, f) by
hf = fh. So there is ¢’ < e such that hW3(p, f) C W2(p, f).
Suppose h(z) # x for some x € W5 (p, f). Let x,, = f*(x). Then by (BI]) we

have
d(@n, h(zn)) _ d(f"(z), " (h(2))) _ C1 (A~ —e)"d(x, h(z))
d(zn, p) d(f(z),p)  ~ Co (Ay +e)d(z,p)

Note that W (p, f) is a C" submanifold tangent to £°(p, f) at p. Take a local
coordinate system on W#(p) at p. We have

(3.2)

1 1
W)= = | Dhyosierp (=)t = (1d+ (| Dhypige, -t =id)) (= ).

Since h is a C" diffeomorphism and Dhy|gs (p.f) = 1d, the equation gives

< C3|xn - p|r/71

1
‘/0 Dhy, i, —pydt —id

for some C3 > 0. Hence we get
\h(xn) — 20| < Calzy, —p|™.

Note that |h(zy) — x,| = d(zpn, h(zy)) and |z, — p| = d(zn,p). So by BJ)

d(xzp, h(xy,)) o1 n(r'—1) o
AN Y <
domp) S Csd(zy, p) < C3C%(Ay +¢) d(z,p)

for all n > 0, contradicting to (3:2) and the fact \_ —e > (A +¢)".
Then we must have h(xz) = x for any x € Wi (p, f), and then h = id on
W#(p, f) by using the facts W*(p, f) = Up>of "W (p, f) and fh = hf. O
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Lemma 3.2. Suppose p is a periodic point of f with period n and f has only
finitely many periodic points of period n. Then there are m,k € N such that p is
a common fized point of 7, g™ and h*.

In particular, if p is the unique fized point of f, then h(p) =p = g(p).

Proof. Since fh = hf, h(p) is a periodic point of f with period n. By finiteness
of n-periodic point set of f, there is some k such that 2¥(p) = p. Then we have
7d*(p) = g*frh*™(p) = ¢*(p), that is, ¢*(p) is also a periodic point of f with
period n. This implies that g*(p) = ¢*(p) for some | € N. Taking m = Ik — k,
we then complete the proof.

The second part of the lemma now is obvious. O

Proof of Theoren B. Without loss of generality, we may suppose f is an Anosov

element that has simple eigenvalues on stable direction with A_ > )\Tin{r’2}. By
spectral decomposition, f has basic sets Q1,...,Q; (see [Ba]). On each basic

set §2;, we take a periodic point p; € ;. Assume f"i(p;) = p; for some n; €
N. Then there are m; and k; such that p; is a common fixed point of f™, g™
and h* by Lemma Applying Lemma B to f™, g™* and h™™ki we get
h2rimiki — id on W*(p;, f™). Since M = Ul_, W (p;, ™), we get h?*F = id, where
k= ngl nzmzkl |

Proof of Corollary B.2. Since f has only one fixed point, we have f(p) = g(p) =
h(p) = p by Lemma Since dim E;(f) = 1, restricted to E,(f), Df, and Dg,
commutes. Hence, Df, - Dg, = Dg, - D f, - Dh,, implies th\Ez(f) = id. By the
proof of Lemma B we have that h is identity on W?*(p, f). From [Ne], we know
that f is transitive. So W*(p, f) is dense in M, and h is identity on M. O

4 Affine Anosov action on tori: Proof of Theorem C

& D

Before the proof of Theorem C, let us recall two classical results.

Theorem 4.1 (Adler-Palais [AP]). If R, S € Aff(T") with R being ergodic, then
any homeomorphism ® of T" with ®R = S® is in Aff(T").

Theorem 4.2 (Franks-Manning [Et), [Mal). Any Anosov diffeomorphism of T™ is
topologically conjugate to a hyperbolic toral automorphism.

Proof of Theoren C. Suppose k = f"g*h! is Anosov for some r,s,t € Z. Then
by Theorem 4.2, there is a homeomorphism ® of T” such that K = & 'k® €
Aff(T™). Since K is topologically transitive and affine, K is ergodic.

Denote F = @71 f®, G = & 1g® and H = ®~'h®. Then we have FH = HF,
GH = HG, FG =GFH, and K = F"G*H".

Since H'KH = K and K € Aff(T"), H € Aff(T") by Theorem 4.1. Simi-
larly, since F"'KF = KH~* and K, KH* € Aff(T"), F € Aff(T"); and since
G 'KG=KH" and K, KH" € Aff(T"), G € Aff(T"). O
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Lemma 4.3. Let A,B,C € GL(n,R) such that AB = BAC,AC = CA and
BC = CB. Suppose A is hyperbolic with stable linear space E* C R™. If the
modular of each eigenvalue of C is equal to 1, then E° is B and C invariant.

Proof. For any v € E°, we have

lim A"Cv = lim CA"v =0
n—oo n—oo
by AC = CA, so E? is C invariant. Since the modular of each eigenvalue of C is
equal to 1, the increasing rate of matrix norm ||C"|| is bounded by a polynomial
in n by an easy calculation. Thus we have
lim A"Bv = lim BA"C"v = lim BC"A"v =0
n—oo n—oo

n—o0

by AC =CA and AB = BAC. So E? is B invariant. O
Lemma 4.4. Let A, B,C € GL(1,R) such that AB = BAC. Then C = 1d.

Proof. Since GL(1,R) is commutative, we have AB = BAC = ABC, which means
that C is identity. O

Lemma 4.5. Let A, B,C € GL(2,R) such that AB = BAC, AC =CA and BC =
CB. If the modular of each eigenvalue of C is equal to 1, then C* =1d.

Proof. Consider A, B,C as matrices in GL(2,C).

Claim 1. The eigenvalues of C are 1 or —1. In fact, assume that C has an
eigenvalue A with A" # 1 for n = 1,2. By AC = CA, we can take a nonzero vector
v € C? such that Cv = Av and Av = yv for some v # 0. Then we have

ABv = BACv = MyBv and AB%v = B2AC%*v = \*yBuw.

So, v, Bv and B?v are three eigenvectors of A with pairwise different eigenvalues,
which is a contradiction. Hence A = 1 or A\?> = 1, which means A = 1 or —1.

Claim 2. If —1 is an eigenvalue of C, then C? = id. In fact, we can take
v € C? such that Cv = —v and v, Bv are two eigenvectors of A with different
eigenvalues as shown in Claim 1. So, under the base {v, Bv}, C has the form
C= { _01 _01 }, and C? = Id.
Claim 3. If all eigenvalues of C are 1, then C = id. In fact, if A has two different
eigenvalues, then C is diagonal by AC = CA. So C can only be identity in this case.
Similarly, if B has only simple eigenvalues, then C = id. Thus we may suppose
A, B,C have only eigenvalues A\, -y, 1 respectively. If A is diagonal, then A and B
are commutative, and then C is identity by AB = BAC. So we may suppose the
eigenspace V) of A corresponding to A is of dimension 1. Fix an nonzero vector

v € V). Then CV), = V) by AC = CA. Therefore ABv = BACv = ABv and we
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get BVy, = V). So Bv = yv. Take a vector w linearly independent of v. Then,
under the base {v,w}, A, B,C has the forms

_ | A 7y |1z
a=lox) e-lin) eelad)
for some x,y, z € C, which implies C = Id by AB = BAC. O

Proof of Theorem D. From Theorem B, there is a homeomorphism ® on T" such
that ®~1f®([z]) = [Az + a], D 1g®([x]) = [Bx + b] and &~ 1hd([z]) = [Cx + (]
for any x € R™, where A, B,C € GL(n,Z) and a,b,c € R™. It is easy to check
that AB = BAC, AC = CA and BC = CB. Clearly A is hyperbolic. Let E* C R"
be the stable linear subspace of A. We assume dim(E®) =1 or 2.

By Lemma 43l F* is A, B and C invariant. Since 0 € T"™ is a common fixed
point of A, B and C, we get that the modular of each eigenvalue of C is 1 by
Corollary A.1. Applying Lemma [£4] and to Algs, B|gs and C|gs, we know
that C|gs = Id if dim(E*) = 1 and C|gs = +1d if dim(E*) = 2. It follows that C or
—C, as automorphism of T", is identity on T™ by the density of [E®] in T". Hence
C or —C is identity as matrix in GL(n,Z). Thus ® 'h®([z]) = [+ + ¢|. So h is
conjugate to either a translation or an affine transformation T_1q . for some c €
T, and the formal case occurs if f is a codimensional 1 Anosov diffeomorphism.

Clearly, if h is conjugate to T_iq., then h? = id. If h is conjugate to a
translation Tiq., then we can get [z + ke] = ®~1h*®([z]) = [x] for some k > 0
and for any [z] € T™ by using the fact that h sends a fixed point of f to a fixed
point of f, and f has only finite number of fixed points. O

Remark 4.6. From the proof it is easy to see that the integer k can be chosen
as a factor of the number of the fized points of f.

5 Smooth Rigidity: Proof of Theorem E

5.1 Setting of the problem and the KAM scheme

Before proceeding to specifics we will show how the general KAM scheme de-
scribed in [DKl Section 3.3] and [DKI| Section 1.1] is adapted to the H action a.

Step 1. Setting up the linearized equation
Let & be a small perturbation of o. To prove the existence of a C'°>° map H
such that & o H = H o «, we need to solve the nonlinear conjugacy problem

aod—Qoa=—-Ro(l+9Q)

where @ = a4+ R and H = I 4+ 2; and the corresponding linearized conjugacy
equation is

aoQd—Qoa=—-R (5.1)
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for small € and R.

Lemma [5.1] shows that obtaining a C*° conjugacy for one ergodic generator
suffices for the proof of Theorem E. Hence we just need to solve equation (5.1I)
for one ergodic generator.

Step 2. Solving the linearized conjugacy equation for a particular element.

We classify the obstructions for solving the linearized equation (B.1I) for an
individual generator (see Lemma and [(.6) and obtain tame estimates are
obtained for the solution. This means finite loss of regularity in the chosen
collection of norms in the Fréchet spaces, such as C” or Sobolev norms.

Step 3. Constructing projection of the perturbation to the twisted cocycle space.

First note that R is a twisted cocycle not over a but over & (see Lemma 3.3
of [DK]) thus (5.1)) is not a twisted coboundary equation over the linear action
a, just an approximation. Second is that even if (5IJ) is a twisted coboundary
over «, it is impossible to produce a C*° conjugacy for a single ergodic generator
of the action. Therefore, we consider three generators, and reduce the problem
of solving the linearized equation (5.I) to solving simultaneously the following
system:

AoQ—QoA=—-Ry
BoQ—-QoB=—-Rp
CoQ2—QoC=—-R¢ (5.2)
where A and B are ergodic generators and C is the center: A := «a(g;), B := a(g2),
C:=a(g3) and Rg := R(g1), Rp := R(g2), Rc := R(g3).
As mentioned above, R does not satisfy this twisted cocycle condition:

L(Ra,Re) ¥ CRA— RyoC— (AR¢ — Reo A) =0,

L(Rp,Re) ¥ CRp — RpoC — (BRe — Re o B) = 0,
L(RA,Rp) ¥ RyoB+ ARg — Rpo AC— BReo A— BCR4y =0.  (5.3)
However the difference

L(Ra,Rp), L(Rp,Rc) and L(Ra,Rp)

is quadratically small with respect to R (see Lemma [5.8]). More precisely, the
perturbation R can be split into two terms

R=PR+E&(R)

so that PR is in the space of twisted cocycles and the error £(R) is bounded by
the size of L with the fixed loss of regularity (see Lemma [5.7]). More precisely,
the system

—PRa =—(Ra—E(Ra)) = AQ — Qo A,
—PRp = —(Rp — £(Rp)) = BQ— Qo B,
—PRe¢ = —(Re — E(Re)) =CQ—QoC (5.4)
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has a common solution §2 after subtracting a part quadratically small to R.
Step 4. Conjugacy transforms the perturbed action into an action quadratically
close to the target.

The common approximate solution €2 to the equations (5.2]) above provides a
new perturbation

aD e g-1.50H

where H = I + 2, is much closer to « than &; i.e., the new error

is expected to be small with respect to the old error R.

Step 5. The process is iterated and the conjugacy is obtained.

The iteration process is set and is carried out, producing a C'*® conjugacy
which works for the action generated by the three generators A, B and C. Er-
godicity assures that it works for all the other elements of the action «.

What is described above highlights the essential features of the KAM scheme
for the #H action on torus. The last two steps can follow Section 5.2-5.4 in [DK]
word by word without modification. Hence completeness of Step 2 and 3 admits
the conclusion of Theorem E.

At the end of the this section, we prove a simple lemma which shows that

obtaining a C'*° conjugacy for one ergodic generator suffices for the proof of
Theorem E.

Lemma 5.1. Let o be a Heisenberg group H action by automorphisms of TN
such that for some g € H the automorphism a(g) is ergodic. Let & be a C* small
perturbation of o such that there exists a C™ map H : TV — TN which is C*
close to identity and satisfies

a(g) o H= H oa(g).

Then H conjugates the corresponding maps for all the other elements of the ac-
tion; i.e., for all h € H we have

a(h) o H = H o «a(h). (5.5)

Proof. Let h be any element in H other than g. If hg = gh it follows from (&3]
and commutativity that

a(g) oh =hoa(g)

where h = a(h) o H ' o a(h) ™' o H.
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If hg = ghc, where c is the center of H, then similarly we obtain

alg) o (a(h) o H~ o @(h)™" o H)

— a(h) o (alge 1) Noa(h)y o H
D a(n)o B @(ge ) o a(h) ) o H
= a(h) o H'&(h™) o (d(g) o

H)
= (a(h) o H'a(h ™) o H) o a(yg).
Here (1) from the fact the H also conjugates a(c) and &(c) which is from previous
analysis.

Then the conclusion follows immediately from the following fact (see Lemma
3.2 of [DK]): for any C* small enough map F : TV — TV | if AF = Fo A, where
A € GL(N,Z) and is ergodic, then F' = 0. O

5.2 Some notations and basic facts

1. It is a result of Kronecker [Kr] which states that an integer matrix with
all eigenvalues on the unit circle has to have all eigenvalues roots of unity.
Then there exists n € N such that all eigenvalues of C™ are 1. Using
relation AB = BAC, we obtain AB™ = B"AC™. Hence we can assume that
all eigenvalues of C are 1, otherwise we just turn to A, B™ and C" instead

of A, B and C.

2. The dual map A* on ZY induces a decomposition of RY into expanding,
neutral and contracting subspaces. We will denote the expanding subspace
by Vi(A), the contracting subspace by V2(A) and the neutral subspace by
Va(A).

A) D Va(4) P V3(4)

All three subspaces Vj(A4), i =1, 2, 3 are A invariant and

[A%]| > Cpl|o], p>11i=0, v e Vi(A),
[A%[| > Cp~* v, p>1, 1<0, v € V3(4A),
|A%o|| > Cli| N ||v|l, p>1, i#0, v € Va(A). (5.6)

3. For v € ZV, |v| def max{||71(v)||, [|m2(v)], ||73(v)||} where ||-|| is Euclidean

norm and 7;(v) are projections of v to subspaces V; (i = 1, 2, 3) from (5.0,
that is, to the expanding, neutral, and contracting subspaces of R for A (or
B); we will use the norm which is more convenient in a particular situation;
those are equivalent norms, the choice does not affect any results).
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4. For v € ZV we say v is mostly in i(A) for i = 1, 2, 3 and will write v —
i(A), if the projection 7;(v) of v to the subspace V; corresponding to A is
sufficiently large:

ol = [lw(v)]-

The notation v — 1,2(A) will be used for v which is mostly in 1(A) or
mostly in 2(A).

5. Call n € ZY minimal and denote it by Nmin if v is the lowest point on its
A orbit in the sense that n < 3(A) and An — 1,2(A). There is one such
minimal point on each nontrivial dual A orbit, we choose one on each dual
A orbit and denote it by nmpi,. Then npy, is substantially large both in
1,2(A) and in 3(A).

6. In what follows, C' will denote any constant that depends only on the given
linear action « with chosen generators A, B and C and on the dimension of
the torus. Cyy »,... wWill denote any constant that in addition to the above
depends also on parameters z, y, z, - - -.

7. Let 0 be a C° function. Then we can write 0 = Y, <z~ O,e, where e, =
e?™"T are the characters. Then

. def ~
(©) 0lla = sup,|Onlln|*, a > 0.

(ii) The following relations hold (see, for example, Section 3.1 of [LI]):
16l < Cllllcr,  NBller < CllONr+o

where 0 > N 4+ 1, and r € N.

(iii) For any F' € SL(N,Z) ((9/O\F)n = §(FT)71n where F™ denotes transpose
matrix. We call (F7)~! the dual map on Z". To simplify the notation
in the rest of the paper, whenever there is no confusion as to which
map we refer to we will denote the dual map by the same symbol F.

8. For a map F with coordinate functions f; (i = 1,--- k) define ||F||, of

maxi<;<k| filla. For two maps F and G define ||F,G||, def {I[Flas 1G]a}-
| F|lcr and || F, G|l cr are defined similarly. For any n € ZN F, o (P (Frdn)-

5.3 Orbit growth for the dual action

In this section the crucial estimates for the exponential growth along individual
orbits of the dual action are obtained. The following follows directly from the
proof of Lemma 4.3 in [DK]:
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Lemma 5.2. Let Q; be integer matrices in SL(N,Z), 1 < i < m and suppose
there exist constant C, T > 0 such that for every non-zero integer vector v € ZN

and for any k = (k1,--- k) € Z™

QY - Qi nll = C expr k| Hnl =" (5.7)

a) For any C> function o on the torus TV and any y € C the following sums:

SK(‘PJ%%Z?) = Z ” ”(p kl ka
k=(k1, km)EK

converge absolutely for any K C Z™.

b) Assume in addition to the assumptions in a) that for a vector n € ZV and
for every k = (k1,--- ,km) € K = K(n) C Z™ we have
k m
pr(IEIDIQT" -+ Qurnll > [In] (5.8)

where p1 1s a polynomial, then

ISk (@, n,y,p)| < Ca,yﬁHQD”aHnHiameJré

for any a > K, def N+1 [log|y]|.

c) If the assumptions (5.8) is also satisfied for everyn € ZN, then the function
d i
S = ZSKn)(panyp)
nezZN

is a C*° function if v is. Moreover, the following norm comparison holds:
1S(@)ller < Cryllellr+o

for anyr >0 and 0 > N + 2+ [k,].

Corollary 5.3. Suppose Q;, P, € H, 1 < ¢ < m and K C Z™. Sety =
maxi<i<m||Bil|. If condition (5.7) is satisfied for any k € K(n) then for any

C™> function o on the torus TN we obtain

1. the following sums:

Sk(p,n, P;Q) = > P PG g

converge absolutely, where P stands for Py, --- , Py, and Q stands for Q1, - - -
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2. Assume in addition that for a vectorn € ZN and for everyk = (k1,-++ ,km) €
K = K(n) CZ™ we have

k km
pr(l[EIDIQY - - - Qunll = [n]]
where p1 1s a polynomial, then
Sk (0,10, P; Q)| < Caysllollalln] =+

def
for any a > Kkpg = @|log|y||.

3. If the assumptions (5.8) is satisfied for every n € ZN, then the function

S, P;Q) S Sk (pn, PoQ)en

nezZN
is a C*° function if p is. Moreover, the following norm comparison holds:
1S()ller < Cryllllr+o
for anyr >0 and o > N+ 2+ [kpg].

Proof. Since

km k1~ klln~
Z HPI "'Pml(Ple...Qﬁlmn” < Z y” H”QOQ’fl...anmn”?
k=K1, km)EK (n) ' k=(k1,+ km)EK (n) '
we get the conclusion immediately from above lemma. O

In the subsequent part we prove the exponential growth along individual
orbits of ergodic elements. It may be viewed as a generalization of Lemma 4.3 in
[DK] to higher rank non-abelian actions by toral automorphisms.

Lemma 5.4. There exist constant C' > 0 such that for every non-zero integer
vector v € ZN and for any k = (k1, ko) € Z\0,

|AF BR20 || > C exp{r([k1| + [ka]) HIv] 7.

Proof. From the Lyapunov space decomposition in Theorem A, we see that the
proof of Lemma 4.3 in [DK] also applies to this case word by word. At first, we can
show that there exists 7 > 0 such that for any k = (ki, k) € Z2\0, there exists
a Lyapunov space in which the Lyapunov exponent of A* B2 is greater than
7(|k1] + |k2|). Ergodicity shows that the projection of v to this space is greater
than ||v||~", where 7 is a constant only dependent on the decomposition in
Theorem A. Then we get the conclusion. O
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5.4 Twisted coboundary equation over a map on torus

Obstructions to solving a one-cohomology equation for a function over an ergodic
toral automorphism in C*° category are sums of Fourier coefficients of the given
function along a dual orbit of the automorphism. This is the content of the
Lemma 4.2 in [DK]. The same characterization holds however for one-cohomology
equation for a map over ergodic toral automorphisms as well due to the estimate
in Corollary 53l The proofs of the two lemmas below follow closely the proof of
Lemma 4.2 in [DK] for solving a one-cohomology equation for functions.

Lemma 5.5. Let P and Q are integer matrices in SL(N,7Z) and @Q is ergodic.
For a map 0 on TV, if there exists a C™ map w which is C° small enough on
TN such that

Puw—wo@ =46, (5.9)

then the following sums along all nonzero dual orbits are zero, i.e.,

0 . ~

> P05, =0,  Vn#0.

1=—00

Proof. Since w is CY small enough the equation (5.9) in the dual space has the
form

PGy, —ogn =0,,  VneZl. (5.10)

For any m, ¢ > 0 iterating the above equation with respect to A we get

14 14 J4
Z Pii&)@in— Z Pf(iJrl)&\JQi-H = Z Pf(iJrl)eQin,

i=—m i=—m i=—m

which simplifies to

¢
Pm@Q,mn — Pi(Hl)QQe-ﬂn = Z Pf(iJrl)HQin.

i=—m

Then the conclusion follows immediately if we can show that

lim POy -m, =0,  ¥Yn#0,

m— o0

which is a direct consequence of ([I]) of Corollary (.3l O

Lemma 5.6. Let P and Q be ergodic integer matrices in SL(N,Z). Let 6 be
a C°° map on the torus which is C° small enough, where 0 > N + 2+ kp-1 g
(kp-1¢ is defined in (@) of Corollary[2.3). If for all nonzero n € 7Z, the following

sums along the dual orbits are zero, i.e.,

S Py, =0,  Vn#£o. (5.11)

i=—00
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Then the equation
Puw—-—woQ =196 (5.12)
has a C* solution w, and the following estimate:
[wller < Cr |0 or+e (5.13)

for any r > 0, where C, is a number only dependent on Lyapunov exponents of

P.

Proof. Suppose w is a C* solution C° small enough to (5.12)). Then the equation
(512) in the dual space has the form

PGy, —0gn =0,,  VnelZl. (5.14)

For n = 0, since P is ergodic, we can immediately calculate g = (P — ])—150.
For n # 0 the dual equation has two solutions

af ==Y P Vo5,  n#£o0.

i>0
i<—1

Each sum converges absolutely by () of Corollary B3l By assumption (5.11))
or =a, def @n. This gives a formal solution w = Y@ e, = Y@, e,. We
estimate each @, using both of its forms in order to show that w is C*°. In the

notation of Corollary 5.3l we can write
~+ —1 -1 ~— —1 -1
Wy =8Sg+(P " 0,n,P~,Q), and &, =—-Sg-(P 0,n,P Q).

Here Kt ={i€Z:i>0}and K- ={i€Z:i < —1}.
If n is mostly contracting, i.e., if n < 3(A), then

|A*n] > Cp~H|Inll, Vi< -1 (5.15)
If n is mostly contracting, i.e., if n < 1,2(A), then
|An|| > CiNn||l,  Vi>o0. (5.16)

Thus the polynomial estimate needed for the application of part (2)) of Corollary
.3 is satisfied either in Kt and K~ for any n € ZV. This estimate implies that
(513) holds. Finally, this also implies that smallness of C'” norm of § guarantees

C9 smallness of w.
O
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5.5 Construction of the projection

Lemma 5.7. Fiz o = N +3+k4-1 4. There exists 6 > 0 such that for any C*°
maps 0, ¥, w on TN that are C° small enough, it is possible to split 8, 1 and w
as

0= A0+ RO, v =AgQ+ Ry
w=AcQ+Rw

for a C*° map Q, so that

RO, R, Rwllor < Crl|Ry, Ry, Rallgres and
1Q]ler < Crll0, w, ¢lleree

for any r > 0, where

Ri ¥ At — Ayw, (5.17)
Ry ™ Aoy — Apw (5.18)

and
Ry 9oB+ Ay —po AC — Bwo A — BCH. (5.19)

Proof. (1) Construction of Q and RO. Let RO =53, RO,e, where

—  def Z A_ZRHAina = Mmin,
RO, = { i€z
0, otherwise

for n # 0 and 7/2\6?0 Cf0, Let

Note that nni, is substantially large both in the expanding and in the con-
tracting direction for A, then both (B.I5) and (5I6) hold if n = nyin. The
following estimate is obtained from (B]) of Corollary (.3}

”RGHCT < CT‘HGHC’"'H’? vr > 0. (520)

Since 6 — RO satisfies the solvable condition in Lemma By using Lemma
there is a C* function €2 such that

Al =60—-TR0O (5.21)
with estimates
1Qllcr < Coll0 = RO gr+o < Crllfllgrrze,  ¥r 20
(2) Estimates for Rf. Rewrite (5.19) we get
Atp —1po AC=Bwo A+ BCH — 0o B+ Rs.
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Lemma [5.5] shows that the obstructions for Bwo A+ BC6 — 6o B+ Rz with respect
to AC vanish; therefore for any n # 0 we get

S AT 05000,
= Z Af(iJrl)BCé\(Ac)in + Z Ai(iJrl)BC‘}A(AC)in

+ Z ARy aeyin

since all the sums involved converge absolutely by (Il) of Corollary 5.3l Further-
more, by using the relation

B(AC)' = A'B, Vi€, (5.22)
we obtain from the above relation
ZA—(Z‘—H)aAiBn _ ZBA—(Z‘—H)é\Ain
(ZA (D BCO ¢y ZBA (99 4i,)
+ZA G B4 acy: +ZA CHD(R3) (acyin- (5.23)
Next, we will compute the sum Y; A ”UBCG(AC — 3, BA(+Dg . To do

so, we split it into two sums >; = >0+ Di<—1 and then use relation (5.I7) to
simplify each one. Set

A= Ajw.

Then for any n # 0, we obtain from the proof of Lemma

ZA’(””/AXAm =w, — AT, = A%, and (5.24)
i>1

Y AR = w,, (5.25)
i<—1

Using relation (5.17) we get

0 pip, — C’ié?ciAin

Z ¢ uth (KCinn - (E)Cinn)’ P> 1,
_ 0<j<i—1 (5 26)
S U A aiy — (Ri)eiain), i< -1
i<j<—1
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Using (5.26]) for the case of i > 1 we obtain
Z Ai(iJrl)BCé\(Ac)in — Z BAi(iJrl)é\Ain
i>0 i>0
= Z A_(i+1)BC§(Ac)in — Z BA_(i+1)§Ain
i>1 i>1

(2 Z BAf(iJrl) (Ciié\(AC)in — §Azn)
i>1

i—1
= =23 BATHIC T (R g1 — (R1)es i)
i>15=0
= =3 > BAIC U Rgaip — (Ri)es am)-

J20i>j+1

Here (1) is from relation (5:22). Of course, to justify the change of order of
summation in the last equality, we must prove the absolute convergence of the
sum. Using the notation in Corollary (.3l we can write

Z Ai(iJrl)BCé\(Ac)in — Z BAi(iJrl)é\Ain
i>0 i>0
= BACSK((A - Rl), n, A, C; C, A)

where K = {(j,i) € Z*> : i —1 > j > 0}. For any i, j with |j| < |i|, (57 in
Lemma [5.2] shows that
€7 Aln| > C|j|~N|A%n| = Crli| =™ exp(rali])|n|
> Cyexp{ra(lil +|4])/4}n| ", (5.27)
where C, (7 and Cy are fixed numbers only dependent on A and C; and 7 is

defined in (5.7) of Lemmal[5.2l This justifies to apply () of Corollary 5.3l to show
the absolute convergence of the sum. Furthermore, we have

oy BCUHD A=CHIA

j>0i>j+1

= ZBC*(J”FUA*J'(Z Ai(kJrl)K(AC)jAkn)
>0 k>1

WS~ pe- G 4-0H0G 4
>0

) —G ~

= > AU BG4 acyin:
J>0

Here (1) follows from (5.24]) and (2) uses relation (5.22)) again.

27



Hence we obtain

ST AT EIBC acy, — Y BAIE i,
1>0

>0
=-y A )BwA(AC)Jn
j>0
+3° 3 BATEHIC=UED(Ry) g5 41, (5.28)
7200>j+1

To compute the sum Y~,«_; we use (5.26]) for the case of i < —1:

Z A_(i+1)BC§(Ac)in — Z BA_(i+1)§Ain

i<—1 i<—1
= ¥ BAT(C ey~ )

1
= 33" BA U (Mg 4ip — (R1)esain)

i<—1 j=i

Z ZBA (e ]Jrl)(ACinn - (E)CJA%)-

1<—-1:<j

Again we need to show the absolute convergence. We can also write

ST AT EIBChacy, — Y. BATTIE .,
1<—1 i<—1
= BACSk/((A — Ri1),n, A,C;C, A),

where K' = {(j,i) € Z? : i < j < —1}. Then (5.27) shows that the absolute
convergence follows from the same reason as in previous part. Furthermore, by

using (5:25)) and relation (5.:22)) again we obtain

Z ZBC ]+1 Z+1)A01Ain

j<—-11:<3
= Z BC—(j+1)A—(j+1)< Z A_(k+1)KA(AC)J'Akn>
Jj<—1 k<-1
= — Z BC*(J'H)A*(J'H)@A(AC)M
j<—1
==Y A"UIBG, acyin-
71<-1

Hence we obtain

i<—1

=— Y AUIBO L acyin
i<

= 3% BATEHC U (Ry) g5 40, (5.29)

J<=1ligg

Z A_(i+1)BC§(Ac)in — Z BA_(i+1)§Ain
<-1
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By using (5.23)), (5.28) and (£.29) for any n # 0 we obtain:
ST AT DG g, =3 BATG,,,

Y S B G Ee

J>0i>j+1

Y Y B O e,

J<—14<y
+ 5" AT (Ry) acyin
i
Iterating this equation with respect to B we obtain
Z A~ — Jim Z BATHDG e
(2

=—>3 ¥ BR A== (R)) o5 4i g

E>05>0i>5+1

30 30 2 BT U R e i,

k>0j<—1i<j

-2 B_(Hl)A_(iH)(E)(Acymn-
k>0

The condition (5.7)) in Corollary (.3]is satisfied by Lemma [5.4l Hence the limit
above is 0 from (1) of Corollary (5.3} and the absolute convergence of the sum
involving (AC)?BF is justified by the same reason. To show the absolute conver-
gence of the other two sums involving C/ A’ B¥ where |j| < |i|, by the same reason
the following inequality is sufficient:

IC7A*B¥n|| > C|j| N | A'B¥n|| > Cli|~N exp{ra p(li| + |k)}|n| =™
> Cexply7an(il + H)} )~
> Cexp{gras(lil + 131 + KD}l .
Hence by the notation of Corollary £.3] we obtain
S ATg .,

= _SKl((AC)ilRla n, Bil, Ailacil;c’ A? B)
+ Sk, ((AC) ™' Ry,n, B™1, A™*,c71;C, A, B)
— B7'Sg (A" R3,n, B™1, A1 AC, B),

where K7 = {(/{?1,/{?2,]{3) c 73 k1 > 0, ko > k1 + 1, kg > 0}, Ky = {(kl,kg,kg) <
VAR k1< —1, kg < kq, kg > 0} and K3 = {(kil,kig) c7?: ko > 0}
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By iterating backwards and applying the same reasoning, we obtain
ZA—(z‘H)gAin
i
= Sir((AC)'Ry,n, B~ A™",C7%;C, A, B)

— Sy ((AC) 'Ry,n, B, A1 ,C"":C, A, B)
+ B 'Sk (A" Ry,n, B, A1 AC, B),

where K{ = {(kil,k‘Q,]Cg) €73 k1 >0, ko > k141, k3 < —1}, Ké = {(kil,kig,kg) S
VAR k1 <=1, ko < kq, k3 < —1} and Ké = {(kl,kz) VAR ko < —1}.

Then according to (B) of Corollary (53] the needed estimate for RO with
respect to R follows if in at least one of the union of half-spaces K = (J3_; K;
and K~ = |J}_; K! the dual action satisfies some polynomial lower bound for
every m = Npin-

Write A and B in block diagonal forms as stated in proof of Corollary 5.3l In
case An < 2(A), let ny be the largest projection of n to some neutral block J’
for A. Then

[nal[ = Clln].

Let the Lyapunov exponent of B on this block be v. For all j, 7, k the Lyapunov
exponent of C?A*B* on J' is kv. Then if v > 0, on the half-space KT we obtain

17 A" B n|| > CJ5| N [i| N k[N Ina|| > Culijk|™N|nl|, Yk >0
and
IC7 A BFn|| > C|51 N i~ exp(kv/2)||n1|| = Culig] ™ [In

on K~ fork<0ifv <0.

Thus the polynomial estimate needed for the application of part (3] of Corol-
lary [5.3] is satisfied for such n.

In case An — 1(A), let ny and ny be the largest projections of n to some
blocks J; and Jo with positive Lyapunov exponent A\; and negative Lyapunov

exponent Ao respectively. Let v; and v, be corresponding Lyapunov exponents
of B on the two blocks. Then

[nall = Cllnll, — [lna]l = Clln]].

For all j, i, k the Lyapunov exponent of C?A’B* on Jy is x(j,4, k)" = i\; + kv
and is x(j,4,k)” = iXa + kvy on Jo. Next, we need to show that

{( i, k) = x(yi k)T = OG0, k) = x(is k)™ > 0} (5.30)

covers either K or K~. This boils down to require k(

) > 0. Namely, for
any (4, 1) € Z2, (4, i, k) belongs to the union in (5.30) -z

n
if %) > 0 and this

_ b2
A2
1%
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is true for k > 0 or for k£ < 0 depending on the sign of % — K—z Therefore we

obtain
ICI A“BFn]| > Clijk|~™ |n]. (5.31)

in KT orin K~.

Now choose the half-space in which the estimate (B.31]) holds, that is choose
one of the sums —Sgk, + Sk, — Sk, or SK{ — SKé + SKé- Then the assumptions
of ([B)) of Corollary b.3] are satisfied for one of the sums above; and therefore the
estimate for follows:

[ROllcr < Crl|Ry, Ry, Rsllrsoy (5.32)
for any 7 > 0 and 0y > N + 2 + [k,], where s, = %Hogyh where y =
max{||Al], || B[}

(3) Estimates for Rw. By (B.17) and (5.21]) we obtain

Au(w — AcQ) = AcRY — Ry. (5.33)

Define
Rw &y — AcQ) and
Ry oy — ApQ.

By using Lemma to equation (£.33]) we obtain
IRwllcr < Crl|AcRE — Ri||cr+e < Cr||R1, Ra, R3l|crtotoy (5.34)

for any r > 0.

(3) Estimates for Ry In (5.19), substituting w by A¢Q+Rw and ¥ by AgQ+Ry
we get

ARY — R o AC = R3+ RO o B+ BCRO+ BRw o A.
Again, Lemma implies that

IR cr < Cy||Rs + RO o0 B+ BCRO + BRw o Allr -y
S CT‘HR17 RQ, R3”Cr+o’+o‘1+o'2+o'3 (535)

Where g3 > N + 2 + [KZA—l’Ac].
Let 6 = 0 + 01 + 02 + 03. Then the conclusion follows from (5.20), (5.32)),

(534) and (5.35). O

In fact 6, ¢, w play the roles of Ry, Rp and Re in (5.2)). The following lemma
shows that Ry, Re, R3 cannot be large if o + R is a Heisenberg group action. It
is in fact quadratically small with respect to R.
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Lemma 5.8. If& = a+ R is a C™ Heisenberg group action on TV then for any
r>0

HRl’ R2’ R3||C’" < CTHH? ZZ)’WHCT Hea ¢a WHCT‘H' (536)

Proof. The estimates for R; an Ry follow the same way as in the proof of Lemma
4.7 in [DK]. We just need to show the estimate for R3. Note that

Qp0QpB = QRO Qe oay

(A+0)0(B+1w) = (B+w)o(C+w)o(A+0).

Then
0oB+ Ay
=1po(wo(A+0)+CA+CO)+ Bwo (A+0)+ BCh
+00B—0o(B+1).

Therefore,

R3=600oB+ Ay —1poAC —Bwo A— BCH
=1po(wo(A+0)+CA+CO)—oAC
+00B—00(B+1)

+ Bwo (A+6)— Bwo A.
The estimate (5.36]) for C" norms follows similarly (see for example [[Lal, Ap-
pendix II)):
|Rs|lcr < Crljp,wo (A+6) +COllcr||t,w o (A+0) 4+ CO|orr
+ Cell9, bller 19 Ollersr + Crllw, Bllcr [|w, Ol cr+s
< G0, 9, wlcr |8, ¢, wllor+a
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