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ABSTRACT. — Many integrable physical systems exhibit Keplerian shear. We look at this
phenomenon from the point of view of ergodic theory, where it can be seen as mixing condi-
tionally to an invariant o-algebra. In this context, we give a sufficient criterion for Keplerian
shear to appear in a system, investigate its genericity and, in a few cases, its speed. Some
additional, non-Hamiltonian, examples are discussed.

RESUME. — Le cisaillement keplérien est une propriété commune & de nombreux systémes
intégrables. Nous considérons ce phénomene du point de vue de la théorie ergodique, en
tant que propriété de mélange conditionnellement & une tribu invariante. Dans ce contexte,
nous donnons des conditions suffisantes assurant que le cisaillement keplérien apparaisse dans
dans certains cas, sa vitesse. Quelques exemples supplémentaires, qui ne sont pas de nature
hamiltonienne, sont donnés.

1. Introduction

When a celestial body is orbiting circularily around another, Kepler’s third law
asserts that the period of the orbit is proportional to the radius of the orbit at the
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power 3/2: closer bodies complete their orbits faster. When one considers bodies
whose size is non-negligible with respect to the radius of the orbit, this difference of
orbital periods induces a shearing effect, called Keplerian shear [Tis12]. Keplerian
shear is most notable in planetary rings, for instance Saturn’s. As a consequence,
any large-scale heterogeneity of the rings is wrapped around the rings, until — for
large enough times — it equidistributes angularly (see Figure 1.1): Keplerian shear
explains the radial symmetry of large planetary rings.

Figure 1.1. Equirepartition of a cloud of dust in Saturn’s rings. On the left: the
cloud (thick black line) at initial time. In the middle: the same cloud, after 6
hours. On the right: the same cloud, after 48 hours.

Keplerian shear is a more general feature of many integrable Hamiltonian dynami-
cal systems. Using action-angle coordinates, the phase space is foliated by invariant
Lagrangian tori, and the dynamics of a point belonging to the phase space is con-
jugate to a translation on one of these tori. Provided that the translations on the
Lagrangian tori are (in some sense) asynchronous, the dynamics shear the transver-
sals to the invariant tori, so that in large time, densities equidistribute along the tori.
In the case of planetary rings, the invariant tori are orbits of given radius, and the
asynchronicity comes from the variation of the orbital period: we recover classical
Keplerian shear. Other systems with Keplerian shear are the geodesic flow on a flat
torus (see Figure 1.2), or the dynamics of a ball bouncing in a square box.

In this article, we frame Keplerian shear in the more general context of ergodic
theory, as a conditional version of the notion of strong mixing.

DEFINITION 1.1 (Keplerian shear). — A dynamical system (€, i1, (g¢)1er) which
preserves a probability measure is said to exhibit Keplerian shear if, for all

f el p),
(1.1) lim fog =E,(f|T),

t—+o00

where 7 is the invariant o-algebra and the convergence is for the weak topology on

L2(Q, ).
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Figure 1.2. Propagation of a wavefront at unit speed in a unit square torus. The
wave starts from the corner, and propagates at unit speed. From left to right:
the wavefront at times 0.5, then 10 and 500 respectively.

Recall that a system (€, u, (g:)ier) is mixing if and only if, for any function
fel(Q,p),
Jdim fogi= [ fau=E(f).

where the limit is taken in the weak topology on LL?(Q, 11), so a system (£2, i1, (g1 )ier)
is mixing if and only if it is ergodic and exhibits Keplerian shear. As such, Keplerian
shear is a conditional version of the notion of strong mixing. Informally, if the system
restricted to its invariant subsets is mixing, then (€2, u, (¢:):er) has Keplerian shear.
The interesting examples occur when these restrictions are ergodic, but not mixing:
that is the case, for instance, of translation flows on a torus.

In this article, we give a criterion ensuring Keplerian shear for a large class of such
systems; for instance, one of our result is:

PROPOSITION 1.2 (Corollary of Theorem 3.3 and Proposition 3.5). —
Let M be a Riemannian manifold, d > 1 and k € [1,00]. Let v € C*(M,R?), and
put gi(x,y) == (z,y + tv(x)) for (z,y) € M x T2 If:

Volar(d(g,v) =0) =0 Ve Z\ {0},

then the invariant o-algebra T is (up to completion) B(M) @ {0,T¢}, and the
dynamical system (M x T% Vol ® Lebre, (g¢)) exhibits Keplerian shear. Moreover,
the above criterion is satisfied for a generic v € C*(M,R?).

We also study the rate of decay of conditional covariance for the geodesic flow
on T'T?, and give non-trivial examples of non-Hamiltonian systems with Keplerian
shear.

Keplerian shear for the geodesic flow on the flat torus is related to two famous
problems. The first is Landau’s damping for plasma dynamics on a torus (see
Landau’s article [Lan46], and [MV11, Theorem 3.1] for a version which follows
closely our formalism), where the effect is qualitatively similar, although the under-
lying mechanism is different. The second is Gauss’s circle problem, which consists in
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counting integral points in a large disc; we shall discuss it in Sub-subsection 3.4.2.
The methods used to tackle these problems are either through Fourier transform
(e.g. for Landau damping), or with a big arc/small arc decomposition (typical for
Gauss’s circle problem). While both methods work in our setting, we shall only use
the Fourier transform.

In the context of ergodic theory, a notion closely related with Keplerian shear was
used independently by F. Maucourant [Maul7]| to prove that the some hyperbolic
actions on (R? x SLy(R))/zixsr, @) are ergodic for a large class of measures. The
presentation in [Maul7] is however very different, as the phenomenon — named
asynchronicity — is described as a version of unique ergodicity for measures with
prescribed marginals.

1.1. Organization of the article

Section 2 gives general results on the notion of Keplerian shear (including equiva-
lences between distinct definitions), and gives us some tools to use for the remainder
of the article.

Section 3 deals with a first family of systems which may exhibit Keplerian shear:
fibrations by tori, where the flow acts by translation on each torus. Using action-angle
coordinates, this family includes integrable Hamiltonian flows. We give an explicit
criterion ensuring Keplerian shear, check that it is C"-generic (r > 1) and satisfied
for some explicit systems, then give rates of convergence for the geodesic flow on
T'T™. We also detail the link between Keplerian shear and the unique ergodicity as
investigated in [Maul7].

Section 4 deals with another family of dynamical systems (roughly, flows with a
change of time), which includes many non-Hamiltonian examples, and uses a different
mechanism to ensure Keplerian shear.

The shorter Section 5 gives examples of systems without Keplerian shear.

1.2. A note on the terminology

Given that Keplerian shear is a conditional version of the notion mixing, one could
want to use a terminology such as conditional (strong) mizing. For this article, we
prefer to eschew this option, and to keep the name of Keplerian shear; indeed, we
think that otherwise the name of conditional (strong) mixing would be overloaded.

In probability theory, there are already multiple notions of conditional mixing;
compare for instance [PR09] (where it refers to conditional a-mixing) and [KLMD16],
among others.

More worryingly, in ergodic theory, the notion of conditionally weakly mixing
systems is well-established (see e.g. [Tao08]), but if one where to conceive a notion
of conditional strong mixing along this line, the resulting notion would be stronger
than Keplerian shear, essentially requiring that almost every subsystem in its ergodic
decomposition be mixing.
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1.3. Open problems

We sum up here some further leads which seem worth pursuing.

The setting of Section 3 covers integrable Hamiltonian systems. However, it requires
some regularity, and in particular it does not cover singular systems. A conjecture by
Boshernitzan asserts that given a compact translation surface S, the geodesic flow
on (T1S, Liouv) exhibits Keplerian shear. This question, mentioned as illumination
by circles, also appears in [Mon05], and admits a partial answer by J. Chaika and
P. Hubert [CH17], where the convergence of E(Cov,(f,h|Z)) to zero, with:

Covy(f, h|T) = E(f - h o g|T) — B(fIT)E(HIT),

is shown along a density 1 subsequence for all continuous observables f and k().

In Subsection 3.5, we investigate the speed of Keplerian shear for the geodesic
flow on T'T". The problem is simplified by the particularities of the geometry of
the sphere, more precisely the fact that its principal curvatures do not vanish. What
would the speed of convergence be if the curvature vanishes (e.g. in a topologically
or measure-theoretically generic setting)?

Finally, while the settings of Sections 3 and 4 are distinct and Keplerian shear arises
from different mechanisms, a more general structure (spaces fibrated by suspension
tori) mixes the difficulties of both. However, even a description of the invariant
o-algebra 7 is not obvious at this level of generality.

2. General properties of Keplerian shear

The following Lemma 2.1 from basic functional analysis is quite useful to prove
the ergodicity and mixing of any given dynamical system, and will be instrumental
in the remainder of our article.

LEMMA 2.1. — Let B be a Banach space. Let (T});>0 be a family of operators on
B, such that sup;cg, ||Ti|lz_g < +00. Let T' be an operator on B.

Let E and E* be subsets of B and B* respectively, whose span is dense in their
respective space. Assume that, for all f € E and g € E*,
(2.1) lim (g, T.f) = (g, Tf).

t—+o00

Then (T;f)i=0 converges weakly to T'f for all f € B.

Proof. — By bilinearity, Equation (2.1) holds for all f € span(E) and g €
span(E*). Since sup,cg, || Ttl[p_5 < +00, the family of functions 7} : B* x B — C
is locally equicontinuous, and by the remark above, it converges to T on a dense
subset. Hence, the convergence of Equation (2.1) holds for all f € B and g € B*. O

mTechnicaHy, J. Chaika and P. Hubert show the convergence only for observables which do not
depend on the direction, but a straightforward generalization and a diagonal argument yield the
general case.
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When we use Lemma 2.1, the operator 7} shall correspond to the composition by
the flow g; at time ¢, and the operator T' to the projection f +— E(f|Z); if B = L%
then E(f|Z) is actually the orthogonal projection of f onto the closed subspace of
Z-measurable square-integrable functions. Since the flow is assumed to preserve the
measure, for all ¢ > 0 and all p € [1,400], the operator T} acting on LP(2, u) is
unitary. Lemma 2.1 implies that to prove the Keplerian shear in one of those Banach
space B (potentially different from IL?), it is enough to restrict ourselves to subsets F
of B and E* of B* whose linear span is dense. As a first consequence, in the definition
of Keplerian shear, one may replace .2 by IL? for any p € [1, 4+00):

PROPOSITION 2.2. — Let (X, i1, (g¢)ier) be a flow which preserves a probability
measure. Let T be the invariant o-algebra of the system. Then there is equivalence
between:

e There exists p € [1,400) such that, for all f € LP(Q, ), we have f o g, —
E(f|Z) weakly in LLP.

e The system exhibits Keplerian shear.

e For all p € [1,+00), for all f € LP(Q,u), we have f o g, — E(f|Z) weakly
in ILP.

Proof. — We only prove the non-trivial implication. Let p € [1,400). Assume
such that, for all f € LP(Q, 1), we have f o g; — E(f|Z) weakly in IL?. Then, since
L> c PN (LP)*, for all f; and fo in L°°,

lim E(fl . fQ o gt) = <f1>E(f2|I))

t—+00
Let ¢ € [1,400). Since L™ is dense in both L? and (L%)*, by Lemma 2.1, the
convergence above occurs for all f; and f, in L? and (IL9)* respectively. O

A second consequence is that Keplerian shear is not only a property of the invariant
measure u, but of the class of u.

PROPOSITION 2.3. — Let (2, i, (9¢)ter) be a flow which preserves a probability
measure and exhibits Keplerian shear. Let v < u be a probability measure which is
also (g¢)-invariant. Then (2, v, (9:)ter) also exhibits Keplerian shear.

Proof. — Let (€, i, (g:)1er) and v be as in assumptions of the proposition. Let
h :=dv/du. Since v is (g;)-invariant, the function h is Z-measurable.

Let f; be in L°(Q, i) be such that fih € L*(Q, 1), and let fo € L>°(Q, u). Recall
that the conditional expectation E,(f2|Z) is the unique Z-measurable function in
L2(Q, p1) such that, for all Z-measurable and bounded k,

Eu(Eu<kf2|I)) = Eu(kEu<f2’I))'
Given a Z-measurable and bounded function k and since h is Z-measurable,
Eu(Eu(kf2|I)) = Eu(hEu(kf2|I)) = Eu(Eu(hkf2|I))
= E,(hkE,(f2|1)) = E, (KE.(f2[1)).

By the previous characterization of the conditional expectation, v-almost surely,
E,(f2|Z) = E,(f2|Z). Let t > 0. Then:

E,(f1- faog:) =Eu((fih) - fao ge).
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Since the initial system is assumed to have Keplerian shear, f € L*(Q, 1) and
gh € L>®(Q, ), we get:

i By (- f20 90 = Bu( i (D)) = (A, (7).

The canonical projection IL>(£2, u) — L>°(£2, v) is surjective, so its image is dense in
L?(Q,v). The image of the set of functions f; € L>°(, ) such that fih € L*(Q, i)
by this projection is also dense in L%(€2, ). We use Lemma 2.1 to conclude. 0

The last Lemma 2.1 asserts that, in the definition of Keplerian shear, the limit
object E,(f|Z) cannot be meaningfully modified.

PROPOSITION 2.4. — Let (2, i, (9¢)ier) be a flow which preserves a probability
measure. Let f,h € L2(Q, p). If (f o g)ter converges weakly to h, then h = E,(f|Z).

Proof. — Let fy € L*(Q, ). Our hypotheses imply that lim, oo E,(f2 - f o g¢)
= E,(f2h). In addition, the function ¢ — E,(fs - f o ;) is measurable and bounded.
By taking the Cesaro average, we get:

lim E, <j;2/0tfogs dS) = lim 1/OtEu(f2~fogs) ds =E,(f2h).

t—+o00 t—+oo t

On the other hand, by von Neumann’s ergodic theorem,

lim E, (J; [ 1o ds) — B, (f,E,(fIT)).
0

t—+o00
Since this holds for all f, € L?, we have h = E,(f|Z). O
Remark 2.5. — In most examples in this article, Q = M x A is a product space,

the invariant o-algebra is the Borel g-algebra of M, and pu = pp ® pa is the product
of two probability measures. In this situation, the conditional expectation admits a
simple expression:

BT = | | Ty) duay)

Note that the value of E,(f|Z) does not depend on jy,. For instance, for planetary
rings in polar coordinates, the state space is [a, b] x Ty, the flow preserves each circle
{r} x T, the invariant o-algebra Z is the o-algebra of radially symmetric measurable
sets, and for any probability measure p = pj,5 ® Leb:

E(fD)0r) = o [ 7(r.6) 6.

m™Jo

3. Affine tori bundles
3.1. Setting and main theorem

We generalize our introductory examples to a class of flows on fibre bundles by
tori which leave the basis invariant. More specifically, the spaces on which we work
are the following:
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DEFINITION 3.1 (Affine tori bundles). — An affine tori bundle is a C' manifold
Q which is a fiber bundle by d-dimensional tori, with group structure T¢ x GL4(Z).
In other words, there exist:

e two integersn, d > 1;

e a n-dimensional C! real manifold M ;

e a C! projection 7 : Q — M;

e a maximal atlas A on M,
such that, for all U € A, we have a diffeomorphism vy : 7= 1(U) — U x T¢ such that
m oYy = m, and the change of charts are given by:

UNV)yxT¢ — (UNV)xT?
($a y) — (._'E, OéU,V('I) + AU,V(y))
where apy is Ct and Ayy € GL4(Z).

¢V0¢513{

The notions of “subset of zero Lebesgue measure” or “subset of full Lebesgue
measure” are well-defined on C* manifolds (as they are invariant by diffeomorphisms),
and thus so is the notion of “probability measure absolutely continuous with respect
to the Lebesgue measure”. We will abuse notations and write Leb(A) = 0 for a
measurable subset of zero Lebesgue measure A, and p < Leb for an absolutely
continuous measure.

DEFINITION 3.2 (Compatible flows). — Let €2 be an affine tori bundle. A flow
(g¢)ter on Q is said to be compatible on a chart vy : 7 1(U) — U x T? if there
exists vy, € C'(U,R?) such that, for all t € R,

Yoo gioy (w,y) = (z,y +tvy(x)).
A o-finite measure y on § is said to be compatible on a chart ¢y : 7= HU) — UxT¢

if ¢U,*,U|7r—1(U) = (mu)w ® Lebra.
A flow or a measure is said to be compatible if it is compatible on all charts.

A compatible measure is always invariant under a compatible flow. In addition,
this notion behaves well with respect to the affine structure on the manifolds we work
with. If a flow or a measure is compatible on some chart vy : UNV — w(UNV) x T¢
and if ¢y is a change of charts, then the flow or the measure is compatible on the
chart ¢V|UQV UNV — 7T(U N V) x T4,

In what follows, we shall work mostly with absolutely continuous measures. In
this case, what happens on a subset of zero Lebesgue measure does not matter: the
assumption that M be a manifold can be weakened to account for singularities or
boundaries.

In light of the previous paragraph, the introduction of the structure group T¢ x
GL4(Z) might look gratuitous: one can always cut out the manifold M along a
set of zero Lebesgue measure to get a disjoint union of simply connected domains,
on which there is no holonomy. However, this structure appears naturally in many
examples. For instance, for all n > 1, we can work with the geodesic flow on T'S,,: if
we ignore the set of null tangent vectors, which is negligible, we get a fibre bundle over
R* x Gr(2,n+1) with fibre S;. With the same adaptation, our setting also includes
billiards in ellipsoids or the geodesic flow on ellipsoids (see C. Jacobi [Jac66] for the
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geodesic flow on ellipsoids, J. Moser [Mos80] for similar examples, and S. Tabach-
nikov [Tab02] for the relation between the geodesic flow and the billiard). Let us
also mention the study of the geodesic flow on (R? % SL4(R)) zdust,z done by
F. Maucourant [Maul7], in which the same structure appears.

Another important remark is that, when we change charts from chart U to chart
V', we have vy, junv = Ay,vvy,junv. So, while there is in general no well-defined
function v : M — RY which gives the direction of the flow, the set of functions
{2 = (&, v(7)) }eega_goy is well-defined.

We are now ready to state our main Theorem 3.3.

THEOREM 3.3. — Let m: ) — M be an affine d-dimensional tori bundle over a
manifold M. Let (g;)icr be a compatible flow, and p be an absolutely continuous
compatible probability measure.

If Leb (Ugezd,{o}{d@,v) = 0}) = 0 on M, then the invariant o-algebra I is
(up to completion) 7 'B(M), and the dynamical system (€2, u,(g;)) exhibits Ke-
plerian shear.

Proof. — Assume that Leb (U&ezd_{o}{d<€, V) = 0}) = 0. Then Leb (U&ezd_{o}{<€,

v) = O}) =0, 50 (g:(7,y))ter equidistributes in {x} x T¢ for Lebesgue-almost every
x. Hence, up to completion by the measure pu, the invariant o-algebra of the flow is
T := "By, where By, is the Borel g-algebra of M.

Our goal is to find a family of observables which is large enough to generate a
dense subset of L?(2, 1), and specific enough to make our computations manageable.
Roughly, we choose a specific frequency in the direction of the torus T?. Under the
hypothesis of the Theorem 3.3, we can rectify the differential form (£, v) so that
it has a very simple expression. Then we choose observables which split into an
observable a in the direction of (£, v), and another observable b in the direction of
the kernel. The later observable b does not see the shearing at all, so the shearing
only affects a.

Let (Us, ¢i)ier be a countable cover of M by disjoint open charts®, up to a
Lebesgue-negligible set, with o; : U; — W; C R™ Let 1; : 771(U;) — U; x T? be a
family of trivializing charts for €2, and let v; := vy,.

For ¢ € Z%\ {0}, let V;* := V; N {d(£,v;) = 0}. Using the local normal form of
submersions, we can find a finite or countable family (V;g) jeaig) of open sets which

are pairwise disjoint, cover Vf up to a Lebesgue-negligible set, and with charts
gpfj : V;g — VVfJ C R™ such that (£, v;) o gpfj’-_l(:p) = x7. For £ = 0, we choose J(i,€)
to be a singleton and take V5 := V.

Given a point p € R", we write p, its first coordinate in R", and p, for its remaining

n — 1 coordinates in R”. Given a point p € M x T¢, we write p, for its coordinate

(2) The goal of this first decomposition is only to get well-defined speed functions vy,, and can be
bypassed if the fibre bundle is trivial.
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in T¢. We apply Lemma 2.1, with the Banach space B = B* = L?(Q, 11), and:

E=F"
= U {a (((p% o W)m) b ((gogj o 7T)y) e2miEviz) g h e L™ ab € L™ (VVE, Leb)} :
i€l
&5t

Let f; = a;b;e’%), with j € {1,2}, be in E. If the corresponding indices i € I are
different, then f; and f; o g, have disjoint support for all ¢, so E,(f, - f209;) =0
=E,(f1-Eu.(f2|Z)) for all t € R. We can thus assume without loss of generality that
they are supported by the same open set 7= *(V;).

If the corresponding frequencies &; € 27Z% are different, then the integral of
f1+ f20 g on each torus T? vanishes, and a least one of E,(f,|Z) or E,(f2|Z)
vanishes, so for all ¢t € R:

E, (- frog) =0=E, (Bu(FiDE(LIT)) = By (F1 - Eu(£1T))

We can thus assume without loss of generality that their frequencies ; are the same;
let us denote it by £. If £ = 0, then f; and f5 are invariant under the flow, so there
is nothing more to prove. We further assume that £ # 0.

If the corresponding indices j € J(i,&) are different, then the supports of f; and
f2 0 g; are disjoint for all ¢, so then again there is nothing more to prove. We thus
further assume that these indices are the same.

Write A5, := d(45;,mp)/d Leb € L' (W, Leb). Then, for all ¢ € R:

IR

By fro9) = [ a@bi(pax@)baly) [ 00000 dohf(a,y) do dy
_ bib 2mi(€ toiop;; (0,9))
WEN{0} xRn—1 [( 1b2)(y)e

« a it }d dy.
/Wém(y%x{o})(alaz)(x)@ si(w,y)| doz dy

The function z (ElaQ)(:c)h% (x,y) is integrable for almost every y. By the
Riemann-Lebesgue lemma, the inner integral decay to 0 as ¢ — 4oc0. The inner
integral is bounded by:

ala 0o hf $)y dﬂ?,
asaall, /Wm%m}) (.)

which is integrable as a function of y. Hence, by the dominated convergence
Theorem 3.3,

lim E,(f,- foog) =0=E,(f, E.(f2|T)). O

t—+oo
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Remark 3.4 (Non-resonance conditions for Hamiltonian systems). —

The condition that d(£,v) # 0 almost everywhere for all £ € Z¢\ {0} is reminiscent
of non-resonance conditions for Hamiltonian systems. An integrable Hamiltonian
flow can be parametrized by action-angle coordinates (I,6) € R™ x T", satisfying:

3.1 a =0

(3:1) {‘g =v(I).

Such a flow, is, by our definitions, compatible. The system is said to satisfy Kol-
mogorov’s condition if v : R™ — R™ has full rank, and Arnol’d’s condition if
Vect(v) : R™ — P, (R) has full rank [LM88, Chapter 6.4].

These conditions arise naturally in the study of the stability of solutions of Hamil-
tonian perturbations of Equation (3.1). For instance, under Kolmogorov’s condition
with m = n, the perturbed system satisfies a KAM theorem [Kol54], which implies
the existence of a positive measure subset of invariant tori (after perturbation). Kol-
mogorov’s and Arnol’d’s conditions also appear in the context of averaging. In a
perturbation of Equation (3.1), the action variable I may change, albeit much more
slowly than the angle variable 6. The trajectory of the perturbed system can be well
approximated by a trajectory of the flow averaged over the angle (fast) variable, as
long as the system does not spend too much time close to the resonances. The non-
degeneracy conditions above ensure that the volume of points close to the resonances
is small.

Kolmogorov’s condition is stronger than the condition of Theorem 3.3: for any
fixed ¢ € Z4\ {0}, Kolmogorov’s condition imply that the level set {d(&, v) = 0} is
an hypersurface, and thus has zero Lebesgue measure. However, the weaker Arnol’d
condition is not sufficient, as it does not rule out all resonances; for instance, a
non-vanishing flow on a circle satisfies Arnol’d condition.

3.2. Genericity

We check in this subsection that the sufficient condition in Theorem 3.3 is
C"-generic for all r € [1,400]. Given a C" affine tori bundle 2, we begin by
endowing the space of C" compatible flows with a topology.

Let r € [1,+0o0], and m : Q@ — M be a C" affine d-dimensional tori bundle over a
manifold M. Let (U;);cr be a locally finite open cover of M with trivializing charts
wi » Ug — W; C R™ Let (K;);er be a cover of M by compact sets subordinated
to (Us)ier-

Denote by F"(M,R%) the set of C" compatible flows on Q. For each v € F"(M,R%),
there is a unique family of function (v;);e; which generates the flow, where each
v; belongs to C"(U;, R%). A sequence (v,) of elements of F"(M,R?) converges to
v € F'(M,RY) if, for all i € I, all the derivatives of (v, ;)0 (up to order r) converge
to those of v uniformly on each K;. This topology does not depends on the choice
of the charts (U;);c; nor on that of the compacts (K;)ics, and makes F"(M,R?) a
Baire space.
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PROPOSITION 3.5. — Let r € [l,+o0]. Let m :  — M be a C" affine
d-dimensional tori bundle over a manifold M.

For a Baire generic subset of compatibles flows in F'(M,R?%), the dynamical
system (2, i, (g¢)) exhibits Keplerian shear for all absolutely continuous compatible
measures fi.

Proof. — We use the criterion of Theorem 3.3. It is enough to prove that, for all
€e€74\ {0} and alli € I:

Agi = {v € FI(M,RY) : Leb({d(¢,v:) =0} N K;) = 0}

is Baire generic. But Ag; = U,>1 N1 Beijnm, With:

Beinmm = {v € F'(M,R?) : Leb ({|d(,viop; )| <1/m} ngi(K:)) > 1/n}.
All is left is to prove that M,,>; Beinm is meager. Note that:

Bﬁc,i,n,m =
{v € F7(M,R%) : Leb <{Hd<§,vi oo h|| > 1/m}ﬁgpi(Ki)> > Leb(gpi(Ki))—l/n}.

Let v € B§; ,, ,,- By inner regularity of the Lebesgue measure on ¢;(Kj;), there exists
K' C K; compact such that [|d{¢,v; 0 ¢; || > 1/m on ;(K') and Leb(p;(K')) >
Leb(p;(K;)) —1/n. By compactness, if v/ is close enough to v, then ||d{(£, v} o ;)| >
1/m on ¢;(K'), and thus v' € B¢, .. Hence, each By is closed. We only need
to show that the sets ,,>1 B¢ inm have empty interior.

Fix £ € Z2\ {0}, i € I and n > 1. Let x; € C"(V,[0,1]), with Supp(xi) C Vi
compact and x; = 1 on p;(K;). For t € R, let v(t) be defined on (U, ¢;) by:

vi(t) o i () := v; 0 @ () + twrx ()€,
and on (Uj, ¢;), with j # i, by:
v;(t) o 80;1(95) = 1v;0 80;1(35) +trix; 0 ;o 90;1(53)1UmUj (7) Ay, u; (&)
Then lim; o v(t) = v in F"(M,R%). On ¢;(K;), we have y; = 1, therefore:
d(&, vi(t) 0 ;") = d(&,vi(0) 0 ;") + t]|€]7 e,

with e} = (1,0,...,0). By the pigeonhole principle, for all m > 1, at least one of the
functions v(2k/(||€]|* m)), with 0 < k < [nLeb(p;(K;))], belongs to B¢ i pm- Thus

there exists a sequence (t,,)m>1 such that v(t,,) € B¢, , ,, and lim,, ;o t,, = 0. This
finishes the proof. 0J

Remark 3.6. — If Q = M x T? and r > 2, we can conclude using the (well known,
but more difficult to prove) fact that a generic function in C"(M,R) is Morse.

3.3. Examples

The simplest non-trivial example of Keplerian shear is given by the map
11
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acting on T? = {(x,y) : z,y € T}. This transformation preserves the Lebesgue
measure, as well as all the circles T x {y}. Keplerian shear is rather easy to prove®
as there is no need to play with charts; one can use directly the Fourier basis on
IL?(T?, Leb), which behaves well under T'. A slightly more sophisticated version of
this argument is used in Sub-subsection 3.5.1 to compute the speed of decay of
correlations.

All systems are not that simple. Besides genericity, Theorem 3.3 provides a useful
criterion to prove that a given dynamical system exhibits Keplerian shear. We now
use it to prove Keplerian shear for two dynamical systems: the billiard in the unit
ball Bp C RP, and the unit speed geodesic flow on T? (with the flat metric).

3.3.1. Billiard in a ball

Let Bp be the unit ball in RP, with D > 2. Consider a particle moving with unit
speed in Bp, which reflects specularly on the boundary Sp_;. The phase state is an
orbifold T*Bp, and the flow (g;);cr preserves the Liouville measure pp (which here
is essentially the Lebesgue measure on Bp X Sp_1).

PROPOSITION 3.7. — The dynamical system (T'Bp, jip, (9¢)ter) exhibits Keple-
rian shear.

Proof. — If we exclude trajectories which go through the origin, any given trajec-
tory lies in the unique plane generated by the center of the ball, the position and
the speed at any given time. Restricted to any such plane, the billiard is isomorphic
to the billiard in Bs,. Since a disjoint union of systems with Keplerian shear still has
Keplerian shear, it is enough to prove that (T Bs, ui2, (g:):cr) has Keplerian shear.

The space T'B, is 3-dimensional. The angle § € (—n/2,7/2) with which the
trajectories hit the boundary is an invariant of the flow. Hence, (T By, f12, (gt )ier)
is isomorphic to (€, i, (G¢)ier), Where:

e Q= (—7/,7m/2) x T?:
o /i =2""cos(f)dd ® Lebre;
e 5,(0,x) = (0, +tv(0)),

and v(f) = 2cos(#)(1,1/2 — 6/x). In particular,

v'(0) = —2sin(0) ( ) +11 cot(9)> .

1

2
For all £ € Z?\ {0}, the function (¢, v’) is analytic and non-zero, and thus its zero set
is discrete. By Theorem 3.3, the system (T Bs, o, (9¢)tcr) has Keplerian shear. [J

A similar proof applies to the billiard in an ellipsoid, or the geodesic flow on a
non-spherical ellipsoid.

(3) This example has been used with some success by the author as an exercise in a graduate-level
course in ergodic theory.
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3.3.2. Geodesic flow on the torus

The second example we discuss is the unit speed geodesic flow on the torus T¢,
with d > 1. This flow, again, preserves the Liouville measure.

PROPOSITION 3.8. — The dynamical system (T'T¢ Liouv, (g;);cr) exhibits
Keplerian shear.

Proof. — The manifold T'T¢ is trivializable, and thus isomorphic to T¢ x Sy_;.
The geodesic flow (g;)cr acts on TTTY by:

gi(z,v) = (x + tv,v).

Let £ € Z%\ {0}. Then d{¢,v) vanishes at only two points, which are +¢/||¢||. By
Theorem 3.3, the system (T'T?, Liouv, (g;);cr) has Keplerian shear. O

3.4. Unique ergodicity

In this subsection, we describe the relation between Keplerian shear and the unique
ergodicity of a transformation acting on spaces of probability measures, as introduced
by F. Maucourant [Maul7]. We drop the assumption that the function v generating
the flow be C!: here, continuity is enough.

3.4.1. Definition and relation with Keplerian shear

Let m : Q© — M be a compact affine tori bundle, (g;) a compatible flow on €2,
and v € P(M). Denote by P, C P(2) the subspace of probability measures i
such that 7.1 = v, and by v ® Leb the unique compatible measure on €2 such that
(v ® Leb) = v.

Let Gy := g4, act continuously on P(£2), which is compact when endowed with
the weak convergence. Since the flow is compatible, (G;) preserves P,, which is also
compact. Note that v ® Leb is a fixed point of (Gy), s0 d,greb is (Gy)-invariant.

THEOREM 3.9. — Let m: Q — M be a compact affine tori bundle. Let (g;) be a
compatible flow on Q. Let v € P(M).

The system (2, v®Leb, (g;)) exhibits Keplerian shear if and only if Gy(j1) — v®Leb
for all i € P,. Then (P,, (G,)) is uniquely ergodic.

Proof. — Let m: Q@ — M, (¢;) and v be as in the hypotheses of the Theorem 3.9.
First, we assume that (£2,v ® Leb, (¢¢)) exhibits Keplerian shear. We can find a
countable cover of M by disjoint open charts (U;);es, up to a v-negligible subset.
Then all (U; x T? vy, @ Leb, (g;)) exhibit Keplerian shear.

Let p be in M(U; x T%) with mu = v|p,. Endow U; with any bounded Riemannian
metric, and T with a flat metric. This yields a Riemannian metric on U; x T¢ (e.g.
the product metric), from which we get a Wasserstein distance dy,, which metrizes
the weak convergence.
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We denote by #* the fiberwise convolution on each torus. Fix ¢ > 0, and let p.
be an absolutely continuous measure supported on Bra(0,¢). Then dy (p., ) < €,
whence, for all ¢:

dw (Gi(p* pe), Ge(p)) = dw (px Gi(p:), 1 * Gi(do)) < €.

On the other hand, p * p. < vy, ® Leb and 7, (i * p.) = v. As we see by inte-
grating against test functions, Keplerian shear implies that G,(u * p.) — vy, ® Leb
weakly. In particular, dw (G(1 * ps), vju; ® Leb) < ¢ for all large enough ¢, whence
dw (Gi(p), vy, ® Leb) < 2e. As this is true for all € > 0, we get G¢(i) = vy, ® Leb.
Since this is true for all i, Gi(u) — v ® Leb for all u € P,. Hence, (P,,(G;)) is
uniquely ergodic.

Assume now that G(u) — v ® Leb for all u € P,. By [Maul7, Theorem 1}, ¢,
is asynchronous, so the set of points z of M such that (g;) acts on {z} x T by an
irrational translation has full v-measure. Hence, the invariant o-algebra is 7*B,,.

Let (U;)ier be an open cover of M by charts. Let f € C(2,C). Let i € I and
p(z,y) = a(z)b(y) on U; x T?, for a € C.(U;,R%) and b € C(T% R%) such that
Jrab dLeb = 1. Take p = 0 on 7 (Uf) and a = 0 on Uf. Let p be the probability
measure on 2 defined by -1,y = vy, @ (b dLeb) and pyr-1p,)e = vye ® Leb.
Then 1 € P, and, for all ¢:

/Qfogt-pdz/®Leb:/Uifa-gt*(uUi@deeb):/Qfa-Gt(u).

By assumption, G;(u) converges weakly to v ® Leb, so the quantity above con-
verges to:

/Q fa dv @ Leb = E gren(Evgren (f1Z)EvgLen(pZ))-
By Lemma 2.1, (2, ¥ ® Leb, (g;)) exhibits Keplerian shear. O

Remark 3.10 (Keplerian shear is stronger than unique ergodicity). —

F. Maucourant gives an example [Maul7] of a compatible flow and a measure v
such that (P,, (G;)) is uniquely ergodic, but the fixed point ¥ ® Leb behaves like
an indifferent fixed point: there are exceptional sequences of times (¢;) for which
Gy, (v ® &) is far from v @ Leb. As a corollary, the unique ergodicity of (P,, (G;))
does not imply that (2, ® Leb, (g;)) has Keplerian shear.

3.4.2. An application : Gauss’ circle problem

The alternative characterization of Keplerian shear given by Theorem 3.9 is also
useful in settings which use non-absolutely continuous measures. Let us give an
elementary application to a variation on Gauss’ circle problem. Let S(z,r) be the
sphere of center z and radius r in R?, with d > 2. Let ¢ € (0,1/2). What is the
number of integral points in an e-neighborhood of S(z,7)?

Let o, be the uniform measure on S(z,7), and @ the canonical projection from
R? to T?. Take Q := Sy_; x T?, with g;(v,y) = (v,y +tv) and v the uniform measure
on Sg_1. Let f(y) := L}y« on T<. Then:

oor ({y €RY: d(y, 2%) < e}) =(w.00,) ({y € T2 d(y,0) < £}) =Gu(v@0ie)(f).
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The system (2, v ® Leb, (g;)) has Keplerian shear by Proposition 3.8, so that:
lim o, ({y €R?: d(y,Z%) < e}) = Leb(Bga(0,¢)) = £ Lebg(Bga(0, 1)).

r—-+00

In addition, S(z,r) N B(Z% ¢) consists of finitely many caps, which get flatter as
r increases; the number of integral points e-close to S(z,7) is the number of such
caps. Let us direct these caps by the outward normal at their center. Since the
measure supported by the projection on Sy_; x T? of these caps equidistributes in
Sa—1 x B(0,¢), we get that the average area (for w,o, ) of these caps is equivalent
with:

Average cross-section of Bga(0,¢) &% Leby(Bgra(0,1)) gd-1
Lebg_1(S(0,7)) ~ 2r?1Leby 1(Sqq)  2drd-t

Hence, the number of integral points in an e-neighborhood of S(z, ) is equivalent,
as r goes to infinity, with:
2drdt

cd—1

£?Leb(Bga(0,1)) - = 2edr®™! Lebg(Bga(0,1)) = 2 Lebg_y (S(z,7)).

This stays true if the sphere is replaced by any compact manifold, under non-
resonance conditions which ensure Keplerian shear for the relevant dynamical system.
Note also that for the sphere, by integrating over r, one recovers the more elementary
fact that the number of integral points at distance r from the origin is equivalent to
74 Lebg(Bga(0,1)).

This result is not optimal. For instance, the best known bounds for Gauss’ circle
problem [Hux03] imply that:

18627

Card [Z2 0 (S(0,7) + B(0,))] ~ 4mer + O(ras In(r) 50,

and this error bound holds if the circle is replaced by a closed C? curve with non-
vanishing curvature. The proof of this result, however, requires more technology® .

3.5. Speed of mixing

Keplerian shear is a qualitative property of a measure-preserving dynamical system,

which asserts the convergence to zero on average of the conditional correlations:
(3.2) E(Covi(f1, f2|T)) = E(E faogt) — E(E(?1|Z)]E(f2|1)).
For a mixing system, the o-algebra 7 is trivial, so the correlations E(f,- faog) —
E(f,)E(f2) decay to zero. One cannot expect in general a rate of convergence for
all observables fi, fo € L?; however, it is often possible to get a decay rate for
observables f; and f, which are smooth enough, such a rate of convergence being a
measure of how chaotic the system is. In the setting of Keplerian shear, this motivates
the study of the rate of convergence to zero of the conditional correlations.

In the examples we discuss below, f; and f5 shall belong to anisotropic Sobolev
spaces (or, more precisely, weighted anisotropic Sobolev spaces). The regularity of

(4) Typically, it uses a decomposition of the circle into “big arcs” and “small arcs”, which can also
be used to prove Keplerian shear directly without using the Fourier transform.
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such observables depends on the direction. We refer the reader to the monograph by
H. Triebel for additional information [Tri06, Chapters 5-6]*).

In our setting, we need relatively little regularity in the direction of the invariant
tori: what matters most is the regularity transversally to the invariant tori. This is
not surprising in view of Theorem 3.9, which asserts roughly that E(Cov,(f1, f2|Z))
vanishes, where f; is Lipschitz and f, is e.g. Leb ®dy on M x T?. In this case, fs is
a distribution which is more regular transversally to the invariant tori than in the
direction of the invariant tori.

Instead of working out a general statement, we discuss a few simple systems: the
parabolic automorphism of T? at the beginning of Subsection 3.3, planetary rings,
and the unit speed geodesic flow on T¢.

3.5.1. Transvection on T?

Consider the map

10
(3.3) T = (1 1),

acting on T2, endowed with the Lebesgue measure. Let us define suitable anisotropic
Sobolev spaces. For ¢ € R?, let:

£\ 3

I .

he) = (1+8)" if&#0
1 if 52 = O

For any real number s > 0, let:

HeO(T?) = {f€L2(T2)r 1o = 3 BEZIF ><+oo}.

ce2nz?

The following proposition gives decay bounds on the correlation coefficients for
Sobolev or analytic observables.

PROPOSITION 3.11. — Let f1, fo be in H*Y(T?). Then:

48
‘E(COVn(fb f2|I))‘ < 5 Wllzzsoay 2l mreogre)

If fi and fy are analytic, then there exist constants ¢, C' > 0 (depending on f; and
f2) such that, for all n € Z,

E(Cova(f1, fo[Z))] < Cee".
Proof. — Let fi, f> be in H*°(T?). By Plancherel’s theorem,
E(fi faoT™) = 3 F(&)F(T™),

Eeanz?

(5) A small difference is that our spaces H*Y and H "7 below do not fit exactly in the framework of
Triebel, because the weights do not satisfy the assumptions at the beginning of [Tri06, Chapters 6].
However, one can write for instance H*°(T?) = L2(T!) @ H*°(T?), where L.%(T!) has no effect on
the correlations and H*°(T?) fits into Triebel’s framework.
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so that:

E(Cova(f1, L) = | X FOF(T™)

£€27rZ2
£2#0
S Z Dflhﬂ . |f2h8| oT*™ - h™*-h™* o T*| (£)
ceanz?
£27#0
< ||f1| H#0(T2) ||f2| Hs0(T2) sup {h_s(£>h—S(T*n€)}
§€2ﬂZ2

§2#0

Let & € 2nZ \ {0}. The function & — h™5(&1, &)h (& + nés, &) is maximal for
& = —né&y/2, where its value is (1 +n?/4)7%, so that:

48
[E(Cova(fi, oIT)| < —5 1l o) I1fell reogrsy

The proof for analytic functions is essentially the same. The only remark needed
is that, if f is analytic on the torus, then there exist constants ¢/, C’ > 0 such that

7€) < Cleell. O

Since the bound is quite elementary, this result can be generalized to other classes
of regularity; the speed of decay of correlations will be directly related to the speed
of decay of the Fourier transform of f; and f5. For instance, if f; and f, belong to
the Gevrey class G*(T?) for some s > 1, then their Fourier series are dominated by
a stretched exponential [Rod93, Theorem 1.6.1]. Then, there exist some constants
C, € > 0 such that:

[B(Cova(f1, HIT))| < Cemn™”,

The map T is especially well-behaved: it acts nicely on Fourier series, the system
is smooth, and the shearing (the derivative of v) do not vanish. The estimates of
Proposition 3.11 are thus a best case behaviour, that we do not expect to hold for
more general systems.

3.5.2. Planetary rings

The analysis for the transvection defined at Equation (3.3) can be adapted to
planetary rings, with a few subtleties. Using polar coordinates, the dynamics of
planetary rings can be modeled by the following measure-preserving dynamical
system :

e state space: Q := [a,b] x T!, with 0 < a < ¥;

e invariant probability measure: u := (0> — a?)~*2rdrdf (which is the image of
the uniform measure on the planetary ring by polar coordinates);

o flow: g,(r,0) = (r,0 + Cr—2t) for some constant C' > 0, by Kepler’s third law.
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Then, for any f1, fo € LQ([a bl x Ty),

/fl faog dp = a2 //f17“9f2(r9+07’ 2t)rdrd9

\w

52 a2) /Tl/_, Fi(uw™3,0) fo(u3,0 + Cut)u™5 du d.

The functions fi : (u,0) — w3 fi(u"3,0) and fo : (u,0) — fo(u=3,6) are as
regular as f; and f> respectively. We need to study the decay of the integrals:

/Tl /Rn[b_%a_%wm, 0) f1(u, 0) fa(u, 0+ Cut) du do.

The effect of g, on the second coordinate is a translation proportional to u, as with
the transvection we studied before. We thus introduce a Sobolev space H*(R x T*).

To simplify our analysis, we use a more classical kernel h(&;, &) := /1 + 2. For
f e L3R x T), we define:

2 s
1 lrnr = 3 [ WEXIF2(E) déa,
&2€277
and H*O(R x T') := {f € LAR x TY) : ||fll o0z, < +00}-
The computations in the proof of Proposition 3.11 can be adapted to this setting.
Thus, there exists a constant C(s) such that, for all fi, fo € H*%(R x T!),

[E(Covi(f1, £o/T))] < sz(

If f, or f, is compactly supported in (a,b) x T!, the decay rates are still in O(t=%),
as in Proposition 3.11. Otherwise, if s is too large, the function fi1(, 4« may not
belong to H*(R x T'). In other words, the boundary affects the rate of decay of
correlations.

Let s < 1/2. The continuity of the product of functions belonging to suitable
Sobolev spaces yields:

Hfl]l[a,b]x'ﬂ‘1’

Hence, for any S < 1, there exists a constant C'(.S) such that, for all f; and fo € H %’0,
c(9)

15 Wll o gy 120l 30 gy -

Hfl [a,b] x Tt ‘HsO(Rx'El HfQHHSO (RxT?) -

HSVO(RXTl) < C2<S> HflnH%,O(RXTI) :

[E(Covi(f1, HIT))| <

3.5.3. Speed for the geodesic flow on the torus

The geodesic flow is harder to analyse than the transvection: not only does it lack
its algebraic structure, but the functions (£, v) have vanishing gradient at two points
for any non-zero €. Hence, we cannot expect the same rate of convergence. We use
the stationary phase method to compute the speed of convergence. This yields a
polynomial rate of decay for a large space of observables belonging again to some
anisotropic Sobolev spaces (Proposition 3.12).
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The definition of these anisotropic Sobolev spaces is however slightly more delicate.
Let d > 2 and s > (d — 1)/2. For (k,£) € R x 27Z% let:

(T
+ — a—1 lf 0
h(k,€) = el T §70
1 if&€=0

We see T'T¢ as Sg_; x T¢. Fix a finite open cover by charts (U;, ;) of Sq_1, and
a smooth partition of the unit (x;) subordinated to (U;). For f € L2(Sq_; x T%)),

define:
1A =3 3 [ n

i ¢e2nz?

and H* % (Sq_1 x T?) := {f € L*(Sq-1 x T : |||
we define the Sobolev space H*(S;_1). These spaces do not depend on the choice of
the family of charts and of the partition of the unit.

The following Proposition 3.12 gives decay bounds on the correlation coefficients

. d—1
for observables in H® 2

—

(Fxi) o (o id))| (x,€) dw

i1 < —l—oo}. In the same way,

s

PROPOSITION 3.12. — Let d > 2 and s > (d — 1)/2. There exists a constant C
such that, for all f, f» € H*2 I(Sd L x T ) for allt € R,

(3.4) E(Covi(f1. LIT))] < F 1Al a5

Proof. — In this proof, the letter C shall denote a constant which may change
from line to line, but which depends only on the dimension d and on the parameter s.

Let s > (d—1)/2. Let fi, f5 be in C®(Sq_1 x T¢, C). Denote by f&(z) the Fourier
transform of f;(z,-) evaluated in & € 27Z% By Plancherel and Fubini-Lebesgue
theorems, the conditional covariance is equal to:

E(Cov(fi 2 = X [ @) f)ets da.

I vA
€20

Let us describe the charts we shall use on S;_;. Instead of working with a fixed
atlas, we choose an atlas which depends on the frequency &. By construction of
these atlases, the corresponding Sobolev norms are uniformly equivalent, and this
flexibility makes the use of the stationary phase method easier.

Let x € C*(S4_1,]0,1]) be such that Y = 1 near N := (1,0,...,0) and
x(=7) =1—x(z). Let ¢, : Sg_1 \ {S} = R (vesp. ¢_ : Sq_1 \ {N} — R41) be
the stereographic projection from the North (resp. South) pole.

For all £ € 2774, let R be a rotation which sends £/|£|| to N. Finally, let
Ve + = (p+ o Re)™'. Using the charts ¢¢ +, we get:

FE() £ (1)t E) oy — e (e, + (2)) X o ¢ (2) "
/Sd—l fl( )f2( ) d _/]Rd71 <f1f2) ¢£ ( ) JaC(QOJ_rl)(ZU) d
s (€ e ()>(1—X o~ (x) .
+/IR<d*1 (flfQ) Ve-(w)e Jac(p~!) () d.
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The function 1/ Jac(pz') is in C°(R?!) and the function = +— (£, ¢ +(x)) has
a unique critical point at 0 which is non-degenerate. By the stationary phase
method [Hor83, Chapter 7.7], there exists a constant C' such that:

¢
V ST do| < (e V

+
Rad-1

C

(7555) o ver o 0| 0 0

(ﬁﬁ)owgfzf—mow*

(k)dk]

< ——+ f3 ,
T L
L(Ri-1) < CJf] Hs(Rd-1) 9] Hs(RA-1) whenever
s> (d —1)/2. Hence:
|| \fé\
H5(Sq_1) H5(Sy1
E(Covi(fi, D) <€ 5 3 ) )
e ezl ||f||
€40
O Hflle(Sd 1) Hfz‘HS Sd 1)
| X o | 2L oa
e ceanzd ||§|| ce2nz8 ||f||
€40 €40
Finally, using the charts (U;, ¢;) on Sy_1:
L. A+ IR, o
> o S <Oy /RAT {(f1Xi)°(<Pi ,ld)} (k,€) dk
eeanzd  |I€]] 2 i geanzd 1§11
§#0 E

<CIAl

This finishes the proof of Proposition 3.12 for smooth observables f; and f>. But,
for fixed t, the correlation function E(Cov,(+,-|Z)) is bilinear and continuous from

L2 to C. Since the H*“Z norm is stronger than the L? norm, E(Cov,(|Z)) is also
continuous from H*“Z to C. But C* is dense in H*“Z", so the bound (3.4) actually
holds for any two observables in H s O

—1 .
H> ™2 (Sg—1 XT”!)

Assuming that the observables f; and f> have higher regularity, standard for-
mulations of the stationary phase method yield a higher order development of
E(Cov(f1, f2|Z)) as t goes to infinity.

Assume now that we change the flow on S;_; x T?, for instance by making the
velocity depend on the direction. Then the rates we got in Proposition 3.12 may not
be generic. We shall sketch the difficulties encountered with more general systems.
Let d > 3 and M be a compact connected (d — 1)-dimensional smooth manifold,
and let v : M — R? be smooth. Consider the flow g;(z,y) = (z,y + tv(z)) on
M x T If Dv is never degenerate (which is a C'-open condition on v), then v is an
immersion. If in addition the extrinsic curvature of the immersed manifold is never
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degenerate, then we get rates of convergence as in Proposition 3.12. However, if the
extrinsic curvature is never degenerate, then the Gauss map M — Sy 1 is a local
diffeomorphism, so a diffeomorphism (since d > 3), and thus M is a sphere.

In other words, if M is not a sphere, then we have to deal with degeneracies of the
extrinsic curvature of v(M). If such a degeneracy happens in a rational direction of
R?, then we would get a speed of convergence in O(t~ - ), where r is the corank
of the Hessian in the given direction. If this degeneracy happens in a direction u
which is not rational, then this bound could be improved, although any improvement
would depend on the Diophantine properties of u (the bound getting better if w is
badly approximable by rationals).

For d > 2, the same kind of obstruction may happen for v : S;_; — R?. For
a C3-open set of such functions v, the map v has non-degenerate inflexion points.
Without further argument about the directions these inflexion points occur, this

would for instance yield a rate of decay of only O(t_é) for d = 2.

4. Stretched Birkhoff sums

We present in this sub-section another class of systems which may exhibit Keplerian
shear. The examples of Subsection 3.1 are based on translations on the torus, which
are a family of non-mixing dynamical systems. In this section, the elementary brick
will be given by measure-preserving semiflows, whose speed may vary. The family
of examples we get includes many non-Hamiltonian systems, and the mechanism
behind Keplerian shear is distinct from that of Section 3.

4.1. Setting and main theorem

Let us give ourselves:
e a measure-preserving semiflow (A, 7, (g;)i=0);
e a n-dimensional C! manifold M, with n > 1;
e a measurable function v : M — R%.
With this data we construct a new semiflow (€2, (g;)i>0) with Q := M x A and
g(z,y) = g7 (x,y) = (2, Ju(z)(v)). A measure p € P(2) is said to be compatible if
it is equal to it ® v for some 1 € P(M). Compatible measures are preserved by (gq).
If we take a flow (A,7,(g:)wer) instead of a semiflow, the function v may take
negative values. The following theorem also holds in this alternative setting.

THEOREM 4.1. — Let (£, (9:)i>0) be a semiflow defined as above, with v €
C'(M,R%). Let pu be an absolutely continuous compatible measure. If Leb(dv = 0)
=0, then (2, i, (g¢)1=0) exhibits Keplerian shear.

Proof. — Let Z4 be the invariant o-algebra of (A, 7, (g¢)i=0), and By the Borel
o-algebra of M. Then the invariant o-algebra of (€2, (g:)i=0) is Z := By ® Za.

Let U := {dv # 0} C M. Let (U;, 1;)icr be a countable cover of U by charts, with
@i : Ug — W] C R™ and W/ bounded. Using the local normal form of submersions,
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we assume that v o p;'(2) = 2 > 0. We write 2’ = (2a,...,2,). Let (V;)ier be
a partition of U by open sets, up to a Lebesgue negligible subset of U, such that
V; C U, for all i. We write W; := ;(V}).

We apply Lemma 2.1, with the Banach space B = B* = L%(Q, i), and:

E=F"=
U {f(x,y) = a(pi(2)1)b(pi(z))e(y) = a,b € L? ab € L*(W;, Leb), ¢ € L*(A, D)} :

el

Let us write d(z) := a(p;(2)1)b(p;(z)") for z € U,.
Let (pi)icr be a sequence of positive numbers such that > ;c; p; Leb(W;) = 1. By
Proposition 2.3, without loss of generality, we replace i by fi := >, pioj Lebyw,.
Let f; = djc;, with 7 € {1,2}, be in E. If d; and dy have disjoint support, then
E(fi- faog:) =0=E(fiE(f2|Z)) for all ¢, and there is nothing more to prove. We
assume without loss of generality that the d; are supported by the same open set V;.
Then, for all ¢t > 0:

L frogedn= [ [dds)@) [ exm)es@un) i) da)
=pi /Wi [a1a2](iv1)[b1b2]($/)/Acl(y)@(ﬁzlt(y)) dv(y) dz
=i [ b)) 4 [ anan)(e) [ ea)eaGn)) dity) da,
—p [ b)) do’ [ ) [ )@ ) do di)
For t > 0, let P, : LY(R,, Leb) — IL?(A, 7) be defined by:
PAR)(w) = [ h)al@n(m) ds ¥ he LR, Leb).
Note that :

+oo
/ h(s)ca 0 gy ds
0

P,(h oy =
1R s o

/N

“+oo
L 1) lex 0 Gz ds

+o0o
= [ 1hs)] ds-lleallagany

= HhH]Ll(]RJr,Leb) ) Hc2||]L2(A,D) :

Hence, the family of operators (P;);~o is uniformly bounded. By von Neumann’s
ergodic theorem, for any K > 0,

. . 1 +oo " +o0
lim Pi(1j k) = lim — Tio,x1(5/t)c2(gs(y)) ds = /0 Lo,x(s) ds - E(c2|Za),

t—4-00 t—+oco t Jo

where the convergence is strong in L?(A, 7). By linearity, this convergence holds
when one replaces 1y ) with any step function with bounded support on R.. By
density of step functions in IL!(R, , Leb) and boundedness of (P;);>o, the convergence
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holds for any h € (R, Leb). In particular, taking h = aja,, we get:

i [ (sl exGn () doy = [ lana(@n) des - E(afTa),

t—+o0 Jo

where the convergence is strong in IL?(A, 7), whence:

t£+moo/Qf1 - fa0 g0 dp = p; /Rnfl[blbﬂ(ﬂ?/) da’ - /Oﬂo[alaﬂ(ﬂ?l) dzy - Ep(c1Es(c2|Za))
= By (fiEL(f2]2)). 0

Since the sufficient criterion in Theorem 4.1 is the same as in Theorem 3.3,
genericity follows (as for Proposition 3.5):

COROLLARY 4.2. — Let (A,v,T) be a system preserving a probability measure,
M a n-dimensional manifold (withn > 1). Let r € [1,4+00]. For v € C"(M,R?), let
(2, (g7 )e=0) be defined as above.

For C" generic roof functions v, the system (2, p1, (g} )+=0) exhibits Keplerian shear
for any absolutely continuous compatible measure .

We shall not discuss the speed of decay of correlations for such systems: not only
do the critical points of v matter, so do the decay of correlations on (A, 7, (§t)e=0)-

4.2. Examples

We now discuss some systems to which Theorem 4.1 may apply. To begin with,
some compatible flows on affine tori bundles (see Section 3) fit. Let M be a manifold,
and v € CY(M,R?). If the image of v lies on a line, i.e. v(z) = f(z)vy for some f €
CY(M,R) and vy € R?\ {0}, then Keplerian shear holds as soon as Leb(df = 0) = 0.

If the coordinates of vy are rationally dependent, then the criterion of Theorem 4.1
may hold while the criterion of Theorem 3.3 fails. However, in this case, the tori T¢
can be decomposed into sub-tori T for some d’ < d, which are invariant under the
translation flow by vy. Seeing the whole system as an affine bundle by the sub-tori
T?, the criterion of Theorem 3.3 holds again.

Let us move to another example. A parametrized family of mixing flows exhibits
Keplerian shear, but proving that a specific flow is mixing can be challenging. One
advantage of Theorem 4.1 is that we do not need to look at mixing. For instance, let
M € SL4(Z) be a matrix whose spectrum contains roots of the unit, and no eigen-
value of modulus 1 which is not a root of the unit. Let r € C*(T¢, R?). Define the sus-
pension flow with roof function r as the measure-preserving flow (€2, u, (9¢)ter) with:

o Q= (T? X Ri) g ytr(e)m(M(@))}
o g:l(z,y)] = [(z,y +1)];
e /i := Lebpa ® Lebr, on the fundamental domain

{(x,y) cT? x R, : Ogygr(x)}.
The dynamical system (T¢, Lebra, M) is not ergodic, so (2, i, (g:)scr) is not either.

We want to find a criterion on r ensuring that (€2, u, (¢9¢)tcr) exhibits Keplerian shear.
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Up to taking a finite covering, the map M is conjugated with:

o JTEX TR T Tk
@) = (My(x), Ma(y))

where M, is periodic of period p, M, is hyperbolic, and k is the number of eigenvalues
of M which are roots of the unit (counted with multiplicity). If this covering has
Keplerian shear, then so has the initial map. For z € T¥, let O(z) be its orbit under
the map M. Since M, is mixing for the Lebesgue measure on T¢ %, the map T
restricted to the invariant set O(z) x T?* is ergodic for the Lebesgue measure ju,
on O(z) x T¢* (though not mixing if O(z) is not trivial).

Let us define:

T(r) := /O(x)x'ﬂ‘d—k r dpg
1 1 p—1 ‘
e — / d _ M,L d
Card(@(x)) A(x)XTd—k T(J,’ ’y) Y p ; /Td—k T’( I(IL‘), y) Y,

which, given the left-hand side expression, is a C' function of x € T*.

By the Anosov alternative, either the suspension flow with roof function r over
(O(z) x T* u,, T) is mixing, or it is conjugated with the suspension flow with
constant roof function 7. Let A be the subset of T* corresponding to the first part
of the alternative (mixing suspension flows), and B the subset of T* corresponding
to the second part (non-mixing suspension flows). Note that A and B are both
M;-invariant.

The suspension flow over A x T¢~* has Keplerian shear, since all the systems in
its ergodic decomposition are mixing. Now, let B’ be a fundamental domain for
the action of M; on B. Using the Anosov alternative and B’ x T? % as a Poincaré
section, the suspension flow (g;) over B x T¢"* is conjugated with the suspension
flow over (B’ x T9* Leb,id x M¥) with roof function pF, which depends only on
the first coordinate. Using Theorem 4.1 with v = (pF)~!, we get that a sufficient
condition for (€2, 41, (g¢)ier) to exhibit Keplerian shear is:

(4.1) Leby (dF = 0) = 0.

Finally, let us remark that the suspension flow with base (T?~*, Leb, M) and roof
function R is not the sum of a constant and a coboundary, and thus mixing, for generic
R : T%% — R%. More generally, for a generic roof function r : T4 — R* , the set of
x € T* such that T\o(z)xmé—+ 18 not the sum of a constant and a coboundary has full
Lebesgue measure. This property implies that, for a generic roof function r, almost
every subsystem in the ergodic decomposition is mixing, from which Keplerian shear
follows. What we proved before is weaker (the condition Lebp (d7 = 0) = 0 tells us
nothing about the mixing properties of the subsystems in the ergodic decomposition),
but the criterion of Equation (4.1) is rather easy to check.
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5. Systems without Keplerian shear

While systems with Keplerian shear are abundant in the classes we discussed —
since the conditions in Theorems 3.3 and 4.1 are generic —, we shall finish with
a couple of examples of non-ergodic systems without Keplerian shear. The first is
given by geodesic flows all of whose geodesics are closed, which fall in the setting
of Section 3 but lacks asynchronicity; the second is given by a large class of p-adic
translations.

5.1. Manifolds with periodic geodesics

We shall prove the following:

PROPOSITION 5.1. — Let M be a smooth Riemannian manifold of dimension
n > 1. Assume that all its geodesics are periodic. Let i be an absolutely continuous
probability measure on T*M invariant under the geodesic flow. Then the geodesic
flow on (T'*M, i) does not exhibit Keplerian shear.

This proposition follows directly from a theorem by A.W. Wadsley [Wad75]: if all
the geodesics of a smooth Riemannian manifold are periodic, then the geodesic flow
itself is periodic, which precludes Keplerian shear.

This class of examples includes, for instance, spheres and their finite quotients
(e.g. lenticular spaces), Zoll surfaces, etc. We refer the interested reader to [Bes78,
Chapter 7] for further information on these manifolds.

5.2. p-adic translations

Until now, we have seen classes of dynamical systems for which Keplerian shear is
generic, with the geodesic flow on T''S,, being an exception rather than the rule. As
we shall see now, the situation is completely different for p-adic translations. Recall
that, for p a prime number, the ring Z, is the completion of Z for the p-adic norm. It
is compact, and thus supports an invariant probability, which we shall denote Leb.

We shall see that, when one replaces translations on a torus by translations on
Z,, the system they get typically does not exhibit Keplerian shear. The reason is
that, on Z,, errors do not accumulate: if we change a translation on Z, by a small
quantity, the iterates of the two translations still stay close one to another at all
times.

PROPOSITION 5.2. — Let p be a prime number, d > 1. Let (M,v) be a standard
probability space. Let v : M — (Z,)? be measurable. Let:

T M x (Z,)* — M x (Z,)*
(@) = (z,y +o(x))

Then (M X Z,,v ® Leb,T) exhibits Keplerian shear if and only if v = 0 almost
everywhere.
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Proof. — If v = 0 almost everywhere, then T is essentially the identity, which has
Keplerian shear. Assume that this is not the case. Then one can find A C M, N > 0,
i€{l,...,d}and k € {1,...,p—1} such that v(A4) > 0 and v;(x) = kp" +£(z)p"N !
for all z € A.

Let x be a non-trivial character on Z 7. Let

A x (Z,) —C

f:
(% (Zz>0 ye,ip£)1<i<d> = X (Yn,i)

Then, for (z,y) € A x (Z,)?,
foT™(x,y) = x(yn,i + nk) = x(yn)x (k)"

The function f is non-zero on a set of positive measure, and since x (k) is a non-trivial
pth root of the unit, we get that (f oT™),¢ is exactly p-periodic. Hence, the system
(M x Zy,,v ® Leb, T') does not exhibit Keplerian shear. O
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