ENERGY TRANSFER IN A FAST-SLOW HAMILTONIAN
SYSTEM

DMITRY DOLGOPYAT AND CARLANGELO LIVERANI

ABSTRACT. We consider a finite region of a lattice of weakly interacting geo-
desic flows on manifolds of negative curvature and we show that, when rescaling
the interactions and the time appropriately, the energies of the flows evolve
according to a non linear diffusion equation. This is a first step toward the
derivation of macroscopic equations from a Hamiltonian microscopic dynamics
in the case of weakly coupled systems.

1. INTRODUCTION

One of the central problems in the study of non-equilibrium statistical physics is
the derivation of transport equations for conserved quantities, in particular energy

transport, from first principles, (see [6], and references therein, or [30], for a more
general discussion on the derivation of macroscopic equations from microscopic
dynamics).

Lately several results have appeared trying to bring new perspective to the above
problem in a collective effort to attack the problem from different points of views.
Let us just mention, as examples, papers considering stochastic models [3, 4, 5],
approaches starting from kinetic equations or assuming extra hypotheses [2, 26, 7]
or papers trying to take advantage of the point of view and results developed in

the field of Dynamical Systems [16, 13, 14, 15, 8, 9, 29]. This paper belongs to
the latter category but it is closely related to results obtained for stochastic models
(e.g., [25]).

We consider a microscopic dynamics determined by a (classical) Hamiltonian
describing a finite number of weakly interacting strongly chaotic systems and we
explore the following strategy to derive a macroscopic evolution: first one looks at
times for which we have an effective energy exchange between interacting systems,
then takes the limit for the strength of the interaction going to zero and hopes to
obtain a self-contained equation describing the evolution of the energies only. We
call such an equation mesoscopic since most of the degrees of freedom have been av-
eraged out. Second, one performs on such a mesoscopic equation a thermodynamic
limit to obtain a macroscopic evolution. In particular, one can consider a scaling

Date: April 10, 2011.

2010 Mathematics Subject Classification. 34C29, 60F17, 82C05, 82C70.

Key words and phrases. Averaging theory, Non-Equilibrium statistical Mechanics, Transport,
contact flows.

We thank Gabriel Paternain for suggesting to us reference [10]. C.Liverani acknowledges the
partial support of the European Advanced Grant Macroscopic Laws and Dynamical Systems
(MALADY) (ERC AdG 246953). Both authors warmly thank CIRM, Marseille, that fostered the
beginning of this work by financing our research in pairs. Finally, it is a pleasure to thank the
Fields Institute, Toronto, where the paper was finished.

1



2 DMITRY DOLGOPYAT AND CARLANGELO LIVERANI

limit of the diffusive type in order to obtain a non linear heat equation as in the
case of the so called hydrodynamics limit for particle systems, see [22, 31] for more
details. A similar strategy has been carried out, at a heuristic level, in [19, 20].

The first step of such a program is accomplished in this paper. It is interesting
to note that the mesoscopic equation that we obtain seems to have some very nat-
ural and universal structure since it holds also when starting from different models.
Indeed, essentially the same equation is obtained in [25] for a system of coupled
nonlinear oscillators in the presence of an energy preserving randomness. In addi-
tion, such an equation is almost identical to the one studied in [31] apart from the
necessary difference that the diffusion is a degenerate one. Indeed, since it describes
the evolution of energies, and energies are positive, the diffusion coefficients must
necessarily be zero when one energy is zero.

Since, due to the weak interaction, the energies vary very slowly, once the time
is rescaled so that the energies evolve on times of order one all the other variables
will evolve extremely fast. Thus our result is an example of averaging theory for
slow-fast systems. Yet, in our case the currents have zero average which means
that standard averaging theory (such as, e.g. [18]) cannot suffice. It is necessary to
look at longer times when the fluctuations play a fundamental role. The study of
such longer times can in principle be accomplished thanks to the theory developed
in [12].

Unfortunately, the results in [12] do not apply directly and we are forced to a
roundabout in order to obtain the wanted result. Not surprisingly, the trouble takes
place at low energies. We have thus to investigate with particular care the behavior
of the system at low energies. In particular, we prove that the probability for any
particle to reach zero energy, in the relevant time scale, tends to zero.

The structure of the paper is as follows: section 2 contains the precise description
of the microscopic model and the statement of the results. Section 3 describes the
logic of the proof at a non technical level and points out the technical difficulties
that must be overcame to make the argument rigorous. In the following section
we show how to modify the dynamics at low energies in such a way that existing
results can be applied. Then, in section 5, we investigate the modified dynamics
and show that its accumulation points satisfy a mesoscopic equation of the wanted
type. In section 6 we compute explicitly the properties of the coefficients of the
limit equation for the modified dynamics and in section 7 we use this knowledge to
show that the equation has a unique solution, hence the modified process converges
to this solution. In section 8 we discuss the limit equation for the original dynamics
under the condition that no particle reaches zero in finite time. The fact that this
condition holds in our model is proven in section 9. The paper ends with two
appendices. In the first, for the reader convenience, some known results from the
averaging theory for systems with hyperbolic fast motion are restated in a way
suitable for our needs. The second appendix contains some boring, but essential,
computations.

2. THE MODEL AND THE RESULT

For d € N, we consider a lattice Z¢ and a finite connected region A C Z?. As-
sociated to each site in A we have the cotangent bundle T*M of a C* compact
Riemannian d-dimensional manifold M of strictly negative curvature and the as-
sociated geodesic flow g!. We have then the phase space M = (T*M)" and we
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designate a point as (¢z,psz), * € A. It is well known that the geodesic flows is a
Hamiltonian flow. If we define ¢ : T*M — T'M to be the natural isomorphism de-
fined by w(v) = (i(w),v)q, G being the Riemannian metric, then the Hamiltonian
reads’ Hy = Y ozeA %pi and the symplectic form is given by w = dg A dp.?> Thus,

given x € A, the equations of motion take the form (see [27, Section 1] for more
details)

e = (pz)
(2.1) S

Pz = F(Qwapm) ’

where the F is homogeneous in the p, of degree two. Note that, by the Hamiltonian

structure, e, := %pﬁ is constant in time for each z € A. It is then natural to use the

variables (¢g, Vg, €2), where v, := (p2)~2#(p,) belongs to the unit tangent bundle
T'M of M.> We have then the equations

Gz = V2€30; ,

(22) UI =V 2€mF(q;ﬂ; Uw) P
é, =0,

where F' is homogeneous of second degree in v,.

Next we want to introduce a small energy exchange between particles. To de-
scribe such an exchange we introduce a symmetric, non constant, function (poten-
tial) V € C>°(M?% R) and, for each ¢ > 0, consider the flow g determined by the
Hamiltonian H, = %pi +5 Z|x7y‘:1 V(gz,qy), that is by the equations

dz = 4(pz)
Dy = F(Qxapx) — € Z dqzv(qgcaQy)-
ly—z|=1
Or, alternatively,

Qm = V2ezv,

ijz =V Qea:F(Qsz'Uw) + L

(2.3) J2en > {valaV = Vo, V(g ay)}

ly—=|=1
ey = —ev/2ey Z L,V,
|lz—y|=1
where (VV,w)¢ = dV (w) and
(2.4) L, = Umaqx + F(qwavx)avx

denotes the generator associated to the geodesic flow of the x particle on T7 M.

1By pg we mean <i(pz),i(pz)>g<qm) = (pz,pz)é where G = i+ (G).
2To be more precise, given the canonical projection m(q,p) = ¢, first define the one form,
on T(T*M), w(lq p)(ﬁ) = p(dn(¢)). Then w := —dw!. Given coordinates g on U C M and

using the coordinates p for the one form p = -, p; dq; € T*M, we have wl = >, p;dg; and
w =Y, dq; N dp;, as stated.

3Clearly e, is the (kinetic) energy of the geodesic flow at .

4In the interacting case one could chose to include the interaction in the energy and define
€S = %p% + £ 2 js—y|=1 V(4z,qy)- This is the choice made in [25]. Yet, in the present context
lex — €S| < |V]oog, hence the actual choice is irrelevant in the limit £ — 0 and e, turns out to be

computationally simpler.
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We will consider random initial conditions of the following type

E(7(4(0), v(0)) = / (@, 0)pla,v)dm, Vf € COU(T M) R)

(2.5) (Ty M)A

e, (0) = E, > 0,

where m is the Riemannian measure on (73 M)* and p € CL.

Since the currents L,V have zero average with respect to the microcanonical
measure, one expects that it will take a time of order e~2 in order to see a change
of energy of order one. It is then natural to introduce the process e,(¢72t) and to
study the convergence of such a process in the limit ¢ — 0.

Our main result is the following.

Theorem 1. Provided d > 3, the process {e,(e7%t)} defined by (2.3) with initial
conditions (2.5) converges to a random process {E;(t)} with values in R} which
satisfies the stochastic differential equation

A€, = Y a(&&)dt+ > V2B(E.,E,)dBay

(2.6) lz—y|=1 le—y|=1
where By, are standard Brownian motions which are independent except that
By = —By,.

The coefficients have the following properties: 3 is symmetric and a is antisym-
metric; 3 € C°([0,0)%,R) and B(a,b)? = abG(a,b) where G € C*((0,00)?,R4)N
C((0,00) x [0,00),R) and G(a,0) = A(2a)"2 for some A > 0. Moreover,

d—2

(2.7) a= (0, —0s,)B° + ?(551 -&,18%

In addition, (2.6) has a unique solution and the probability for one energy to reach
zero in finite time is zero.

Remark 2.1. A direct computation shows that the measures with density hg =
d_
[Loea &2 Ye=BE: are invariant for the above process for each B € R,. Indeed,

using (2.7), we can write the generator of the process (2.6) in the simple form

1
L=—— > (9, — 0¢,)ho*(0s, — O¢,)

from which the reversibility of the generator is evident.

Remark 2.2. The case d = 2 is harder because the second term in (2.7) (which
otherwise would give the main contribution at small energies) is zero. We believe
the result to be still true,” but a much more detailed (and messy) analysis of (2.6)
is needed to establish it. As this would considerably increase the length of section
9 without adding anything really substantial to the paper, we do not pursue such
matter.

Remark 2.3. Note that if we could apply [31] to perform the hydrodynamics limit,
then we would obtain the heat equation. Unfortunately, (2.6) does not satisfies the
hypotheses of Varadhan’s Theorem on several accounts; the most relevant being that

5That is the fact that zero is unreachale.
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the domain where the diffusion takes place is not the all space and a,B3 vanish
one the boundary of the domain. This is unavoidable as the energy is naturally
bounded below. Nevertheless, the results of this paper can be considered as a first
step along the bumpy road to obtaining the heat equation from a purely mechanical
deterministic model.’

Remark 2.4. As a last remark, let us comment on the choice of Z¢. This is done
just to simplify notations: our arguments are of a local nature, hence the structure
of Z% does not play any role in the proof. In particular, one can prove, with exactly
the same arguments, the following extension of our result.

Consider a loopless symmetric directed graph G determined by the collection of
its vertezes V(G) and the collection of its directed edges E(G).” At each vertex v €
V(G) we associate a mizing geodesic flow as before, consider then the Hamiltonian

He= Y %pfﬁg > Vi(GersGen):

veEV(G) (e1,e2)€E(G)

We then have the exact analogous® of Theorem 1 for the variables {€}vev(c) with
the only difference that the limiting equation now reads

A€, = Y alEnE)dt+ Y V2B(E,E4)dB )

(2.8) (v,w)EE(G) (v,w)EE(G)
&,(0)=E, >0,

where again for each e € E(G), the B are independent standard Brownian motions
apart form the fact that By w) = —B(w,v)-

An interesting application of the above Remark is the case where G is a complete
graph (i.e. E(G) = {(v1,v2) : v1,v2 € V(G)}) in which case all particles interact
with each other.

The rest of the paper is devoted to proving Theorem 1. Before going in details we
explain exactly how the various results we are going to derive are collected together
to prove the Theorem.

Proof of Theorem 1. Fix T > 0 and let P, be the probability measure, on the
space C°([0,T],R}), associated to the process {e;(e7%t)}iejo,r) defined by (2.3),
P. 5 to the one defined by (4.1), Ps the one associated to the process {e*®} with
z(t) defined by (7.2) and P the one defined by (2.6). Also, let Q5 = {75 > T}
where 75 = inf{t € Ry : mingep &:(t) < d}. By construction, for each F € C?,
Ee. (Flo;) = Ee. ;(Fla,), Eg, (F 1o,) = Ep(F 1g,).

Proposition 7.4 implies that P, 5 = If"(; and, since ()5 is a continuity set for ]P’(;,
lime 0 Pe,5(Qs) = Ps(§25) = P(Qs).

60ne could object that geodesic motion in negative curvature is not really mechanical. Yet, it
is possible to construct a bona fide mechanical system which motion is equivalent to a geodesic
flow in negative curvature [23]. In any case, by Maupertuis’ principle, any Hamiltonian system
can be viewed as a geodesic flow, possibly on a non compact manifold.

"Directed means that the edges ¢ € E(G) are ordered pairs (e1,e2), e; € V(G), which is
interpreted as an edge going from e; to es. Symmetric means that if (e1,e2) € E(G), then
(e2,e1) € E(G). Loopless that, for each a € V(G), (a,a) € E(G). This abstract setting reduces
to the previous one if we choose V(G) = Z¢ and E(G) = {(x,y) € Z¢ x Z? : |z —y| = 1}.

8In particular the condition d > 3 refers to the manifolds M not to the lattice or graph.
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Next, Lemma 9.1, based on estimate (8.1), tells us that lims_,o P5(92$) = 0. Thus
lim lim P.(Q§) = 0.

6—0e—0
Hence P. = P. The informations on the coefficients follow by collecting (8.3), (2.7)
(proven in Lemma 8.1), Lemmata 6.1 and 6.3. Finally, the uniqueness follows from
standard results on SDE and the unreachability of zero (Lemma 9.1). O

3. HEURISTIC

Let us give a sketch of the argument where we ignore all the technical difficulties
and perform some daring formal computations.

If we could apply [12, Theorem 7] to equation (2.3) we would obtain a limit-
ing process characterized by an equation that, after some algebraic manipulations
detailed in section 7, reads’

(3.1) A€, = > a(&&)dt+ > V2B(Es,E,)dBay
|z—y|=1 lz—y|=1

where 5(&;,&y) = B(Ey, &) is symmetric and B, = —B,, are independent stan-
dard Brownian motions. The marginal of the Gibbs measure on the energy variables
reads

d_
dug = [[ €27 e PE=de, =: hg N, déa,

for each 8 € [0,00). Hence we expect such a measure to be invariant for (3.1).
Even more, on physical grounds (see Lemma 7.1) one expects the process (3.1) to
be reversible with respect to this measures. A straightforward computation shows
that the generator associated to the above SDE reads

1
L= > ande +5 Y, B0, —0,)"

|z—y|=1 |z—y|=1

where a,, = a(&:,&y), By, = B(Ex,Ey). The adjoint with respect to o reads

. d+1, . _
L= Z {_a$y+2(8x1_gy 1)ﬂiy+(85m_a€y)ﬁiy}6€m

le—y|=1
1 2 2 1
+§ Z ﬂzy(a& _6£y) - hio Z 851,(}10%1/)
Je=yl=1 ja—y|=1
1 2
* To‘ Z| 1(a£m ~ 0e,)"(hoBay ).
r—y|=

Computing what it means £ = L£* implies (2.7).
Remark 3.1. Note that, as expected, @y = —y,. Thusd) &, = 0.

Going to a bit less vague level of analysis, one must notice that since £, > 0,
the diffusion equation (3.1) must be degenerate at zero, also it is not clear how
regular the coefficients a, 3 are. Hence, a priori, it is not even obvious that such
an equation has a solution and, if so, if such a solution is unique. To investigate
such an issue it is necessary to obtain some information on the behavior of the
coefficients at low energies.

9See Appendix A for a precise statement of the results in [12] relevant to our purposes.
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To this end one can use the explicit formula given in [12, Theorem 7] for the
diffusion coefficient. This allows to verify that the coefficients are smooth away
from zero. An explicit, but lengthy, computation yields, for £, < &,,

8, = ’;2% vo(ete)

(3.2)

Qpy = —F—
Y2,/28,

o (45,
g?!

see Lemma 8.1 for details. Thus, in particular, a,,&,; = %,Biy + o(ﬁiy).

We will see in section 9 that such a relation, provided d > 2, suffices to prove
that the set {(&;) : [], & = 0} is unreachable and hence to insure that equation
(3.1) has a unique solution.

In the rest of the paper we show how to make rigorous the above line of reasoning.

4. A MODIFIED DYNAMICS

Since the geodesic flows on manifolds of strictly negative curvature enjoy expo-
nential decay of correlations [24, 11] we are in a setting very close to the one in
[12], i.e. we have a slow-fast system in which the fast variables have strong mixing
properties.

Unfortunately, the perturbation to the geodesic flows in (2.3) it is not small
when e, = O(e), so at low energies one is bound to lose control on the statistical
properties of the dynamics. The only easy way out would be to prove that the
limit system spends very little time in configurations in which one particle has low
energy.'’ If this were the case, then one could first introduce a modified system
in which one offsets the bad behavior at small energies and then tries to remove
the cutoff by showing that, in the limit process, the probability to reach very small
energies is small. We will pursue precisely such a strategy.

We now define the modified process. Since our equations are Hamiltonian with
Hamiltonian H = > %p% + %Elmfylzl V(qz,qy), the simplest approach is to
modify the kinetic part of the Hamiltonian making it homogeneous of degree one at
low velocities and decreasing correspondingly the interaction at low energies. More
precisely, given any two functions ¢, ¢ € C*° (R4 \{0},R), consider the Hamiltonians
Hpp =3 renPl€x) +5 22,y =1 ¢(ex)d(ey)V (dx, qy), which yield the equations of
motion

Gz = ‘Pl(ex)i(px) +e€ Z ¢/(ex)¢(ey)V(Qx;Qy)i(px)

le—y|=1
Do = ¢ (€x) Fguspe) ¥ Y ¢ (en)dley)V(ae: 0y)F(dn, o)
lo—y|=1
—e Y lea)dley) dg,V
ly—z|=1
€y = —€ Z dlex)o(ey) dg,V(i(pa)),
ly—z|=1

10, investigate low energy situations directly for the coupled geodesic flows seems extremely
hard: when the kinetic energy is comparable with the potential energy all kind of uncharted
behaviors, including coexistence of positive entropy and elliptic islands, could occur!
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with F has in (2.1)."" Which, in the variables (¢, vz, €, ), reads

= V20 (ea)va +e Y V2e: (e2)dley)V (qr, @y)vn

|z—y|=1
Vg (ew)\/QewF(QwaUa: +5{ Z ¢ eac 61/ V2e,V qgc7Qy) (Qwvva:)
(4.1) le—y|=1
' P(ex)o(ey) d(ex)d(ey)
—F—=V,.V " dg. V(0
Iyzw:—l 2 wt yzwlj—lv 2¢ )
Z o(ex)p(ey)Vv2ey dg, V(vyg),
ly—z|=1
with F' as in (2.2).
Since 4v2 = ¢(v? 1) —amt %\/%(fy)dqwi/(vm), the manifold v2 = 1 is an

invariant manifold for the equations (4.1), thus such equations determine a flow in
the variables (¢;,¢ex) = (qu, vz, €2) € TEM X Ry
Finally, we chose ¢ = s and ¢ = ¢4 such that, for all § > 0,

s ifs>0 1 1 ifs>9
4.2 = - ; == B
(42 wale) {2\@ irs<t 0 PYTEE {ﬁ ifs <4,

where ¢s is increasing.

We denote the solution of the above equations (4.1) with initial conditions (&, e)
by (£7°(t), e ().

Our goal is to apply [12, Theorem 7] to the flow (£59(t), €52 (1)), see Appendix A
for a simplified statement (Theorem A.1) adapted to our needs. Before discussing
the applicability of this a Theorem, there is one last issue we need to take care of:
the equation for e is clearly degenerate at low energies, this is related to the fact
that the energies in (4.1) are strictly positive for all times if they are strictly positive
at time zero.'? This may create a problem in the limiting process that is bound
to have a degenerate diffusion coeflicient. To handle this problem it turns out to
be much more convenient to use the variables z, = Ine,. In this new variables we
finally have the equations we are looking for

G =wseut 5 Y GV (ge 1)

le—y[=1
o = w5(22) Pl 02) + 5 | 2 G0V (G ) F )
T—yY|=
e Zz
4.3 ——= Y e T hs(e*)s(€7) Vg, V(s ay)
(4:3) ﬂly z|=1 q '
75 2 we T os(e)on(e )LV (6. 6)
Iy z|=1
o= —eV2 Y e T o)) LoV (Ens ),
ly—z|=1

11By dgq, V we mean the differential of the function V' (-, qy) for any fixed gy.
12Indeed, the equation for the energy can be written, near zero, as éz = —cexGexy,§), where
G is a bounded function, hence the solution has the form e (t) = ez (O)e_sfg Glesta(s),6(s))ds
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Where L, is as in equation (2.4) and

) V2e3 if z>1Ind

— V23 () = -

ws(2) = V2e2 (e?) {\/ﬁ if 2<Ind —In8

(4.4)
0 if z>1nd

_ 24 (e%) = B
(5(2) = V2e2 gf5(e?) {\/12? if 2z<Ind—1In8

Remark 4.1. Note that we can chose ws > Vo and ¢ > 0 decreasing.”® In
addition, it is possible to arrange that |ws|cr(r, r) < Crel, where I, = (—00,2L),

' _l, foreachr e NJL,§ € Ry. We will assume such properties
in the following.

Since the total energy is conserved, we can consider equations (4.3) on the set
(T*M)* x (—o0, L]* for some L > 0. Hence, by the above remark together with
the (4.2), the vector field in (4.3) has bounded C” norm, as a function of z, z, ¢, for
each r € N.

Lo 760008 = £ Pl 2) = 640,540, nd
(15) %620 = VE[ S e O LV (€ (0.5

|z—y|=1

then
(4.6) Fos(€2) = (F(€ 2,0), 2 4+ 240(6,2,9))

Lemma 4.2. Setting Fg(aﬁ,z,e) = F, 5(z,z) we have, for each é € (0,1),L > 0,
F(; S COO((TlM)A X (—OO,L]A X [O, 1]), and ||A§(, -,&‘)”CT((TlM)AX(,OO’L]A) < Cr’(;,
for each r € N e € [0,1]. In addition, for each B € Ry, the probability measure

dpisep = Z5'e Pt o 55 dgdvdz

Hés q,I/Z Z‘Pts ZI +7 Z (bé ZI Z) (qil?7qy)

TEA \m y|=1

is invariant for F. 5. Moreover, for each z € R and sub-manifold ¥ = {z, = z, },
the Dynamical System (Xz, Fo.5) has a unique SRB measure (5.

Proof. The first part of the statement follows from Remark 4.1 and subsequent
comments together with standard results of existence of solutions and smooth de-
pendence on the initial data from O.D.E.. The bound on A° is then immediate
from formula (4.5).

By the Hamiltonian nature of the equations (4.1) the measures

dusp = Zgz ' e Mesos dgdp

are invariant for the associated dynamics for each 8 > 0. By changing variables we
obtain the statement of the Lemma.

Finally, calling i the Riemannian measure on T'M we have that p; = @ is
a SRB measure for the map & — f5(§, z,0), which turn out to be the product of

13Indeed,

. J ¢s(Inz)
¢5(8)71 /min{s,ﬁ} \/ﬂ e

Remark that once (s is chosen all the functions are fixed.
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the time ws(z,) maps of the geodesic flow on T'M. The uniqueness of the SRB
follows by the mixing of the geodesic flows [I] and the fact that the product of
mixing systems is mixing. O

5. EXISTENCE OF THE LIMIT: ¢ > 0

We are finally ready to consider the limit € — 0, for the modified dynamics.
Proposition 5.1. For each § € (0,1) there exists €5 > 0 such that the Dynamical
System defined by (4.6) satisfies the hypotheses of Theorem A.1 for e € [0,¢5].

Hence, the family 25°(s=%t) is tight and its weak accumulation points are a
solution of the Martingale problem associated to the stochastic differential equation

dz® = al(2°)dt + Z Ugy(z‘s
y

(5.1)
zi(O):Zx
where
AL((FO)™ (&, 2,0) A5 (€, 2,0)dy
%/TIM)A (€20 43¢, 2, 0)dn
ps(e*)ps(e*)ps (e )ps(e*)
(5.2) =2 [ dt TN
[oo |m§_l e 2z
ly—w'|=1

X E (L V(€2 (8), €57 (8) - Ly V (&, €ur)) -
Here E is the expectation with respect to p, and ||a’|lco + ||(0°)?]|¢1 < co.

Proof. First of all notice that the hypotheses on the smoothness of F, s and the
boundedness of A° are insured by Lemma 4.2. Next, notice that Fys5(&,2) =
(f3(6),2) with f2(€), = ¢g*(*)(&,), where g is the geodesic flow on the unit
tangent bundle 7'M, thus the f° are FAE.!

Also we have that p,(A%(-,2,0)) = 0. This follows by considering the transfor-
mation ©(q,v) = (¢, —v). Indeed O p1, = p. while, the flow U} _ associated to (4.3)
satisfies “I]g,s 0O =00 \I/gz On the other hand, using the antisymmetry of L,V
with respect to v,

1
A%(8(6),2,0) = - V2 D e Tos(e)gs(e) LV 0 Wi 0 O(¢)dr
—yl=1

1
V2 [F e E ol one LY o W5 (e

|z—y|=1

= — A3(¥54(6),2,0).

Thus g, (Aé('v z,0)) = MZ(A(S(@(')’ z,0)) = *Nz(Aa(\I/;é(')’ z,0)) = */LZ(A%" z,0)),
by the invariance of the measure.

The last thing to check is the uniform decay of correlation. Since ws > V9, the
results in [11, 24] imply'® that the f, are FAE with uniform exponential decay of

l4FAEs are defined in Appendix A. In our case, the abelian action is the one determined by
the geodesic flows themselves, X ;cagti.
15[ ] proves the exponential decay of correlations for geodesic flows on negatively curved

surfaces, [24] extends the results to any negatively curved manifold.
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correlation. In fact, in Theorem A.1 the decay of correlations is meant in a very
precise technical sense. To see that the results in [24] imply the wanted decay we
must translate them into the language of standard pairs in which it is formulated
Theorem A.1. Let us start by stating the result in [24]: let g* be the time a map
of the geodesic flow on the unit tangent bundle. For each smooth function A let
lAlls = [|Alleo + ||0° Al Where O is the derivative in the weak stable direction.
Then there exists C,c > 0 such that, for each z and p, A € C', holds true

(5:3) [E(p- Ao g®) —E(AE(p)| < Clpllc[|Allse".

Since, setting f2(¢) = f‘s(ﬁ,zﬁ)7 8 = x,g*°*) and ws is uniformly bounded
from below, for E(A) = 0, it follows (suppressing, to ease notation, the superscript
6) 16

(5-4) [E(p- Ao f7)] < ClA[lIpller[[Allse™*".

To see that this is stronger than needed, consider a standard pair £ = (D, p).'”
One can smoothly foliate a € neighborhood of D and define a probability density pe
supported in it such that ||pc||c1 < Ce™2, while ||p:|lc: < C when p. is restricted to
a leaf of the foliation. Thanks to the a-Hdélder regularity and the absolute continuity
of the weak stable foliation, one can take p. so that

[Ee(A) — E(p. A)| < Ce®| Al
Accordingly,
[E¢(Ao fI)] < [E(pe - Ao f2)] + Ce[|Ao s < O {e™ e + e} || A,

acan

< Ce™ 2 || Aller,

where, in the last equality, we have chosen ¢ = e~ *ta. Thus, all the hypotheses of
Theorem A.1 are satisfied and (5.2) follows by a direct computation. O

By Theorem A.1(b), in order to prove that 2(¢~2t) has a limit it suffices to
prove that (5.1) has a unique solution. This would follow by standard results if
we knew that a’ is locally Lipschitz. In fact, [12] provides also an explicit formula
for a®. Unfortunately this formula is much more complex than the formula for the
variance and is quite difficult to investigate. We will avoid a direct computation of
as and we will instead use the knowledge of the invariant measure to determine it.
Before doing that a deeper understanding of the variance is required.

6. COMPUTING THE VARIANCE

Let g be the geodesic flow on the unit cotangent bundle of M. As already noted,
for each function h, h(€29(t)) = ho gws(z=)t(¢,) for all 2 € A. For convenience let
us set w, 1= ws(z,). Also, it turns out to be useful to define two functions of two
variables: consider two geodesic flows on T*M, let (£,m) be the variables of the
two flows respectively, E the expectation with respect to the Riemannian volume

16 Just note that one can write E(p-Aofl') = E(E(p-Aofl' | £,2,)) and that the relevant norms
of PEysa (&z) = p(€z,Eya) and A§y¢m (&z) = A(&z, fI(€y=2)) are bounded by the full norms of p

and A. One can then apply (5.3) to E(p- Ao f2 | §yza) = E(pe, ., Ae, ., © f‘,:LS(Z:E)). Proceeding
in such a way one variable at a time yields the result.
17Recall that D is a manifold of fixed size close to the strong unstable one and p a smooth

density on it.
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on (T*M)? and Ly, Ly the generators associated to the geodesic flow of ¢ and n
respectively, then we define p, 5 : R? — R by

p@m:/mﬁEMW@W&¢%»¢w@my
(6.1) —oo0

N%M:/wﬁE@WQWQf%DIW@m%

— 00

Also, it is convenient to define

(6'2) Pzy = p(w5(zz)7w5(zy))v ﬁwy = ﬁ(wts(zw)ths(zy))'

Indeed, the understanding of the variance will be reduced shortly to understand-
ing the properties of p;,. Here is a list of relevant properties whose proof can be
found in Appendix B.

Lemma 6.1. The function p is non-positive and C* for a,b > 0. In addition,
for each a,b,\ > 0 we have p(a,b) = p(b,a) and p(Aa, \b) = X"1p(a,b). Finally,
pla,b) = —%p(a, b).

Remark 6.2. Note that the previous Lemma implies a?p(a,b) = b*p(b,a).

Lemma 6.3. There exists A, B > 0 such that, for all a,b > 0,

(a,b) — Ab? Bab?
e ad+ b3 = a4+ b5’
Finally, for all a,b > 0,
B ab?
|0ap(a, )| < P adap(a,b) + bdyp(a,b) = —p(a,b).

We are now in the position to derive an helpful formula for the variance.

Lemma 6.4. The following formula holds true

2e7 % Z|xfw|:1{¢5(ezm)¢5(ezw)}2p$w fo =Y
(0°)2,(2) = —2e= 21 g5 (e ) s (€)% puy if e —yl=1
0 if | —y| > 1.

Proof. Remembering (5.2), given any two couples of neighboring sites z, w, y, w’
we want to compute

/DO dt & (LIV(ngt(fw)agwwt(gw)) ) Lyv(£y7€w’)) .

—00

In fact, remembering the properties of the transformation © in the proof of Lemma
5.1, it suffices to compute the integral on [0, c0).

Since E(vg | g#az,v22) = 0, it follows that the above integral is different from
zero only if z = y or x = w’ and w = y. On the other hand if z = y, since g% x g%
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is a mixing flow for each a,b > 0, we can write

[ ({mnt vt a7 6 - T2V )07 6) | LV(Ent)

= wglE (V(Qwa Qw)) E (sz(fla gw/)) - wx_lE (V(Qxa Qw) : sz(fzy fw’))

Ww

- / T U E (L V(™€) 67 (E0)) - LV (Ear )

0
Wy

— , > Wyt Twt .
= b 22 [T HE LV 6™ (60) - LV ()
— S /0 At E (LV (0% (E0), 671 (€0)) - LaV (€. ) -

Thus, remembering (4.2), (4.4) and that w, = ws(2z),
0oy = 2e77 Z d5(e*)?05(e*)? prus
|[z—w|=1

and 02, = 0 if [z —y| > 1. If [# — y[ = 1, then (remembering the symmetry of the
potential and using Lemma 6.1)

9 _zztzy

02, = 205(e* )2 ps(e*)2e™ "2 puy = —2¢ 7 d5(e7 )5 (7)? pay.-

7. THE LIMIT EQUATION (0 > 0): STRUCTURE

Having gained a good knowledge on the variance we are ready to write the limit
equation in a more explicit and convenient form.

We introduce standard Brownian motions B, indexed by oriented edges, so
that the motions associated to different non oriented edges are independent and
B,y = —By,. Considering the Gaussian processes W, := Z|m—y\:1 By (2)Byy we
have

Z\ac—w|:1 ﬁzw(z)2 t for x = Y

E(Wr(t)Wy(t) | Z) = _/Bwy(z)ﬁlw(z) t for |$ - yl =1
0 for |z —y| > 1.
We set®
(7.1) Buy(2) = V3™ F b5 ) o) my

hence, remembering Lemmata 6.4, 6.1 and equations (6.2),(4.4),(4.2),

Z|r7w|:1 ﬂ:%w ifz= Yy

(oé)iy(z) = _5903;61/90 if |1‘ - y| =1

0 if |z —y| > 1.
Then, we can write (5.1) as
(7.2) dz) = al(2)dt + D Bay(z") dBay,.

|z—y|=1
Let £ be the operator in the Martingale problem associated to the diffusion

defined by (5.1).

18 This is well defined since pa,y > 0 by Lemma 6.1.
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Lemma 7.1. If the manifold M is d dimensional, then for each > 0,
s §2e—Bes (™) 1,
is an invariant measure for the process defined by (7.2). In addition, the process

(7.2) is reversible. That is, calling Eg the expectation with respect to the above
movariant measure,

Es(pLh) = Eg(hLyp)
for each smooth real functions p, h.

Proof. Recall that Lemma 4.2 gives the invariant measures of the original Dynam-
ical System. In particular , for each 1) € CO(RIA|R)

1s,e.8((27° (e72))) — 150,80 (27° (e721)))| < Celth] oo
Thus
|15,0,6(W(25°(£721))) — p15,0,8(10(27°(0)))] < 2Ce|h] .

Taking the limit ¢ — 0 along any subsequence leading to an accumulation point
we see that 50,8 is an invariant measure for the process (5.1). The claim of the
Lemma now follows by taking the marginal of ys s in the variables z.

In the same manner, using the same notation as in the proof of Lemma 5.1, for
each continuos functions v, g and converging sequence zskﬁ(agzt) we have

-2

. 2 . —e %t
Es((2(1))9(2)) = i g5 5(g- 9o W 5) = lim psc, 5(4-go W 75
. 2t
= lim ji50,p(P 0O g0 O 0w 1) =TEs(g 0 O(2(t)¥ © O(2)).
Since g, are functions of the z only, it follows go ©® = g, 1) 0 © = 1) and

Es(4(2(t)g(2)) = Es(g(2(1)(2))-

Differentiating with respect to ¢t at t = 0 yields the Lemma. (]
Lemma 7.2. The drift a® has the form

ay = Z {0., [ d5(e**)2P5(e*)* pay] — 02, e b5 (™ )ps(e™)? puy] }

|z—y|=1
d
+ §| Z 1 [ gs(e™) 2 s(e™)? — e s (e™ ) ps(€*)*] pay-
rT—Y|=

Proof. The idea to compute the a’ is very simple: first compute £ and £* and
then check what the reversibility condition implies. The operator associated to the
diffusion (5.1) is given by

L= Z ald,, + %Z(a‘;)iyazmazy.
T T,y
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The adjoint £* with respect to the invariant measures in Lemma 7.1 can then be
computed by integrating by parts. Setting I';(z) := g — Bos(e*=) ™1 we have

LX) = — Z{azx% + a5F o — Za‘s@zlw

1 5\2 6\2
+ 52 (0,02, (0°)2, + 2150, (0°)2,, + Tul'y(0°)2, + 00y 02, Tu(0°)2, ]

+ Z (0002, 4 Ty(02)2,] 00+ 5 32(0)3,0-,0-, 0

Ty

This implies
1
Yy

and the Lemma follows by direct algebraic computations using Lemma 6.4. (I

The next result is an obvious fact that is nevertheless of great importance.
Lemma 7.3. The function H := )" ¢s(e**) is constant in time.

Proof. 1t is useful to notice that, setting v, := % and Kgy = V2 fay, Koy = Kyz-
By Ito’s formula we have

dH = Zq/)xaxdt + Z FaydBey + = Zaz% Z 32, dt.
|z—y|=1 le—yl=1
The second term is zero by the antisymmetry of By, thus (using Lemma 7.2 and

the symmetry of k., again)

1
dH =5 > [0e0: B2, — 0, BuyBya] dt

le—y|=1
d _
+§I Zl[%l% ] 52, dt+f| Zl:lﬁﬁy L bpdt = 0.
T—yY|= =Y

We conclude with the main result of this section.

Proposition 7.4. For each § > 0 the family 25°(¢~%t) converges weakly, fore — 0,
to the process z(t) determined by the SDE (7.2).

Proof. From Lemma 7.2 and Lemma 6.1 it follows that a® € C>, this, together
with the boundedness and convergence results established in Lemma 5.1 and the
standard results on the uniqueness of the solution of the SDE, imply that all the
accumulation points of z5°(¢72t) must coincide, hence the Proposition. (]

8. THE LIMIT EQUATION (§ = 0): PROPERTIES AND STOPPING TIMES

It is natural to consider the stopping time 75 := inf{t € R : mingep 2, < Ind}.
In addition, Lemma 7.3 suggests the convenience of going back to the more physical
process (1) = ps(e(NT0)) = g2 (tATs)
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Lemma 8.1. For each t < 75, the process €, satisfies the SDE
A€, = a(E,,E,)dt + V2B(Es, £,)dBy,

Y

where a, 3 € C*°((0,00)%,R) are respectively anti-symmetric and symmetric func-
tions that satisfy (2.7), (3.2). In addition, if d > 3, then for each constant

M > max {1, d—dl_—&—;f} ,
if & > ME,, then
(8.1) a(E2,8)E0 > B(Es, &)
Proof. By Ito’s formula and (7.2) we have'?

(8.2) dE, = |eaz + e > B | dt+ Y € fByydByy,.

|z—y|=1 |z—y|=1

Using (7.1),(6.2), (4.4) and Lemma 6.1 we can write

(8.3) e By = \/25zp V2E:,7/28,) = V2B(Ex, &)

Lemma 7.2, equations (4.2), (6.2) and (4.4) yield
d—2

o= D, [ep—0e,p]+—= Y (&€

lz—y|=1 |z—y|=1

Using equation (8.2) we finally obtain (2.7) and from Lemma 6.3 follows (3.2).
Moreover, by Lemma 6.3,

1
agmpry = \/T?aap(\/ 287-, \/ 252;)
1
Gespes =55 {p(\/ggx, V2E,) + \/2E,0up(+/2Es, «/25y)}

_ 7ﬁ(gmagy)2 _ é
= age, gl

Hence
2 2 d—2 d— 1
Era(Er, &) = B + E20g, puy — &? 208, Py + 7ﬁ - 78 &, 3°

d d—lgx 2 2 SJL‘
- 0 &, 2014 -
{2 5 Sy}ﬁ(g Ey) +5{+gy}8gzpy

The regularity of the coefficients follows from the previous results and some alge-
braic computations. At last, for &, > M&,,

d d-1

&;a(é’m,é’y) > {2 — W} ﬂ(gx,gy)Q _

B(1+M™Y) &,
2M - (26,)%

YHere we suppress the J-dependence since we stop the motion before seeing the region in
which the dynamics has been modified.
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On the other hand

A BV2&E A€
8.4 Enr &) = Exp(\ 280,128, > &, - z =,
(8.4) B( y) p( y) Z 2, 25y = 128,
from which the Lemma follows. O

9. THE LIMIT EQUATION (6 = 0): UNREACHABILITY OF ZERO ENERGY

Our last task it to prove that the stopping time 75 tends to infinity when § tends
to zero or, in other words, energy zero is unreachable for the limit equation.

Fix any T > 0.

For each subset I' C A let us define the energy of the cluster &r := > &,
Also, for each § > 0, n € {1,...,|A|}, let us define the stopping times

75 :=inf{t € [0,00) : AT C A |T| =n,&r(t) <6} AT.
Note that 78 = 75 A T, where 75 is defined at the beginning of section 8.

Lemma 9.1. Let P be the measure associated to the process (2.6), then
lim P ({r; <T}) =0.
i P ({r} <T})

Proof. We we will prove that for each n > 0 and n € {1,...|A|} there exists
0n = 0n(n), such that
P ({Tgln < T}) <277

The proof is by (backward) induction. The case n = |A| follows by the energy
conservation by choosing dj5) < %A

Next, suppose the statement true for n + 1 < |A]. It is convenient to define, for
each T' C A the stopped process Er(t) = Ep(t A Tgl—i) and the set Q = {Tgl—i >T}.
Then, for each 0 < § < 41, we have

P{rl <T}) <P{r} <T}NQ)+2- "y

<p| { inf 5}(t)§6} 4 2=+ )y

te[0,T
=y el
IT|=n

It thus suffices to show that there exists d,, < 6,41 such that, for each I C A,
IT'| = n, we have

-1
P({ inf En(t) <6, %) <2 A+, < AN -t
te[0,T] = = =\,

Let us fix I' C A, |T'| = n.
Observe that if Q holds but &r(t) < $22% then £, > 42 > M& > ME, for
ally ¢ T and « € I'. In the following we will chose M as in the statement of Lemma

8.1.
Next, we define the process Y = In & which satisfies

_ 2
(@,y)EB() r

where B(I') = {(z,y) € A> : 2 €T, y T, |[v—y| =1}
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Observe that by Corollary 8.1 the drift is positive, indeed
Z (a(gmgy)gF _B(gzvgy)2) > Z (a(g:mgy)ga: _ﬂ(nggy)Q)

> 0.
2 2 = 2 2 =
(.y)€B(T) 2 (.y)€B(T) 2
In addition, arguing as in (8.4), if &p(t) < fvﬁ-ll we have, for some constant C' > 0,
- E | A Bv/2E, C

(9-2) E 2B &) <255 | —== + <—=.
Therefore

F,

n+1 —

Y(tA rgﬁfl) >Y(0) +/O Z V2B(Er, E,)ER N dByy =: M(1).
(z,y)€B(T)

Note that M is a Martingale. Let 7. = inf{¢t : M(¢) <Ind,41} AT. Consider the
new martingale M(¢) = M(¢) — M(¢ A 7) and the stopping time

#=inf{t : M(t) <Ind, —Ind, 1 or M(t) > —% Ind,i1} AT.
Setting p = P({M(7) = Ind, }) we obtain
1
0<p(lnd, —Ind,y1)— (1 —p)§1n6n+1,

which implies
In 6n+1
P{M(7) =Ind,}) < ———F———.
({M(7) = Indn}) < 2Ind, —Ind,qq
Set 6, = 05,1, @ > 1 to be chosen later. The probability that M, starting from
In d,,41 reaches Ind,, before reaching %ln 8py1 is smaller than (2a — 1)~1. Accord-
ingly, the probability that the martingale reaches In §,, before downcrossing L times
the interval [Ind,41, 2 Ind,41] is smaller than 1 — (1 — (2a — 1)")¥ < a7'L. On
the other hand by Doob’s inequality the expectation of the number of downcross-
ing is bounded by %E((M — %ln Ona1)T). Since M — %lnénﬂ > 0 implies
nop, 41

Er > \/0n+1, by (9.2) follows
1 _3
E((M — 5 In6,11)7) < €65,

for some constant C' independent on €. From this it immediately follows that the
probability to have more than L downcrossing is less that L’légil. In conclusion,

P ({ inf &p(t) < %}) <C(a'L+L7'5,1)

t€[0,T)

which yields the wanted estimate by first choosing L? = aé,ﬁ_l and then setting

a= C2§*J1122\A|+2n+4n—2.20 0
Corollary 9.2. The set {3z : &, = 0} is inaccessible for the limiting equation.
-1

(&)
20Note that 6 ~ 5n_‘_"1l+1 for some constant C. So, for large A, 01 is absurdly small. Yet, this

suffices for our purposes.
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APPENDIX A. AN AVERAGING THEOREM

In this appendix, for the reader convenience, we recall [12, Theorem 7] stating
it in reduced generality but in a form directly applicable to our setting.

Let M be a C* Riemannian manifold, » € R? and f, € Diff**(M, M) a family
of partially hyperbolic diffeomorphisms.?*

We say that {f.} is a family of Anosov elements (FAE) if there exists Abelian
actions g.¢, t € R where d. = dim E., such that f, o gzt = gzt © f. and
span{dy, 9.} = E..

Next, we need to discuss decay of correlations that in [12] is meant in a very
precise technical sense. The basic concept is the one of standard pairs. For the
present purposes a standard pair can be taken to be a probability measure deter-
mined by the couple ¢ = (D, p) where D is a C? dim(FE,,)-dimensional manifold D
close to the strong unstable manifold and a smooth function p € C'(D,R,) such
that [, p = 1.> We set E;(A) = [,, Ap. The point is that it is possible to choose
a set X of manifolds D of uniform bounded diameter and curvature such that, for
each D € Y, f.D can be covered by a fixed number of elements of 3. For each
C > 0 we consider the set By = {(D,p) : D € Z,||pllc:(D,R) < C} and let E5 be
the convex hull of F in the space of probability measures.

It is easy to check that one can chose ¥ and C such that for all £ € E; there
exists a family {¢;} C Ej such that Eg(Aof,) = > 2, ¢;Ey, (A). In addition one can
insure that any measure with C! density with respect to the Riemannian volume
belongs to the weak closure of Fs (see [12] for more details).

We say that the family {f.} has uniform exponential decay of correlations if
there exists Cp,Cy > 0 such that, for each z € R? there exists probability measures
p such that for each n € N, standard pair £ € F; and functions A € C'(M,R) it
holds

[Ee(Ao f1) = pa(A)| < Cre” " Aler.

Consider now the function F' € C>*(M x R? x R, M x R%),

(A1) F(z,z,e) = (f(z,2,¢), 2 + Az, 2, €)),
and the associated dynamical systems F.(z,z) = F(z,z,¢), such that f(ac7 2,0) =
f2(x). Let (2t (x, 2), 25 (x, 2)) := F?(x,z). Then for each g € C"(M,Ry), u(g) =1
we can define the measure pg(h) := p(g - h) and consider the Dynamical Systems
(F.,M x R%) with initial conditions z = 29 and z distributed according to the
measure 1,. We can then view zZ as a random variable, clearly E(¢(25)) = pug (1) 0
F™), where i(z, z) = (z).

Theorem A.1 ([12]). Let F,F., f, be defined as in (A.1) and subsequent lines.
Let f, be FAE with uniform exponential decay of correlation. Suppose that there
exists €9, Cp € Ry such that sup.. [|A(-, -, €)llcr < Cr and p.(A(+, 2,0)) = 0 for
all z. Also assume that 2§ = 2z, and x§ has a smooth distribution on M as described
above, then

21By this we mean that, for each fixed z, at each point x € M the tangent space of T M
can be written as Ey(z) ® Ec(z) ® FEs(x), where the splitting is invariant with respect to the
dynamics, i.e. defE«(x) = E«(f(x)) for * € {u,c,s}. In addition, there exists constants A; <
A2 < A3 < Mg < A5 < Xg, with /\2,)\5_1 < 1, such that A1 < a(df|g,) < |ldf|g,ll < A2,
Xs < aldf]s,) < Idfls, ]| < As and As < a(df]s,) < [4f]s, || < A, where a(4) = [|A~1] 1.

The integral is with respect the volume form on D induce by the Riemannian metric.
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a) The family {zfts,ﬂ} is tight.

b) There exists functions o € C*(R4, SL(d,R%)), 02 > 0, a € C°(R?, R?) such that
the accumulation points of {zfte,z]} are a solution of the Martingale problem
associated to the diffusion

dz = adt + ocdB

2(0) = 24,

where {B;}L_, are independent standard Brownian motions and

)= Y [ A0 @ A0 ).

n=—oo

Moreover ||al|co + [|o?|ler < oo.

APPENDIX B. THE PROPERTIES OF pgy.

Here we collect, a bit boring, proofs of the Lemmata concerning p,,.

Proof of Lemma 6.1. The non-negativity follows from the fact that the quantity
is an autocorrelation, see footnote 24 for details. By definition

oro pla,b) = / dt t""E (LY LE'V) 0 g @ g - LoV)

— 00

- (_1)"+’”/ dt t"TE (LY LE'V) - LV o g*t @ g™) .
Applying (5.3) to the above formula yields
oo pla,b)| < Cpom dt ttme—eminfablt < o minda, b} L
a9 P 5 5
0

This proves the smoothness of 5. To continue, consider

p(Aa, \b) = / dtE ((L1V) 0 g*M @ g" - LyV) = A~ 'j(a, b)
by the change of variables ¢ — At. The symmetry follows by a change of variables
as well. Finally,

pla,b) = / dt E ((L1V) o g™ ® g - L2v)

— 00

= / th(le- (LQV)ogat®gbt)

< d
=b" / dt ZE(LV-Vog"a g")
—2 | @E(LV-(LiV)ogt@g").

The lemma follows then by the mixing of g% ® g** (being the product of two mixing
flows) and the definition of p. O

To continue it is useful to define and study the function I'(7) := p(r, 1).
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Lemma B.1. There exists A,B > 0 and D € R such that

A Br
I(r) — | < . Yr >0,
‘ (") T+ S 1xm 7
IT'(r) — D7| < B7?, vr € (0,1],

IT(1) +3A77% < Br~®, vr > 1.

Proof. Let us start by assuming 7 < 1. By setting V(q1) = E(V | q1,v1), and
taking care of adding and subtracting that is needed to write convergent integrals,

I'(7) :2/ th(le-L;LVoth ®gt))
0
:2/ dt [E(LV - L1V 0id® g") — E((L1V)?)]
0
o Tt
+2/ dt/ ds [E(L1V - LiVog®®g") —E(LV - LiV 0 g°)]
0 0

+ 2/ dt BE(L1V - L1V og™)
0

The third term here vanishes since it is the variance of a coboundary. That is,

/ dt B(L1V - L1 Vog™) =771 / dt %E(L1V'Vogt) =0.
0 0

Also, setting V =V -V,

00 Tt
/ dt/ ds [E(L1V - LiVog*®g") —E(LV - L}V 0 g°)]
0 0

0o 00 B B 00 oo
- / ds/ dt E <L1V LWog'® gt) =0 (/ ds/ e—ctdt> = O(7)
0 T 1s 0 —1g

were we have used (5.3) after conditioning with respect to qi,v;. Thus®

(B.1) I(7) :2/0 dt [E(9q,V 05,V 0id®g") —E((0,,V)?)]

+O(1) = A+ 0O(7).

The fact that A > 0 follows from general theory of mixing flows combined with
cocycle rigidity of geodesic flows [21, 10].%*

23Here we use the fact that E(vy ® vy | q1,7) = 1.
24 Indeed, for each T' > 0 and f € C°°, E(f) = 0,

T
0<E / fogtdt
0

Thus the autocorrelation must be non negative. If it is zero then fOT fogt dt has uniformly bounded
L? norm. This implies that there exists a weakly converging subsequence to some L2 function
h such that E(h) = 0. It is easy to check that such a function is smooth in the stable direction
(just compare with the average on stable manifolds) and, for each smooth function ¢, E(hLy) =
—E(fp). Thus E(hL"p) = —E(fL" 1p) = (=1)"E(L" f ¢), which implies L"h € L?, i.e. his
smooth along weak-stable leaves. Next, letting O(q,v) = (¢, —v), we have E(f¢) =E(ho© - Lyp),
that is E((h 4+ h 0 ©)Ly) = 0 for each smooth ¢. In turns, this implies h = —h 0 © a.s.. Indeed,
given p € L2, if E(p) = 0 and E(pLy) = 0 for all smooth ¢, then one can choose smooth p,, that
converges to p in L2, thus Lp, converges weakly to zero, but then there exist convex combinations
pn of the {pm }m<n such that Lj, converges to zero strongly (since the weak closure of a convex

2 T T
= - ogt- = ogt. .
)—2/0 AT —OR(fog'- ) =27 [ atB(fogt- p)+00)
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Next, consider the case 7 > 1. By Lemma 6.1 we have
. T)=p(1,1) =7" , T ) =—T “p(t °,1) = 30 (r ).
B.2 r p(r,1 o1, 771 5(r711 Sr(rt

Thus I'(7) = H% + O(77*). This readily implies the first part of the Lemma.
Let us compute the derivative

I(7)
2

:/ dt tE(L1V - LiVog™ ®g")
Ooo Tt o
:/ dtt/ ds {E(L\V-L{Vog°* ®g") —E (LV-LiVog®)}
0 0
[e%} Tt
-|-/ dtt/ dsE(le~L§Vogs)
/ds dttE le LWog oy +/dt%E(L17.L§Vogt)
0

T1s

© E(LV-IVog
/ds/dtﬂE le LVozd®g) /dt (V- LV og')

7—2
/ ds/ dtt/ drE le LWog ®g>

) E (LV)EW) - E(202)

/ds/dttE L2V LiVoid® g :

—1g

+ O (/ ds T1$26CST1)
0

= 7/ dt t*E (Lff/ LAV ooid® gt) + O(7?) =: DT + O(7?).
0

T

On the other hand, differentiating (B.2) yields, for 7 large,
I'(r) = =377 T(r7 ") =771/ (+71) = =3A7* + O(r79)
which completes the proof of the Lemma. O

Remark B.2. Note that T'(0) is not defined as the corresponding integral diverges.
Nevertheless, we can set I'(0) = A by continuity.

Proof of Lemma 6.3. Note that, by Lemma 6.1,
pla,b) =b"tp(ab™ ', 1) = b~ 'T(ab™1).

Hence the Lemma follows from Lemma B.1. O

set agrees with its strong closure) and, since L is a closed operator on L2, it follows that p is in
the domain of L and Lp = 0. In addition, the ergodicity of the flow implies that the only L2, zero
average, solution of Lp = 0 is p = 0. Finally, since h is smooth along the weak-stable foliation
and h o © is smooth along the unstable foliation, then h has a continuos version by the absolute
continuity of the foliations and is smooth by [17], hence Lh = f. That is, if the autocorrelation
is zero, then f is a smooth coboundary. At last, the claim follows since a smooth function of the
coordinates only which is a coboundary must be identically zero, [10, Corollary 1.4]. Accordingly,
ffooo dt E (&nV(ql7 q2)0q, V (g1, 9 (q2,v2)) | q1, vl) must be strictly positive for positive measure

set of g1 otherwise, by the symmetry of the potential, the potential would be constant.
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