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Abstract

We study skew-products of the form (x,u) — (fx,u 4+ ¢(x)) where f is a non-
uniformly expanding map on a manifold X and ¢ : X — S is piecewise C!. If
the systems satisfies mild assumptions (in particular singular behaviour of ¢
is permitted) then we prove that the map mixes exponentially with respect to
the unique SRB measure. This extends previous results by allowing singular
behaviour in the fibre map.

Keywords: skew product, exponential mixing, singular hyperbolic
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1. Introduction

A deceptively simple transformation on [0,1)? is defined as the skew-product (x,u)
([2x], [u + dist(x,b)“]) for some a € (0,1), b € [0,1). Although simple to write this example
presents an interesting and non-trivial difficulty. This is the motivating example for this work.
The present work is devoted to exploring the technology which can be used to prove expo-
nential mixing for this and other settings. We will permit a rather general setting (arbitrary
dimension, general classes of maps). Relatively few concrete examples which have a neutral
direction are known to mix exponentially, here we increase this collection.

Skew products with some resemblance to this example have been studied by observing
that there is an invariant unstable cone field (in [15] this was explicit, in [3, 10] this idea

Original Content from this work may be used under the terms of the Creative Commons Attribution
BY 4.0 licence. Any further distribution of this work must maintain attribution to the author(s) and the

title of the work, journal citation and DOI.

© 2024 The Author(s). Published by IOP Publishing Ltd and the London Mathematical Society 1


https://doi.org/10.1088/1361-6544/ad8333
mailto:butterley@mat.uniroma2.it
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6544/ad8333&domain=pdf&date_stamp=2024-10-11
https://creativecommons.org/licenses/by/3.0/
https://creativecommons.org/licenses/by/3.0/

Nonlinearity 37 (2024) 115018 O Butterley

was still present in the assumptions). However this is not satisfied by the above mentioned
system. The singular behaviour which we permit in this present work is a significant problem
for the established methods because it is impossible to have an invariant unstable cone field
which is uniformly bounded away from the neutral direction. For present purposes we call
this ‘unbounded twist’. Nevertheless we show that the singular behaviour does not prevent
good limit theorems and, in particular, our results prove that the motivating example mixes
exponentially.

In this present work we solve the unbounded twist issue by inducing: instead of working
with the original skew-product transformation we will partition the domain and for each par-
tition element choose an iterate under which we see good behaviour. We present a general
framework and then develop the application to a specific example. In cases like the above
example we will induce even though it seems that the base map does not need any inducing.
This ‘over-inducing’ suffices to solve the unbounded twist issue. The key idea is to, if required,
view the singularities of the fibre map as artificial singularities of the map in the construction
of the induced system. All of this means that we demonstrate that a very large class of partially
hyperbolic systems mix exponentially.

Let f be a transformation on a compact manifold X and let ¢ : X — S! be a function from
manifold to the circle S'. We will call f the base map and  the fibre map. This article is devoted
to the study of partially hyperbolic systems defined as the skew-product f, : X x S' = X xS,

fo : (xyu) = (fr,u+@(x)).

In order to prove the results we will use the existence of an induced system (Young tower
with exponential tails) in the sense that there exists a connected subset ¥ C X and a piece-
wise constant inducing time R : ¥ — N such that the induced map F: x — ff%) (x) is a full
branch Markov map, C? on partition elements. Defining the induced fibre map as ®(x) =

fﬁ“g“ ©(f*x) we consider the induced skew-product Fg : ¥ x S' — ¥ x S',

Fo : (x,u) = (Fx,u+®(x)).

The principal aim of this work is to allow weak control on the fibre map, in particular to allow
D(p of];") to be unbounded. In one part of this work we will show that if the induced skew-
product satisfies certain assumptions then the original system mixes exponentially. In the other
part we introduce assumptions (with the emphasis on verifiability) which suffice to show that
the induced system satisfies the previously mentioned assumptions.

The problem of exponential mixing for partially hyperbolic maps like these skew-products
(similar to flows) is rather difficult because of the neutral direction and the singularities which
we permit in the fibre map. Because of the neutral direction, in order to study the rate of
mixing and other strong statistical properties, we must use some form of Dolgopyat estimate
and observe oscillatory cancellations [19]. Recent years have seen significant progress for such
results for systems with a neutral direction (e.g. [2, 15, 17, 18, 33, 36, 37]), all using methods
based on the work of Dolgopyat to some extent. In particular the results have been extended
to the Lorenz flow and systems inspired by it [6-8, 11, 14]. Our purpose here is to give a
general result for skew-products with (possibly) some degree of singular behaviour and in the
process clarify exactly the reach and limits of the notions. Similar systems to the ones studied
here were previously introduced [31] as a model for the Lorenz flow (in this reference it was
claimed that these systems mix exponentially but there was a gap in the proof).

Although the neutral direction causes significant technical difficulty, in our case we for-
tunately can use (to a large extent) the work of Gouezel [28] which includes the study of
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induced skew-products, in particular used to obtain results concerning Farey sequences. As
observed before, a key point here is that we induce even if the base map is already uniformly
hyperbolic, in order to obtain the required property for the induced fibre map. In some applic-
ations, including the motivating example, a large deviations result for the expanding map (for
a function based on distance to singularity) implies that the (artificially) induced system has
trajectories which behave well with respect to the singularities of the fibre map. Using this
together with the fact that the singularities of the fibre map are not worse than distance to
some negative power, means that the induced fibre map has the required regularity.

Remark 1.1. Most likely these results would extend easily to the hyperbolic case when the
stable foliation is at least C! by disintegration along the stable foliation (e.g. using [16] in a
similar way as was done in [12]). However such regularity is arguably not typical in relevant
settings [29].

Remark 1.2. We will mostly avoid the details related to possible discontinuities in the system.
Discontinuities require delicate control, particularly in higher dimension when oscillatory can-
cellation arguments are required (e.g. [21-23, 35]). However, inducing, as we do here for other
motives, can be useful for avoiding the problems related to discontinuities (e.g. [32]).

Remark 1.3. Suspension semiflows and skew products as we study here share many similarit-
ies, in particular the investigation of the rate of mixing requires similar estimates (the ‘twisted
transfer operators’ are identical). As such, the methods and results here are closely related to
the corresponding suspension semiflow setting. Alternatively, the extension to general com-
pact group extensions (see e.g. [20]) is feasible although non-trivial and in this work we choose
not to take this road.

Remark 1.4. In this present work we assume that the base map is at least C>. Most likely the
results can be extended to the C! plus Holder derivative case by already established ideas (e.g.
[6, 17]).

Remark 1.5. In this present work our focus is on exponential mixing but there are various other
relevant statistical properties, for example, central limit theorem, local limit theorem, almost-
sure invariance principal, etc. It is to be expected that the main estimates we obtain during this
work and which are used for proving the exponential mixing can also be used for proving the
other statistical limit laws (see e.g. arguments contained in [6, 8]). (See also [24-26] for some
related results.)

2. Setting & results

Although not part of the motivating example, technology developed for non-uniformly expand-
ing (NUE) systems will be invaluable for tackling the problem. The following four conditions
are as introduced by Young [38, 39] and this structure is often called a Young tower structure.

Definition 2.1. We say that f: X — X is NUE in the sense of Young to mean the tuple
(f,X,u,Y,R) where:

e X is a compact Riemannian manifold (possibly with boundary), endowed with a Borel meas-
ure (4 (called the reference measure);
e fisa nonsingularl transformation on X;

!'In this context we say that f is nonsingular if it maps sets of measure 0 to sets of measure 0.
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e Y (called the base of the induced system) is a connected open subset of X with finite measure
and there exists a finite or countable partition {Y;},. , of a full measure subset of Y
e R:Y — N (called the return time) is a function constant on each partition element Yy;

Such that the following properties are satisfied:

Y1: Foreach/ € A let R, denote the constant value that R takes on Y,. Forall £ € A, the restric-
tion of f%¢ to Y, is a diffeomorphism between Y, and Y, satisfying & [|v|| < ||DfR¢ (x)v|| <
C¢||v]| for any x € ¥, and for any tangent vector v at x, for some constants x > 1 (inde-
pendent of £) and C,. We denote by F : Y — Y the map which is equal to fX¢ on each set
Yy.

Y2: Let H} denote the set of inverse branches of F". Let J(x) be the inverse of the Jacobian of
F at x with respect to y. We assume that there exists a constant C > 0 such that, for any
¢ € b, |D((10g) 0 €)] < C.

Y3: There exists a constant C > 0 such that, for any /, if £, : ¥ — Y, denotes the corresponding
inverse branch of F, for any k < Ry, then ka o &Hcl()’) <C.

Definition 2.2. Suppose that f: X — X is NUE in the sense of Young. Then f is said to have
exponential tails if there exists o > 0 such that [,,e?® dy < cc.

If f: X — X is NUE in the sense of Young with exponential tails then it is known [38] that
there exists a probability measure fi on X which is absolutely continuous with respect to p,
invariant under f and ergodic. Moreover, if f is mixing for f, then it is exponentially mixing
(for Holder continuous observables).

Definition 2.3. An open subset of a Riemannian manifold U is said to have the weak Federer
property with respect to a finite Borel measure v, if, for any « > 1, there exists D = D(U,~) > 1
and 7)9(y) > 0 such that, for any 7 € (0,10(7)),

e There exists a set of points {xj}f:1 such that the balls B(x;,yn) are disjoint and compactly
included in U;

e There exists a set of sets {Aj},]-(zl whose union covers a full measure subset of U and A; C
B(x;,y1D);

e For any y; € B(x;, (y — 1)n), we have v(B(y;,n)) = D~ 'v(4;).

Definition 2.4. A family of open sets {U,, },, is said to uniformly have the weak Federer prop-
erty for the measure v if, for all v > 1, sup, D(U,,~) is finite.

Definition 2.5. Suppose that f : X — X is NUE in the sense of Young. We say that the trans-
formation has the weak Federer property if, for each h € | J, .y H}. the sets A(Y) uniformly
have the weak Federer property with respect to py (the probability measure induced by u
onY).

If {U,},, is a family of open intervals then the uniform Federer property is trivially satisfied
by Lebesgue measure (see [28, section 6.1] for a general criterion for the weak Federer prop-
erty and see [10, remark 2.1] for additional comments). In order to prove exponential mixing
uniformity in the Federer assumption is not required [28, remark 2.5].

Definition 2.6. Let Y be a set as above with partition {¥¢},. ,. A function ® : ¥ — S' is said
to be cohomologous to a locally constant function if there exists a C! function 1 : ¥ — S! such
that & — ¢ 41 o F is constant on each set Yy, £ € A.
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The skew product transformation f, : (x,u) — (fx,u+ ¢(x)) is an isometry in the fibres
and hence preserves the measure v = ji x m (where m denotes Lebesgue measure on S!).

Theorem 1. Suppose that f : X — X is NUE in the sense of Young with exponential tails and
satisfying the weak Federer property. Suppose that o : X — R is C' on the interior of X, that the
induced function ®(x) = 5371 ©(fx) is not cohomologous to a locally constant function
and ||D® (x)DF (x)~"|| is uniformly bounded for x € Y.

Then f,, mixes exponentially for observables on Y x S! in the sense that: For any o> 0
there exists 0 € (0,1), C > 0 such that, for all functions g, h from Y x S! to C, bounded and

Holder continuous with exponent o, and for all n € N,

Jactan=([sa) ([re)

This theorem is essentially the work of Gouézel [28, theorem 1.7] although the work of
the reference requires the fibre map ¢ to be C! on X whereas we allow unbounded derivative.
However we require the induced fibre map ® to satisfy the same conditions as are actually
required during the proof in the reference. On the other hand the result stated here is only for
observables supported on the base of the tower Y. Details concerning the modification of the
reference in order to prove the theorem are given in section 3.

< CO"[lgll< [1Pllca -

Remark 2.7. The restriction that the observables are supported on Y x S! can, to some extent,
be mitigated in a standard way by considering observables which map to observables suppor-
ted on Y x S! in finite steps. As such, typically exponential mixing results can be extended
to observables supported on the complement of the singular set (depending on the exact con-
struction of the inducing scheme).

The assumptions of the above theorem are overly abstract from our point of view and so
we would like to obtain some more verifiable conditions. (For the origin of the following
assumptions see [1, 4, 27].) We use the following notation: For 6 > 0, set dists(x, S) = dist(x, )
if dist(x,S) < 4, and dists(x,S) = 1 otherwise.

Definition 2.8. Letf be a map on a compact Riemannian manifold X (possibly with boundary).
We assume that there exists a closed subset S C M, with zero Lebesgue measure (containing
possibly discontinuities or critical points of f and with X C ), such that f is a C? local dif-
feomorphism on X\ S. We say that f is NUE in the sense of a controlled singular set if the
following assumptions are satisfied:

(S1): (non-degeneracy close to S) We assume that there exist B> 1 and 8 > 0 such that, for
any x € M\ S and every v € T.M \ {0},

1 D, _
Edist(x,S)BéwgBdist(x,S) A

Il
Assume also that, for all x,y € X with dist(x,y) < dist(x, S)/2,

B B dist (x,y)
log IIDf(x 1 —lo2|lD 1 <377
gl12fx) 1l ~log IB70) | < BTG

2 The quantity dists (-, -) is not continuous but this is as intended, see for example [27, p.3]. Other variants of dists (-, -)
would work but this present choice has some conveniences in the estimates and is the one used by all the cited works.
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and
dist (x,y)

log|detDf(x) ™' | — log|detDf(y) ™' || < B .

| | dist (x,5)”

(S2): (points which are too close to S or have not yet experienced expansion) Let § : (0,¢) —
R+,A:>Q

n—1
1
Pen= {x €X: - E —logdists(c) (fx,S) > €, for somen > N} ,
n
k=0

n—1 1
Qv = {x €X: l2:1ogHDf(f"x)71H < )\, for somen > N}.
n
=0

We assume that there exists C >0 and 6 € (0,1) such that, for all € € (0,¢), the
Lebesgue measure of P, y U Q. v is not greater than coV.

In order to take advantage of the above assumptions and build Young tower structures, the
key concept of hyperbolic times is used. In this present work we further take advantage of
this notion to deal with potential problems in the fibre map. As such, let us now recall the
definition of hyperbolic times. For the purpose of this definition f: X — X is a differentiable
transformation and S C X is the singularity set. The following definition is exactly as used by
Alves, Luzzatto & Pinheiro [4], including the same notation.

Definition 2.9. Let b >0, o € (0,1), 6 > 0. We say that n € N is a (b,0,0)-hyperbolic time*
forxif, forall 1 <k<n

n—1
H HDf(fx)ilugak and dist(;(f"ka,S)>ka.
j=n—k

We will denote by H,,(b,0,0) the set of points for which n is a (b, o, d)-hyperbolic time.

The following is due to Gouézel (result described in [28, proposition 1.16] with a proof
which uses mostly [27]).

Theorem ([28, proposition 1.16]). Suppose that X is a compact Riemannian manifold and
that f: X — X is NUE in the sense of a controlled singular set (definition 2.8) and let b > 0
sufficiently small. There exists o € (0,1), 6 > 0 and there exists an open and connected subset
Y of X such that f is NUE in the sense of Young (definition 2.1) (on base Y with respect to
Lebesgue measure) with exponential tails and satisfying the weak Federer property. Moreover
the return times for the Young tower are (b,0,0)-hyperbolic times.

Note that the final statement is not highlighted in the statement of the result in the cited
reference although it is described in the argument [27, section 2]. For us this detail is important
as already hinted, since we will use these hyperbolic times to control the singular behaviour
of the fibre maps.

3 In the reference the terminology (o, §)-hyperbolic time’ is used and dependence on b is suppressed.
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Theorem 2. Let f: X — X be NUE in the sense of a controlled singular set S C X (defini-
tion 2.8). Suppose that ¢ : X — R is C! on the connected components of X\ S and that there

exists C > 0, s > 0 such that, for all x, || Do (x)Df(x) ™! H < Cdist(x,S) %, Further suppose that

the induced function ®(x) = fgq ©(fx) is not cohomologous to a locally constant func-

tion. Then there exists a subset Y C X such that the assumptions of theorem 1 are satisfied.

The above result is proven in section 4, using an argument based on hyperbolic times and
which controls the regularity of the induced fibre map .

In the case of our motivating example (x,u) — ([2x], [u + dist(x, 1)“]) we choose the singu-
larity set S = {1} even thought 1 is not a singular point in any sense for the base transformation
x — 2x. In cases like this one needs to know that the NUE property of the system still holds,
even when the singularity set is enlarged in order to consider also the singularities of the fibre
map. This can be done with minor restrictions and follows from a type of large deviations
estimate. The statement and proof of this in a general setting is the content of section 5 (as
done in [9]).

Returning to our motivating example, we have the following result.

Theorem 3. Let X = [0,1] and f: X — X is defined as f: x — 2x mod 1 and let p : X — S' be
defined as ¢ : x — dist(x, 1) for some a € (0,1). Then the skew-product f, : (x,u) — (fx,u+
©(x)) mixes exponentially for observables supported on the complement of a neighbourhood

of {1} x SL.

Section 6 contains the proof of the above and discussion related to showing the property of
the fibre map not being cohomologous to a local constant function in diverse settings. Since we
can for this specific example, we take a very hands-on approach to the argument and explicitly
construct the tower and prove the required properties so that the above results can be applied.

3. Singular skew-products

In this section we assume that the induced skew-product map satisfies the assumptions and
show that this implies exponential mixing for the original skew-product. This means that we
prove theorem 1. As made clear by Ruelle [34] it is important to have some condition for the
fibre map. A common way to prove the results that we would like is to obtain a spectral gap for
the transfer operator of the system (acting on a suitable Banach space) but the neutral direction
complicated this problem (except for the work of Tsujii [36, 37]).

Let f be NUE in the sense of Young with exponential tails and preserving the probability
measure /. Assume that yy has full supportin Y. Let ¢ : X — S! be a C! function such that the
induced fibre map ®(x) is not cohomologous to a locally constant function. Let v =  ® Leb.
Since f, is an isometry in the fibre the measure v is f,-invariant. We consider the skew-product
fio t () > (frou+ ()

This result is essentially what Gouézel proved [28, section 3] however there is something
that needs to be observed about their assumption on the fibre map. Their results are stated for
the case when the fibre map is C! but such a strong condition is not required in the proof. Here
we demonstrate how their argument suffices for the result which is required in this present
context. As described previously, we started with a skew-product £, : X x S'— X xS,

Jo  (xou) = (fr,u+ ¢ (x))
and then introduced the induced skew-product Fg : ¥ x S! — ¥ x S!,

Fo : (x,u) = (Fx,u+ ®(x))
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Table 1. Comparison of notation.

Gouézel [28, section 3]

Present text

NUE map
Fibre map
Skew-product
Base of tower

T:X—X
¢:X—R
T:XxS' 5 xxS!
Ycx

fX—X
p:X—R
fo:XxS' = xxS!
YcXx

Partition of base {W¢} {Y:}

Inducing times re Ry

Induced map Ty:Y—=Y F: Y=Y

Induced fibre map oy:Y—=R d: YR

Tower xm X

Tower map um . xm — xm X=X

Tower skew-product UM xm st - xM i st fo:XxS'5XxS!

where ®(x) = R(x)_l ©(f*x) and F : x — fR%) (x) is a full branch Markov map. Since F is
uniformly expandmg and @ satisfies the bounded twist property we have good estimates on
the associated transfer operators. This holds precisely for our setting since it only requires the
properties of the induced system.

Following Young we will introduce a map on the tower which is a model for f and then,
following Gouézel [28, section 3.1], we introduce a skew-product version of the model. (See
table 1 for a comparison between the notation of the reference and that of the present text.)

Let

X={(x,0):x€Y,0<{<R(x)},

together with the tower map

_ (x,04+1) if0+1<R(x)
frx6 {(Fx,O) if04+1=R(x).

We therefore define the tower skew-product f,, : X x S! — X x S as

- (x,0+1,u) if (+1 < R(x)
f@'(x’g’u)'_}{(Fx,O,zH-‘I)(x)) if £+ 1 =R(x).

We also write the same definition as

fgp D (x, lu) (f(x,é),u+g5(x,€))

where @(x, /) is equal to ®(x) when £ = R(x) and equal to 0 otherwise.

Using the tower and the above transfer operator estimates we prove the exponential mixing
result. This requires modification of Gouézel’s argument because of our weaker assumptions
on the fibre map (. In particular we prefer to see the action in the fibre only when we arrive at
the top of the tower, not incrementally at each step as is done in the reference. The (possibly)
many-to-one map 7 : X — X is defined as (x,€) — f‘x. This has the consequence that mTo f =
fom. For convenience, here and subsequently, we use the notation S, = >_,_ e:o @off and,
similarly, S, = ZZ;& @ oft. Abusing notation since no confusion can arise, let 7 : )? x St —
X x S! be defined as (x,£,u) > (f'x,u + Sy (x)). This has the consequence that 7 o f, = f,, o

8
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7. For each ¢ we define X, to be the subset of X such that the second coordinate is equal to £.
In each case this is a copy of {x € X : R(x) > £}. There is a f*-invariant (F- invariant) measure
Iy on Xo (which is a copy of Y). This then extends to 7 on X. We then define the f-invariant
measure v on X as v = 7. We denote by m the Lebesgue measure on S!. The f p-invariant
measure on X x S! is given by v x m. That it is invariant is a simple consequence of f , being
an isometry in the second coordinate.

By definition of 7, and}W

’V(goﬂ'a~h)—V(g)V(h)‘ = ‘f/(go}g%) _D(g)ﬁ(;lﬂ

where g = g o7 and similarly for / (observables on the tower). Let £ denote the transfer oper-
ator associated to f. To take advantage of the possibility of a Fourier decomposition in the
neutral direction we write

(x,,u) ng (x,0), where gi(x,0)= /8(X,f7u) o=k gy,
keZ

Denote by J,, the Jacobian associated to]‘. The twisted transfer operator is equal to, for any
h:X— R,

()= Ja () h(y)e "0,
o

In order to study correlation one considers the full transfer operator but then only the diagonal
terms remain [28, (3.4),(3.5)] and so,

5 (g of!- h) -3 (g,k : M,’zilk) :
kEZ

Following Gouézel [28, section 3] (the operators R, T, A, B, C are identical with identical
notation as the reference) we define the following operators which we later use to reconstruct
Mn,k:

Ry ih (x) = > Tu (9) i (y) e #5200,
f”) -
yEva, QY,f”}EY
Toh(x)= > T, () h(y)e *5?0),
fly=x
YEY. f'yeY
Anih(x) = > L) h(y)e 520,
hy=x
YEYfy,...f"'yEY
Buh(x)= Y L, ()h(y)e *e0),
Firms

Yoo T YEY fyEY

Coih(x)= D T, () h(y)e 520,
Fry=x
ya-“:f”)’¢Y
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In words these are, respectively, the cases where: (R) The orbit y,fy...,f'y starts and ends in
Y but is not in Y in the meantime; (7)) The orbit starts and ends in Y; (A) The orbit starts in
Y but does not finish in Y; (B) The orbit is not in Y until the last iterate when it is in Y; (C)
The orbit is never in Y. Consequently, cutting the orbit at the first and last time it belongs to ¥
means that

Mih(x) = Cop+ Z Aai T kBy i
a-+i+b=n

and cutting according to each time the orbit belongs to ¥ implies that

0o
Te=Y_ > Ry R

p=1ji++jp=n

Since we will work with observables # which are supported in ¥ we can discard the oper-
ators B, ; and C, . The major part of the argument is the study of the operators 7T}, ;h [28,
section 3.3] and consequently the result of exponential mixing on the tower [28, theorem 3.6].
The same result holds in the present setting because we defined the dynamics on the tower in
such a way that we see the action in the fibre only when we arrive at the top of the tower, not
incrementally at each step as is done in the reference. Moreover the assumption on ® match
those required in the reference. Finally we must understand the argument which deduces expo-
nential mixing for f, : X x S! — X x S! from exponential mixing of ﬁp ‘X xS!' - X xS
Consider some C" observable g : ¥ X S! — C and the corresponding observable on the tower
gom : X x S! = C. Note that r is defined differently here compared to in the reference since
it must compensate for the fact that the tower only sees the action in the fibre at the top of the
tower (i.e. (x,,u) — (fx,u+ Sy (x))). However, since we work with observables supported
on Y, the base of the tower, we do not see this discrepancy. Consequently the argument of the
reference, with the modifications of the present setting, proves theorem 1.

4. Twist control

In this section we show that the mild control of singular behaviour of the fibre map suffices
to give good control for the twist of iterates at hyperbolic times. This type of argument was
previously used by Aratjo & Varandas [9, section 4.2.2] and the later results on Lorenz flows
relied on it [7, 8]. In this section we use it in order to prove theorem 2.

Let X be a compact Riemannian manifold (possibly with boundary), endowed with a Borel
measure 4 (called the reference measure). For the purposes of this section we suppose that
the base transformation f: X — X is a nonsingular transformation and that both it and the fibre
map ¢ : X — S! are piecewise C! in the sense of being C! on each partition element of a fixed
open partition of a full measure subset of X. The object of interest is the skew-product f, :
X xSt — X xS,

fo s (xu) = (fr,u+ o (x)).

It would be convenient to assume that || D(y of] ")|| is uniformly bounded (where w C X is any
open set such that f: w — X is invertible) because this would imply the existence of a cone field
which is forward invariant under £, (in the sense that the cones are mapped within themselves)
and uniformly bounded away from the neutral direction (see e.g. [15]). Unfortunately, in cases
like the one we wish to consider here, it would be impossible to have such a uniform bound.

10
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The reality is that, at a full measure set of points, any tangent vector will approach arbitrarily
close to the neutral direction under the action of the partially hyperbolic dynamics. Known
results for systems with singularities similar to those being investigated here [6, 9, 28] suggest
that the singular nature does not hinder the system having good statistical properties but it does
cause difficulties with some of the machinery we would like to use.

We consider the singularity points of the fibre map as artificial singularities of the base map
and use the notion of hyperbolic times (definition 2.9). At hyperbolic times we know that the
orbit hasn’t been too often too close to any singularity and this is sufficient for our purposes.

Lemma 4.1. Suppose that there exists C > 0, s > 0 such that, for all* x,
Hap (x) Df(x)”" H < Cdist (x,85)

Suppose that b € (0,5~'), 0 € (0,1), § > 0. There exists C' > 0 such that, whenever n is a
(b,0,0)-hyperbolic time for x then, letting ®(x) = Zz;é o(fx),

HD<I>(x)Df” (x)_]H <c.

Proof. We observe that, since ®(x) = >, ng flx
D () Df" (x ZD%@ (Fx) or(rx) or=tt (1)

We can use the assumption of the theorem which controls the quantity Do (f“x)Df(f'x) ™"
Consequently

|poe D@ < chlst(f““x S) Ipr ()

Observe that [|[Df"~*~'(f'x)~"| <TT/Z "o |[DASx) Y| Since, by assumptlon nis a

(b,0,0)-hyperbolic time for x, this quantity is bounded from above as H e +1 IDAC )7 <

0"t~ Additionally dists(f"'x,S) > o?*~¢=1) We observe that dist(-,-) > Cdists(-,-) for
some C > 0 and immediately absorb this quantity into the previous C. Since, by assumption,
bs <1,

HD(I) Dfn H<CZ —b(n—t— 1)5 n—~{—1

C
1—bs)k
_CZU( 1_01 bs "

This estimate is independent of x and n, as required by the statement of the lemma. O

Proof of theorem 2. The combination of lemma 4.1 and theorem [28, proposition 1.16] is the
claimed result. O

4 To be precise, for each x contained within a partition element of the smoothness partition.

1
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Remark 4.2. As per the following example, || Dy (x)Df(x) " || might be unbounded even when
¢ is a bounded function. Let X = R/Z and let f: X — X be defined as x — 2x. The fibre map
¢ : X — R is defined for the fundamental domain, x € [0,1),

_J2—-2x—(1-2x)
@Q)_{2—2v+Qx—U

ifx < 3

ifx > 1.

[T ST

Observe that ¢ is smooth and continuous. However || Dg(x)Df(x) ™" || is unbounded at x = 3.

5. Enlarging the singularity set

In this section we describe the relevant argument to use if we have a uniformly expanding
transformation and then we need to enlarge the singularity set because of the singularities of
the fibre map. We can then use a large deviations argument to show that the system is NUE in
the sense of a controlled singular set (definition 2.8) even with the enlarged singular set.

Lemma 5.1. Suppose that f: X — X is NUE in the sense of a controlled singular set S C X
(definition 2.8). Further suppose that S' C X\ S is a finite union of C' manifolds with boundary
of dimension strictly less than the dimension of X. Let S'' =SUS’ C X.

Then f: X — X is NUE in the sense of a controlled singular set, with respect to the set
S§"CX.

Proof. Observe that SN S’ = (). Consequently all the inequalities of assumption (S1) remain
satisfied. Also, the second part of assumption (S2) (relating to Q. x) remains satisfied since it
does not depend on the singular set. It remains to consider the property which is sometimes
described as slow recurrence to the singular/critical set. We must show that the set

1 n—1 .
{x €X: - g—logdlst(;(ﬁ) (fx,S") > €, for somen > N}

is small in Lebesgue measure. We can see this estimate as a question of large deviations where
our ‘observable’ is x — —logdists)(x,S"). Consequently the desired estimate follows from
the relevant large deviations result [5, theorem E]. O

6. Uniform non-integrability

In this section we show how information about the original map can be used to show that the
induced fibre map is not a coboundary with respect to the induced base map. In the termino-
logy used in several of the key references, we show that the uniform non-integrability (UNI)
condition holds.

As far as this author is aware, there are just two different ways that the fibre map is
not cohomologous to a locally constant function. One approach is to check using periodic
orbits and obtain a contradiction (e.g. [28, remark 1.15/lemma 6.5/lemma A.8/1st paragraph
of section 1.4]). Such arguments are also convenient for establishing that the fibre map not
being cohomologous to a locally constant function can be obtained by arbitrary small perturb-
ations (e.g. [2, 9, 17]). An alternative approach is to take advantage of the unbounded nature of
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the fibre map (or its derivative) in order to obtain a contradiction and hence prove that the fibre
map is not cohomologous to a locally constant function. (See e.g. [9, section 4.2.3 & erratum],
[8, proposition 3.4] and [6, lemma 4.2, corollary 4.3], often using some type of LivSic type
argument [13].) In this section we take this point of view and try to exploit the unbounded
nature of the fibre map in order to prove the required property.

Firstly we introduce an example to remind ourselves that we need to take care in this
argument. Let X = R/Z and let f: X — X be defined as x — 2x. Fix some a > 0 and define,
for x € [0, 1], the fibre map ¢(x) = (x) = — (fx)~“. Observe that ¢(e) — +o0 as € — 0 and
gp(% +¢€) = —oo as € — 0. Consequently ¢ is unbounded yet, by definition, is cohomologous
to a constant. The skew-product, although rather disguised, is simply the identity in the fibre.

Remark 6.1. We can also construct an example which is inspired by the Lorenz flow. Let
f:[—1,1] = [—1,1] be a ‘Lorenz-like’ map [30]. In particular unbounded derivative at x = 0.
Furthermore, for x € [—1,1], let ¢(x) = log |fx| — log |x|. The functions goes to +oco at x=0,
like seen in the Lorenz case, but, differently to the Lorenz case, goes to —oco at the two preim-
ages, f~'(0). (The proof of [8, theorem 3.4] considers f(0*), f2(0T) and so would not see the
difference with the present example and so it is subtle where such is ruled out in that work
where not being cohomologous to a locally constant function is proved. However there they
take advantage of the possibility of a Young tower where the base is an open interval containing
the singularity [9, theorem 4.3].)

For the remainder of this section we consider the setting assumed in theorem 3. In particu-
lar, X =[0,1] and f: X — X is defined as f:x+ 2x mod 1. Furthermore ¢(x) = dist(x,1)"
for some a € (0,1). We will take advantage of the fact that in this setting we are able to
define an explicit inducing scheme. Let Y = (0,1) C X, and, forall £ € N, leta, =2~' — 27,
Yy = (ag,ap41). By definition, {Yy}scn is a partition of a full measure subset of Y. Moreover
F(Y)NY = whenever 1 <j <¢—1landf : Y, — (0,1)is abijection. In words, ¢ is the first
return time to Y for each x € Y,. Following the notation earlier in this work, R(x) is defined to
be { foreach x € Y, and F : Y — Yis defined as F : x — ff)x. Let S = {1} C X. Although this
point is not a singularity in any sense for f it is a singularity for the fibre map .

Lemma 6.2. For all b> I there exists § > 0 such that, for all { € N, Cis a (b, },5)-hyperbolic

time for x € Yy (with respect to the map f : X — X and the singularity set S = {1} C X).
Proof. Let x€Y,. For the first property of hyperbolic times, we observe that
Hf;szk ‘Df( Fx)~! H =27, consistent with the choice of o = % For the other property we
must consider how close orbits can approach the singularity set. It remains to show that
dists (f*x,1) > o 1t suffices to consider k < ¢ since k = ¢ implies that dist(f**x,1) =
dist(x,1) > % We calculate that,

dist (fo, 1) > dist (fé*"am, 1) ik (2—1 _2—<e+1>)

—1- (1 —2—<k+‘>) =12k,

Since we assumed that b > 1 by choosing J > 0 we obtain, uniformly, the required estimate
(i.e. 2278 > 27 whenever k is sufficiently large that 2% < §). O
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Lemma 6.3. The induced fibre map ® : Y — R is not cohomologous to a function constant on
each Y.

Proof. Letx € Y, x’ € Y, be defined as the points which satisfy Fx = x, Fx’ =x'. Lety € Y,
be such that y’ = Fy € ¥, and Fy’ = F?y = y. Explicitly,

x=0, fx=ux,
=1 p =2 A =
y=3% y=f=2 fy=1 Fy=y

Suppose, for the sake of contradiction, that ® : ¥ — R is cohomologous to a locally constant
function in the sense that there exists a C! function ® : ¥ — R such that & — ® 4+ & o F is con-
stant on each set Y, (and this extends to Y;). Considering the three periodic orbits introduced
above, this implies that ®(x) + ®(x’) = &(y) + ®(y’) and so,

e()+o)+e(fx) =0 +e0)+e(fy). (1)
Since ¢(x) = dist(x, 1) this implies that

p(0)+¢(3)+e(3)—¢(3) —»(3) —¢(3) =x(a) =0
where, for convenience we defined

x@=1+G)"+E)"- )" -6 -6)"

An analysis of this function shows that x(0) = x(1) = 0 but that x(a) < 0 for all a € (0, 1).
This completes the required contradiction (1). O

Remark 6.4. Contradicting the equality (1) obtained during the previous proof was the crucial
step. The same argument could be performed choosing x € Y,,, x’ € Y,, then the equation to
contradict would become,

S (1) — e () = S e () — o (7).

However this, or similar, can be contradicted by many different choices of assumptions on
. For example, if ¢ were constant on Y but monotone elsewhere and strictly increasing in a
neighbourhood of 1 the required contradiction would also hold.

Proof of theorem 3. Lemma 6.2 implies that, for any b > 1 there exists § > 0 such that the
induced system has return times which are (b, 1, 0)-hyperbolic times. Since ¢(x) = dist(x, 1)
we know that || D (x)Df(x) ™" || < 4 dist(x,S)~(!=9). We may choose b € (0,(1—a)~") and
so lemma 4.1 applies and proves the required control on D®. This, together with the proof
that ® is not cohomologous to a locally constant function, as shown in lemma 6.3, means that

theorem 2 applies in the setting and gives the proof of exponential mixing. 0
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