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HEAT EQUATION FROM A DETERMINISTIC DYNAMICS

GIOVANNI CANESTRARI, CARLANGELO LIVERANI, AND STEFANO OLLA

ABSTRACT. We derive the heat equation for the thermal energy under
diffusive space-time scaling for a purely deterministic microscopic dy-
namics satisfying Newton equations perturbed by an external chaotic

force acting like a magnetic field.
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1. INTRODUCTION

An outstanding conceptual issue, going back, at least, to the ancient
philosophical disputes between Zeno and Democritus 2400 years ago, stems
from the fact that the world around us behaves like a continuum (we describe
it using partial differential equations), yet it consists of atoms, hence it is
discrete in nature (as conclusively proven by Einstein [30] who showed how
Brownian motion may emerge from the microscopic dynamics).

The derivation of macroscopic PDE evolution laws from microscopic ones
has finally become a well-posed problem with the foundation of statistical
mechanics by Boltzmann, Gibbs, and Maxwell. Thanks to the axiomatiza-
tion of probability by Kolmogorov, this problem can now be seen as a purely
mathematical one. The relevance of this line of research in mathematics has
been acknowledged by Hilbert in his famous sixth problem [39].

The mathematical problem is outlined as follows: for dynamics with a
large number of degrees of freedom, some conserved quantities (e.g. energy,
momentum, density of particles) evolve slowly and, properly rescaling space
and time, the evolution of their distributions is expected to converge to
the solution of macroscopic hydrodynamic equations (such as Euler or heat
equations). On the contrary, all other observables are expected to exhibit
fast fluctuations for generic systems. The observed macroscopic equation
depends on the space-time scaling chosen. In dynamics where momentum is
conserved, the first natural space-time scale is the hyperbolic one, and in this
limit arises the Euler system of equations for a compressible gas. The first
formal derivation of the Euler equation from the microscopic Hamiltonian
dynamics of interacting particles was done by Morrey [49].

At the moment, there is no rigorous derivation of the Euler equation
from a completely deterministic Hamiltonian dynamics. The main problem
is the lack of good ergodic properties of the large microscopic dynamics
that guarantee that energy, momentum and density of particles are the only
conserved quantities that evolve on the macroscopic scale. Progress has been
made only by adding to the dynamics conservative noise terms that destroy
all other integrals of motion, like local random exchanges of velocities among
particles [50, 34, 47, 35].

The mathematical problem is even more difficult in diffusive scaling. This
arises in dynamics that do not conserve momentum or have initial conditions
with null momentum. In this scaling, if density is fixed and energy is the only
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GC and CL acknowledge membership to the GNFM/INDAM. GC and CL acknowledge
the hospitality of the Université Paris-Dauphine where part of this work was done. We
thank Cedric Bernardin for key discussions at the very beginning of this work.
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conserved quantity, the expected macroscopic equation is the heat equation
(1.1) oe = VD(e)Ve,

where D(e) is the thermal diffusivity that is given by the Green-Kubo for-
mula associated to the space-time correlations of the microscopic energy
currents. For completely deterministic models even the proof of the exis-
tence of the thermal diffusivity D is missing. In fact, (1.1) is not always valid
and in one dimensional systems with momentum conservation it is expected
a superdiffusion of the energy driven by a fractional laplacian, as confirmed
by numerical simulation and similar superdiffusion proven with conservative
noise (cf. [45, 5] and references within).

Important progress has been achieved in the so-called kinetic theory of
gases through rarefaction density limits (the so called Grad limit). We can
mention the derivation of the Boltzmann equation for a gas in the low-
density regime [44], the derivation of the hydrodynamics limit from the
Boltzmann equation [18, 3, 54] and important recent progress concerning
the direct derivation of the heat equation and fluctuations in the kinetic
limit (cf [11, 13, 12] and references within). However, these results are
relevant only for extremely rarefied gases.

For systems at fixed particle densities, some important results in diffu-
sive limits have been obtained assuming the microscopic dynamics to be
stochastic. This has led to a well-developed theory of hydrodynamics limit
for stochastic microscopic dynamics, starting with the work of Fritz [33],
Presutti and collaborators [17] and Varadhan [37, 58]. See [56] for a more
complete description of the large-scale limits and the main results and [42]
for an exposition of some of the main relevant mathematical techniques.
Still, when interactions are non-linear, the non-equilibrium diffusive behav-
ior of energy remains an open problem even for stochastic dynamics. One of
the main difficulties is that known methods often rely on entropy estimates
that fail to control quadratic non-linearities (in particular energy). When
stochastic perturbations are present, some results on the existence of ther-
mal diffusivity D(e) exists [8], and equilibrium fluctuations of the energy
following linearized heat equations [51] are established.

Diffusive scaling limits have also been established for the densities of
independent particles with very chaotic dynamics, starting with the seminal
work of Bunimovich and Sinai for the evolution of the density of a periodic
Lorentz gas [27]. See also [4, 15].

Even more special are (deterministic) extended completely integrable sys-
tems [57]. In particular, for one dimensional system of hard rods hydro-
dynamic limits have been proved in hyperbolic and diffusive time scale
([24, 25, 26, 32]). Since in these integrable extended systems there are infin-
itely many conserved quantities, in the diffusing scaling, after recentering on
the hyperbolic evolution, a diffusive system of infinitely many equations arise
for the evolution of the energies associated with each conserved quantity.
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Another example of an extended, completely integrable system is given
by a chain of harmonic oscillators. When this dynamics is perturbed by an
energy conserving noise (like the random flip of the sign of the velocities),
completely integrability is destroyed and it is possible to prove the diffusive
behavior of the energy (1.1) with a thermal diffusivity D independent of
e and explicitly computable [7, 6, 43]. Such noise is multiplicative, but
the linearity of the dynamics allows to perform the proof by computing
the covariances. Unfortunately, this yields a result only on the asymptotic
behavior of the average density of the energy, and not as a law of large
numbers, as no known technique allows the control of higher moments.

To date, no direct hydrodynamics result for the heat equation (energy
conservation) at high-density is available for purely deterministic (Hamilton-
ian) interacting systems. In this paper, we introduce a mechanical model for
which we are able to perform a diffusive scaling and show that, on average,
the energy density evolves according to the heat equation (1.1).

To our knowledge, this is the first proof that a mechanical model yields
the heat equation in some appropriate scaling limit (without rarefaction),
whereby showing that the heat equation can indeed be a consequence of
deterministic microscopic classical mechanics.

The model is a harmonic chain in which each particle is subjected to a
fast evolving external force acting like a magnetic field. Such a field has
a deterministic but chaotic evolution. In particular, each particle has two
degrees of freedom and the external force acts rotating the velocity vector.
In this way it does not change the energy of the particles. The basic idea is
to consider a system with three time scales: the macroscopic scale in which
we establish the heat equation, the microscopic one where it takes place the
evolution of the positions and velocities of the particles, and a faster time
scale describing the evolution of the external field (the environment). Hence,
the microscopic dynamics can be seen as a fast-slow system. This particular
mechanical model was suggested to us by Cedric Bernardin.

Our key idea is that the fast chaotic external forcing acts on the harmonic
chain similarly to a stochastic noise that randomly rotates the velocities
(similar to the noise in [7, 6, 43]). This phenomenon is intensively studied
in fast-slow dynamical systems (under the name of averaging or homoge-
nization for fast-slow systems), and some powerful techniques have been
developed [28, 21, 40, 16]. In fact, we prove that, under proper scaling on
the fast external field, in the diffusive limit the covariance matrix behaves
close to the one of the corresponding stochastic dynamics. A main obstacle
being the need to control the difference between the two time evolutions for
a time much longer than what is achieved in any existing result.

To obtain our result, we combine ideas inspired by the work of Dolgopyat
[28] (see [21] for a simple presentation) and techniques coming from the
theory of hydrodynamics limits of stochastics dynamics [43]. In particular,
we succeeded in controlling the speed of convergence in a precise quantitative
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manner and for times that increase with the size of the system (since we take
a diffusive scaling). In a different context, a related point of view has been
explored in [22, 20, 23, 46, 14]. Note however that, contrary to the present
situation, in all the previous work the fast-slow systems were always systems
with few degrees of freedom, with the notable exception of [29], for which,
however, no estimates on the speed of the convergence are available.

Although we could model the exterior force evolution by any sufficiently
chaotic system, to simplify the presentation, we chose the simplest possible
model (a smooth expanding map of the circle). This has the disadvantage
that the dynamics is not reversible, but it has the big advantage of consider-
ably reducing the technicalities, hence making the argument accessible also
to people with no prior dynamical systems knowledge. Indeed, this allowed
us to make the paper essentially self-contained by adding only a couple of
appendices; hence catering to a much larger audience. The alternative to
having the evolution of the magnetic-like field modeled by an Anosov map
or an Anosov flow would have required the introduction of many other tech-
nical ideas that would have clouded the main argument without changing
the conceptual relevance of the result.

The effect of stationary magnetic fields acting on harmonic chains have
also been studied in [55, 9, 10]. Our situation is very different as the forcing
is time dependent but does not exchange energy with the system. Hence,
contrary to the constant case, we do not consider the energy of this exterior
field as part of the system. Finally, in [36] is proposed and numerically
studied a discrete time dynamics where a time dependent external field
exchanges chaotically the momentum between nearest neighbors particles
conserving the energy, but without any other interaction in the dynamics.

1.1. Notations.
Here we collect some notation used in the text that may not be standard.
Let N={1,2,..}, Zy =Z/NZ and Ry = {a € R:a > 0}. Forn € N,

(a) We denote by M(n,R) the set of n x n real matrices. For M €
M(n,R), we set M| = supjy|,,=1 [Mv|, | - | being the euclidean
norm.

(b) For A € C?>(R™,R), we denote by DA : R® — R" the gradient of A
and by D?A : R® — M(n,R) the Hessian of A.

(c) We use Cx to designate any computable constant depending only
on wp, b and f defining the dynamics (2.2) and Cj in (2.7).

(d) We use O(a) to mean that |O(a)| < Cya for all a in its domain.

(e) For x € Zy, we set ¢z = (¢o,1,qz,2) € R?, pp = (Po,1,D22) € R?,
representing the position and momentum of the z*"-particle. Fur-

thermore, for A € C'((R? x R?)V R), we set % - ( DA _BA ) and

6‘1:0,1 ’ 65]95,2

A _ [ 9A  9A
Opz ~ \Opz,1’ Opz2 )"

(f) We use the notation |a] for the integer part of a number a € R.
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2. THE DETERMINISTIC MODEL AND THE RESULT
Let! z € Zy, 0 = (6,) € TV, ¢ > 0, and

(2.1) (6:(1))x = £ (60),

where f € C(T,T), f/ > A > 1. For ecach N € N, we denote by ¢ (t),
pYE(t) € R? the solution of the following ODE on R2Y x RV

(2.2) qgg = o

P = (A = wg)gy s +e2b(fl 0, Tp)e,

where

beC™(T,R), J= <_01 (1]> A =g+ g - 26 & wp > 0.

Equation 2.2 corresponds to the classical evolution of a periodic harmonic
chain in which each particle is subject to a fast evolving external magnetic-
like field. Let p4 be the density of the unique absolutely continuous invariant
measure for f, see Appendix A for details. For simplicity, we assume that

(2.3) / b(6)p. (6)d6 = 0,

i.e, the fluctuations of the external field are zero-average. The following
covariance will play an essential role

(2.4) v = /T b(0)2p.(0)d0 +2) /T b(0)b(£50)p.(0)do.
k=1

Note that, b € C*°, Lemma A.3 and equation (2.3) imply that v < co.
In addition, if we assume that there exists a periodic orbit {z,}/_;, p € N,
Zn+1 = f(zn), xp = 1, such that

(2.5) Zb(xn) # 0,
n=1

then Lemma B.2 (see also the subsequent discussion) implies that v > 0.

Let Qn = {z=(q,p), . € R*™ ¢ = (¢2)2: P = (Px)2} ~ R* be the
phase space of the system with N particles. We define the single particle
energy ¢, € C*°(Qn,R), z € Zy, and the total energy Ey,

p; 1 2 Wods
(2.6) ea(2) =5+ 50 —q1)’ + 55 Ev= ) e
TELN
The last crucial ingredient to specify is the class of initial conditions. As we
are looking for statistical properties, we have to start with initial conditions
described by probability measures. This is reasonable since we are consid-
ering systems with a large number of particles and it would be unrealistic

1We assume periodic boundary conditions, in the sense that the site x+ = N 41 coincides
with the site z = 1.
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to pretend to know the exact initial conditions of all the system. This is
especially true for the fast-moving magnetic field. Moreover, we want mea-
sures that behave reasonably in the thermodynamic limit. We refrain from
specifying the most general class of measures to which our results apply, as
it would be a rather technical definition, and we content ourselves with the
following, already rather general, set.

Definition 2.1. Let Mniy = Minit(Co), Co > 0, be the set of families of
probability measures uy on Qy x TV, N € N, such that

dun (g, p,0) = pn(0)po,n (dg, dp)do,
where pn(0) = [L,ezy Pe.N(02), with pe N € CY(T) such that

xX GI
(2.7) sup sup 190, P, (02)] < (.
2EZN 0T P:v,N(ex)

Furthermore, calling E,, . the expectation with respect to py, we require that

(2.8) E.n [81\]7\(70)] <&,

for some constant £, > 0.

Let ¢! is the flow defined by (2.2), (2.1). An important property of Minit
is the following fact, proved at the end of Appendix A.
Lemma 2.2. If Cy is big enough ¢! My C Mipis, for any t € Ry

From now on, we will assume that Cy is big enough, as in Lemma 2.2.
Let M(T) be the space of positive measure on T, endowed with the weak

topology, and Mg(T) C M(T) the space of measures of total mass £ ER,.
We are interested in initial distributions {unx € Miyit} which correspond to
a macroscopic distribution of temperatures Tp(du) € Mg, (T).

Definition 2.3. The class of initial conditions M3,.,(Coy) consists of the
sequences un € Mni(Co) such that

20 Jm B |y 3 e () 0] = [ e,

N—oo
TELN

for some Ty € Mg, (T), & > 0, and any ¢ € C°(T,R).?

We need to introduce a quantitative version of (2.9) to state our result.
Given uy € M? . for k € Z\ {0}, N € N, we set

init?

1 1 mik % miku
w(k’Nqu):go EMN N Z e? kNez(O) —/1‘62 k To(du) R
U(N;un) = Y K 2@(Nk,py).

kez\{0}

2&) = 0 corresponds to zero temperature and it is not of present interest.
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We call U(N, uy) the convergence rate to the energy profile associated to the

sequence of measures uy € M2, .,. Note that equation (2.9) implies

(2.11) lim (N, pun) =0.
N—o0

Remark 2.4. We are interested in taking a joint limit for ¢ — 0 and
N = oo in (2.2), so the fact that ¢ (t), pY°(t) depend on N and e is
important. However, to keep the notations as light as possible, we will often
suppress the subscripts N and € if this does not create confusion.

Remark 2.5. Our results would also apply to a model where f,b depend on
x, as long as they all satisfy some obvious uniformity conditions (e.g. (2.3)
and (2.4) with v, = 7). We refrain from such a generalization to simplify
the exposition.

Remark 2.6. Note that, in Definition 2.1 we only demand some regularity
in the initial distribution of 8, while we can choose g n(dg,dp) as singular
as wanted, even deterministic.

In order to formulate our main result, we introduce the measure-valued
heat equation with initial condition Tp € M(T),

D
T = =0T, wue(0,1),
(2.12) 2y

T(0,du) = To(du),
2
2+w[2)+wm /w%+4 )
Definition 2.7. We say that a function T : [0,+00) = M(T) is a (weak,

measure-valued) solution of (2.12) if: it belongs to C°([0,+00), M(T)) and
for any ¢ € C?(T,R) such that p(0) = (1), ©'(0) = ¢'(1), we have

(2.13) /T o(W)T (1, du) — /T () Ty (du) = 22 /0 ds /T & () (s, du).

Note that if Ty € Mg, (T), then T'(t) € Mg, (T) for all ¢. It is also well
known that for any ¢ > 0 the measure T'(t,du) has a smooth density, and
that the solution of (2.13) is unique.

We can finally state our main result.

where + is given by (2.4) and D =

Theorem 2.8. For each sequence {en} such that ey < N™%, o > 6, and
for any initial probability measure uy € M7, ., there exists Co € Ry such

init

that, for each N € N and ¢ € C¥(T,R), we have, for each t € R,

B |3 2 ¢ () o0V | = [ ola)(t.u)

< Call|lles masx {W(N; ), N~ (in(N + 1))},
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where z(t) is the solution of (2.2) with initial distribution uy, T(t,du) is the
unique solution of (2.12), with initial data given by the measure Ty € M(T)
in (2.9), U(N;py) is defined in (2.10) and B, = min {3, % —1}.

The rest of the paper is devoted to the proof of Theorem 2.8, proof that,
after several preliminaries is concluded in section 6.1.
Before starting let us state an important Corollary of Theorem 2.8.
The Corollary states that on time scales shorter than N? the energy does
not evolve; on the time scale N2 the energy evolves according to the heat
equation, and on longer time scales, the energy is uniformly distributed.

Corollary 2.9. For any uy € M} ., en <N %, a>6,tc Ry, and >0
we have

TELN
1 2
Jim > 7 By (ea(2(N*1))0g = T(0)
TELN
. 1
Jim ZZ By (62 (2(N*794)))52 = € Leb,
TCLN

where the limits are meant in the weak topology.

Proof. For each ¢ € C? and £ > 0 let . € C® be such that ||¢ — ¢.|loo < €.
Then, by Theorem 2.8, equation (2.8) and the conservation of energy, there
exists B, > 0 such that, for each 5 € R,

1 x 248 _ 8
TCLN

+ Cypumax { W(N; ), NP (In(N + 1))} llpelles:

Therefore, recalling (2.11) and by the arbitrariness of €, we have

. 1
Jim B |5 3 ¢ () )| = [ ey ~o.
TELN

If 8 =0, the second statement of the Lemma follows. If § < 0, then

Jim [ )T du) = /T () To(du)

yielding the first statement. If 8 > 0, then the last statement follows since®

lim [ o(u)T (NPt du) = 50/ o(u)du. O
N—oo T T
30ne can easily check it by studying the behavior of the equation (2.12) when applied
to the Fourier modes ™%,
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Remark 2.10. The ¢ dependence in Theorem 2.8 is not optimal. For exam-
ple, simply including more terms in the expansion stated in Lemma 3.4 one
could probably establish the same result with e bounded by a lower inverse
power of N, at the price of considerably more work. However, to have a re-
sult in which € does not vanish when N — oo seems to require substantially
new ideas.

3. FUNCTIONS CONTROLLED BY THE ENERGY

Recalling that z=(q,p), g, p€R?Y 0 c TY we can write equation (2.2) as

(3.1) (t) = (—AH*%BZ@, 9)) 2(b),

where

0 —1 0 0
A — 5 ]Bg t79 = 3
<‘A+w3ﬂ 0 >4N><4N (t:6) <@ B.(t, 0))4N><4N

21 1 0 0 -~ 0 1
1 —21 1 o .- 0 0
(3.2)
b(thEilJ 91)J 0 - 0
0 b(rlte ey .. 0
Bao-| o W b
0 0 o b(fl_te’lj QN)J

and 0 is a 2N x2N null matrix. Denote by z(t, 2o, 0y) = (q(t, 20, 60), P(t, 20, 60))
the solution of (3.1) with initial conditions zy € Qx and 6y € TV.

Lemma 3.1. For all 2y € Qu, 0y € TV and t € RY, En(2(t, 20,00)) =
En(zo).

Proof. We define the current as

(3.3) Joa+1 = —P2(dot1 — Ga)-
Recalling the definition of the energy (2.6) and the equations (2.2), we have
(34) KPS R A
dt ’ ’
The above implies that % erZN ¢, = 0 and the Lemma. ]

It will be instrumental for our purposes to introduce energy shells,
Yn(E)={z€Qn:ENn(2) = E}, EeRy,
and we also set
Izl = V{a.q) + (p.P),
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where (, ) is the standard scalar product. Note that C#I\/&V(z) <zl €

Cyur/En(z) and so if zgp € Xy (F), then Lemma 3.1 implies that for all
te Ry,

(3.5) C,'VE < |2(t, 20)|| < C4VE.

Let Ay € C*(Qn,R), be a sequence of functions and define, for £ € Ry,
the following seminorms,

IANllo.p = sup |AN(2)]
ZEZN(E)
IDAN|1e = sup [[DAN(Z)],
(3.6) 2€XN(E)
D?A
2€X N (E) veR4N [[v]]
where in the second and third line || - || stands for the euclidean norm. We

say that the sequence {An}n is controlled by the energy if
lAnllo,e |DAN|1,E |2

3.7 sup { = = |D*An|2.E ¢ < cc.

(3.7) NeN EeRy E VE | I

Definition 3.2. If the sequence {An}n is controlled by the energy, we set

{HANHO,E IDAN|1,E
E VB

Let & be the set of degree two polynomials’ sequences controlled by the energy.

HA He = sup
NeN EeRy

,HDQANHQ,E}.

Whenever it does not create confusion, we will write ||Al|¢ in place of
|A.|le. We now introduce the class of functions {Ayx} € € that will be
interesting for us. We denote by Sy the covariance matrix

S(Q) S(%p)
(3-8) Sy = (2{@ A(Tp) ’
S N S N 2N x2N
where

{Sz(vq)hy = (4, qy), [Sz(\?’p)L’y = {4z, py),

(3.9)
T
[S](\Z;)Ly = (pz,py) and S](\I,J’Q) = [S](\?’p)]
We will be mainly interested in functions of the type
(3.10) An = Trace(BySn),

for some 2N x 2N matrix 3. Note that
IANllo,p < ClBNIIE.  IDAN|1LE < ClIBNIVE,  |D*Anllz,e < CxliByll.

4Recall the definition of DA and D2A in Section 1.1.
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Thus, whenever sup yey ||Bn| < 0o, we have that {Ay} € € and

(3.11) [A.lle < Cg sup [|Bn| =: [IB]]-
NeN
We conclude the section with two useful Lemmata.
Lemma 3.3. For all N € N, t € Ry, 6 € TV, max{[|A[, |B:(t,0)[|} < Cy.
Proof. Since (qg41 + gz—1 — (W3 +2)gz)? < 3 (q%Jrl + @2+ (W + 2)2q§),

2
|4z = D7 P2+ (gos1 + o1 — (w8 +2) a2) < 9w +2))2]2
IEZN

3 2
Also, since (b(f*0.)Jp2) < 16|52,

IB(t,0)=]* = > (b(f1 10.)pa)* < [lb]1% 121>

TELN

The next Lemma is a boring, but useful, Taylor expansion.
Lemma 3.4. For any A€ €, zy € Xn(E), o € TV, h € (0,5%),

A <Z(h, 20, 00)) = A(Z()) - <DA(Z()), A20>h

h
+ 5_% / <DA(Z()), Be(sa HO)ZO> ds
0
h s
+5_1/ / (DA(z20), B (s, 60) B (u, o) 20) duds
0 0

h ps

—1—51/ /<D2AIBSE(u,Go)zo,Bg(s,Go)z@duds
o Jo

+0 (HA||¢E (s*%h?’ + 5’%h2>> .

Proof. Since the initial condition 6y will not play any role in this proof, we
will omit it. By the fundamental theorem of calculus and the chain rule,

A(=(h, 20)) = Alz0)

(3.12) +/Oh <DA(Z(8720))7 (_A+€—%E€(s)) z(s,zo)>ds.

Using the previous equation for A;(z) = z;, i € {1,...,4N}, equation (3.5)
and Lemma 3.3, we have

(3.13) 12(h, 20) — 20|| < Cphe 2 VE.
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Next, for A € &, we Taylor expand DA(z(s,z)) and use that D?A is con-
stant, obtaining

h
A(z(h, 20)) = A(z0) _/0 (DA(20),Az(s, 20))ds

1

h
bt /0 (DA(20), Be(5)2(s, 20))ds

h s
+ 6_1/ / (D?AB.(u)z(u, 20), B.(5)2(s, 20))duds
(3.14) 070

+/h/S<D2AAZ(U’ZO)aAZ(S,ZO»dudS

MH

/ / (D*AAz(u, 20), B (s)2(s, 20))duds

t\.’)\»—‘

/ / (D?AB. (u)z(u, z0), Az (s, 2p))duds.
Let us study each term separately. First, note that
h
| (DAG0), Ax(s,20))ds = (DAGa). Ao} + O3 Al eE)
0

where we have used (3.13), (3.7) and Lemma 3.3. The second line of (3.14)
is equal to

h
/ (DA(z0), B(5)2(s, 20))ds = &~

l\.’)\»—‘
t\.’)\»—t

h
/0 (DA(20),Be(s)20)ds

e
.= / / (DA(z0), Be(s) (A + = 5B.(w) z(u,z0)>duds
= %/0 (DA(20),B(s)20)ds + &~ / / (DA(20), Be(s)Be (w) 20) duds

+0 <||AH€E(h3€_5 +h%e7E)).
The third line of (3.14) is equal to, by (3.13),

1/ / DQAIB (u, 20), Be(s)2(s, 20))duds
=1 / / (D?AB.(u)z, Bo(s)20)duds + O(||Al|e ER*e?),
0 JO
h ps 3
= 5_1 / / <D2AB5(U)Z07B5(S)ZO>dudS + O(||A||€Eh36_§)’

where, in the last line, we have used that h < 3. The remaining terms of
(3.14) can be estimated similarly and yield smaller errors. g

We conclude the section with a simple, but useful consequence.
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),

D=

Corollary 3.5. For any A€ €, zp € Xn(E), t € Ry, h € (0,¢

t+h L
/t A(z(u, 20))du = A(=(t,20))h + O (|| Al EW= )

4. TIME EVOLUTION OF AVERAGES

Our goal is to study the evolution of the averages of the energy. To
this end, it is useful to have a class of measures that behaves well under
the dynamics and allows to do something equivalent to conditioning for
stochastic processes.

Such a class of measures has a long history and multiple incarnations,
starting at least from the work of Pesin and Sinai [52]. However, it has
reached maturity in the formulation of Dolgopyat [28], under the name of
standard pairs. In appendix C we describe how to adapt the standard pairs
ideology to the present work.

We will show that the evolution of the average with respect to a standard
pair is similar to a stochastic evolution. Hence, to state the result we need
first to describe the generator of such a stochastic process.

4.1. The stochastic generator and the main estimate.
Let us consider the following generator

G=A+~S
A= (P Og + (Ads — wida) - B,
(41) erN
S = Z (px,QapmJ —px,18pw’2)2 = Z (Jpx . 8pz)2,
erN .Z‘EZN

where v > 0 is given by (2.4). This correspond to the SDEs

(4.2) Gy = Dus A = (A — wd) Gudt — YPudt + /27 Pudwy (1),

where Aqy = @uy1 + Ge—1 — 2¢; with periodic boundary, and {w,(t),x =
1,..., N} are independent one-dimensional standard Wiener processes. The
SDEs (4.2) are written in the Ito’s formulation. In Stratonovitch formulation
they read

(4.3) G = Das dpy = (A — wd) Gudt + /27Dy 0 dwy(t).

We will not use directly the SDEs (4.2) or (4.3), but only the generator G.
A useful first estimate on the generator is provided by the following Lemma.

Lemma 4.1. Let A € €, then GA € € and ||GA||e < CyllAlle.
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Proof. By equations (4.1) and (3.1) we can write

o =osrn - 5 ()

(4.4) oy
+7 ) < Jpx,Jpx>-
TELN
and the Lemma follows recalling Definition 3.2 and Lemma 3.3. U

Notation. To simplify notations, from now, given a function A € C°(Qy,R)
and a measure v on Qn x TV, we will write v(A(t)) for the expectation

J A(z(t, 20, 00))v(d20, dfo) = E, (A(t)).

The main result of this section is the following theorem.

Theorem 4.2. Let uny € Mnit and A € €. For all N € N, ¢ € (O,N_i),
99 1 -
h € (e100,e2), and t > h, °

t+h
i (At + h)) — v (A1) — / i (GA(s)) ds
where

(4.5) Ralh,e, E) = ||Alle {E(h%% + s(lne’l)zh’l)} .

< C#/-LN (mA(hv g, gN)) h7

Before proving Theorem 4.2 we mention how we will use it in the following.

Corollary 4.3. Let uyn, A and € as in Theorem 4.2. Then, for anyt € R4,

/0 i (GA(N?s))ds =Hr A 2t>]172— p (A(0))

Lo (HAH@& (ts%(lng—l)ZN v E%N—l)) .

Proof. Let h € (5%,26%). Then
t 1 min{h,tN?}
| uvtannas =55 | | i (GA(s))ds

tN2
—|—/ ,U,N(gA(S))dS> .
min{h,tN2}

Using Lemma 4.1, Corollary 3.5, h € (6%, 25%), and equation (2.8),
min 2

[ A,
0

(4.6)

s un(En
2 < Oyet ()||A||

(4.7)
<y 2t Alle

SRecall the definition of £y in equation (2.6).
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By (3.12), one gets that

p (A(mingh, EN?})) — v (A(0))
N2

LN (EN)

_1
< C#hE 2 N2

[Alle
(4.8)

1E,
< Oues Al
Cyed 2] Alle

Ift < 25%]\7*2, equations (4.7) and (4.8) prove the statement.
5
6

Ift > 26%N72, then we choose h € (e ,2&‘%) so that NT% = K € N. Then,
by Theorem 4.2, the second term of (4.6) is equal to

1 K-1 ,(k+1)h
e [ @A) =

k=1 "k
(49) _ KZ [ (A((k + DR)) — un (AKR)) + hO(uy (Ra(h,e, Ex)))]
k=1 N2

oy _
_ pv(ANV t)])V2 i (AR) o, (Wwal)w (mA(h,e,f:N))) :

Recalling equation (2.8), and that h € (52,25%), yields
h(K —1)
Nz lun (Ra(h,e, En))| <
(4.10) < t||Al| &N (h25—3/2 +e(ln 5—1)%—1)
< t&, | AlleNes (Ine )2,
Therefore, by (4.9) and (4.7),

t N2t
/ jn(GA(NZs))ds = N~2 / jn(GA(s))ds
0 0

(4.11) _ eN(AN?) — pn(A(h))
_ .
e (\|A||@5* (tg%(lng—l)QN v N‘lz-:g» .

Using (4.8), we have

t o
/o un(GA(N?s))ds _ (AN t)]im N (A(0))

+0 (JAlle€. (tet (n="1)2N + 25N 1)),

concluding the proof. ([l

4.2. Evolution of standard pairs.

Our strategy is to prove Theorem 4.2 for a special class of initial measures:
probability measures p, determined by standard pairs £ € &(N, E, 6,¢e,C);
we use loosely the name standard pair both for £ and the associated measure
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1. See Appendix C for details.

We will work with standard pairs for which § = §, = £!09. 6

Remark 4.4. Intuitively, standard pairs are the measures closer to a § func-
tion for which the deterministic dynamics still exhibit statistical properties.
Indeed, if one uses a 0 function as an initial condition, then, the dynam-
ics being deterministic, no temporal decay of correlation can ever take place.
The basic idea is that the standard pairs have a marginal on the fast variables
0 which is absolutely continuous w.r.t. Lebesgue with a density of bounded
variation. On the contrary, conditioning on the fast variable yields a § func-
tion (or close to it) in the q,p variables. Finally, the marginal on the slow
variables q,p is supported on an energy surface ¥ (F).

We will also consider finite convex combinations of standard pairs (these
are called standard familes and we will designate them by §) defined as

HE = ZP@M
‘

where p is a finite vector of positive entries with > _, p; = 1. The next Lemma
shows that these measures are general enough for our purposes.

Lemma 4.5. For any £,6 > 0, the measures uny € Mpie (see 2.1 for the
definition) are the weak limit of standard families in SN7575.7

Proof. By Definition 2.1, for each A € C°,

/ A(g, p, O)po.n(dgdp) ] pun(82)db..
™ JQy

Z‘EZN
We can then divide T in intervals I; of size between ¢ and 2 and, setting
J= 01 in), G =1j x- XI]N,Write

o (02)d0,
= IUN(I]'XQN)/I/Q A(q, p, 0) o, (dgdp) LB )dbe
i 7o

vei pn (I % Qn)

Next, for each n € N, let {A,, 1 }ren be a partition of Qx in cubes of size %
and let {( qk,pk )}ken be the center of the cube Ay. Then,

Pz N(Qm)
A)=lim g n, g I x ) / ——— _A(q, P}, 0)d0,,
THOO MN k MN N . GZN“N(IFXQN) (Qk Dy )

which provides an approx1mat10n via a convex combination of standard pairs
Pz, (91) o .
G = (GE,Iw 15(0) [Loezy m>, where G5 ,(0) = (g, py,) is a con-

stant function. Note that (2.7) implies that ]117(0) [leczy % € Dg¢,.
J

Finally, [[DG5 ;[lec = 0, so that G5, € &(E, N, 5,e,C) for E = En(qy, Pi)
and every € > 0. (]

60f course, 100 is just a number big enough, any sufficiently high power will do.
See Appendix C for the exact definition of standard families.
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4.3. Proof of Theorem 4.2.

It suffices to prove Theorem 4.2 for a generic standard pair £ € (N, E, §,¢,C).
Indeed, by Lemma 4.5, for any € > 0, there exists a sequence f, € §n,s. . of
standard families that converges to . Hence, assuming that the statement
is true for all £ € §,,

(At + ) = Tim > peue( At + h))
LEfn

t+h
= tin e e (A0) + [ e GAG)) ds + O Bhalhz,En )

o t+h
— ix (A() + / i (GA(s)) ds + Oy (Ra(hs 2, Ex))h.

To prove the statement for a standard pair note that, by Theorem C.1, the
pushforward ¢%py, t € Ry, is described by a standard family f; € § N,E,b,¢-
Note that it suffices to prove the Theorem for the case t = h. Indeed,

pe (At +h) = Y pepe (A(2(2h)))

VeES_n

2h
= 5w ([ e GAGN) s+ (Ralhz ) )

VeESi_n
t+h
— [ e @A) ds+ e (BRathe,E)).
t
We are then left with the study of

i (A ° ¢2h) =Y pope <A o ¢h) = pe | A(z(h,Gp(0))) pe(6)df.

veEfy, vefy, Lo

By Lemma 3.4, with z2(0) = G¢(#) and h > 5%, we can write

h s
(412) /0 /0 (DA(Gp/(8)), Be(s,0)Be(u, )Gy (6)) duds

. h s )
te /D /0 (D24 B, (u, 9)6‘4/(9),1835(3,H)Gl/(9)>duds> a0

+0 <5‘gh3||A|]¢E> .

We want to recognize in (4.12) the action of the generator, see (4.4). To this
end, we analyze the terms one by one. The second term in the first line is
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part of the generator. Using that ZE’efh Dt fhpr = gbfw, and Lemma 4.6,

DN / / (DA(Gy(6)), B.(s,0)Go (6)) por(9)dsdo

2= I

(4.13) S (/ (DA (2(h)),B (s+h,0)z(h)>d8)

0
— O(||Al|eE(e(In 6-1)% + hPe~2)).
For convenience let us set, for each z,y € Zy, m;(q,p) = <%,pz> and
loy(q,p) = <81?57§m<]py, Jpx>. Observe that mg, [, , € €, and

SN gl + D Ima] < CullAlle - En,

(414) TELN YELN TELN
[malle + [[lzylle < CyllAlle.

By (4.1) and (4.4),

(4'15) 7814 =7 Z ([x,:v - mx) .

TELN
Using (3.2), one has
(DA(Gr(0)),Be(s,0)Be (u, 0)Gr (6))
== > (b0, ma (G (6)),

TELN
so that the expression in the third line of equation (4.12) is equal to

(4.16) T /]I / / ma(Gr (6

et x€LN

(= 0,)b( 10, pp (0)dOduds.

Since ‘I p

< 0., using the intermediate value theorem, for any = € Zy,

sup
0cl,,

[ e GO 0,001 0,) 0,6~
/ ETI8bT0) pe s (0)0: | ma(Ge (9))pera(Ba) b

< 6. sup
HE]IZ/

aixmx(Ggl(Q))‘ .
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By Lemma C.4 and the second of (4.14), the previous quantity is less than
C’#e%é E||A|l¢. Thus, for any x € Zy, since py is a product,

/]I / / ma (G (6 (f =0, )b (ftue_lmz))pz/(e)deduds

/1 / / fLse )bl g )) P (02)d0yduds | my(Ge(0))pe(0)do

L,
+0 (5§h265E||AH¢> .
Accordingly, (4.16) equals
Y Y / / / sl b(ftus—ngx)> per o (0)d0,duds
lefp, TELN

: / ma (G (0))per(8)d6 + O (N5‘5h255E||A||@> .
T
By Lemma D.1 and the first one of (4.14), and recalling that £ € (0, N_%),
et / / (DA(Gp(6)),Be(s,0)B.(u, 0)Ge(0)) duds

— iy [ 3 ma(Gr(0)pr ()0 + O (<] AlleE w1 ?).

Ly TELN

Finally, the last term of (4.12) reads

lue1 5=
Z/ // ! 2 (f 9) v.2(Ge(0))pe (0)dOduds

TELN

et [se™]
-y / / P AT 00Dy, (G (0)) 0 0)d0 s,

T, YELN
TFY

Since pyr is a product measure, for x # y,

/ b(flue‘lJ gx)b(fLss‘lJ 0,)pe (0)d6 =

Iy

= (/l b(ftus_lJax)pf’,x(ex)d91> (/]y b(ftse_ljGy)pé’,y(ey)d9y> :

Also, setting zp = [ y Gy pe, by Lemma C.4 and the second of (4.14),

sup Y |y (Go(0)) = Ly(ze)| < 0N sup sup Y [p,,luy(Ger(0))]

' €ELN 96]1[/ zyELN
rFy TFY

< 0. N3Ce2 B||Alle = Cpe2d-N*E||Alle.

(4.17)

(4.18)

(4.19)



HEAT EQUATION FROM A DETERMINISTIC DYNAMICS 21

Accordingly, the second line of (4.18) reads

=S / / /]I Fre o155 70,y (G (0)) per (0)dOduds

T yEZ

(4.20) =¢* oy (20 / // 0, per o (02)dbs

x yGZN
Y

- /I B0, )00,(0,)d0duds + O(W5.e~ 5 EN®| Alle)
Z’

Using Lemma A.4 and the first one of (4.14),

lue~1] e 1]
2 / / / ! 2 b(f Hy)[x,y(Gé'(e))Pe/(G)deuds

T, YEZ
(4.21) myShn

= 0 (= (m(3")” Bl Alle) + 0 (W= 36 ENY| Alle)

It remains to consider the first term in (4.18). Using again Lemma C.4,

> / I 0T 20D o000

TELN

(4.22) 2/ / / . . (f IJH”“)pe/,x(@x)demduds

TELN

- / Lo (Gor(6))pe (6)d0 + O(5. N5 ER2| Al ).

I,

Finally, by Lemma D.1 and the first of (4.14), equation (4.22) is equal to

hy /H 3 La(Go(8)pe(0)d6 + O(=(in(6:1)%) || Al E)

+ O(6.N%c 2 ER2||Alle).
Collecting (4.13), (4.17), (4.23), and recalling (4.15), yields
pue(A (2(2h))) = e (GA(2(h)) h + e (Ra(hs e, E)),

where we have also used that h € (e%,eé) and ¢ € (0, N_%). Hence, by
Lemma 4.1 and Corollary 3.5,

2h
(429) (A (2(2h))) = /h e (GA (=(s))) ds + e (Ra(h,e, E))

concluding the proof.
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4.4. Average of a first order term.
Here, we show that the contribution of the second line of (4.12) is negligible.

Lemma 4.6. For e € (0,]\77%), h e (5%,&?%), ¢ € &(N,E,d.,¢,C), and
A€ €&, we have

e 2 ( /0 " (DAG(),B.(h + 5):(h) ds)
-0 <||A||@E [g(m 512 4 h%—%]) .

Proof. By expanding DA(z(h,G¢(0))) and z(h, G¢(0)) as in (3.12) and since
h e (5%,5%), we can write 5_%/14 (foh (DA(z(h)),B.(h + s)z(h)) ds) as

= </Oh (DA(2), Be(h + 5)z) ds>

. h ok B
(4.25) +e T2y </0h/0h<DA(Z),Bg(h + 5) (*A+€ 2Bg(u)> z(u)> dud5>
+ E*%,ue </o /0 <D2A (—A + 8*%]1335(8)) z(s),Be(h + u)z> duds)

+0 <||A|!@Eh35’g) .

We analyze the above terms one by one. Let us set g,(q,p) = (0,, A(q, p), Jpz),
x € Zpy. Note that g, € &, and

(4.26) Yol <lAlle-En & lgalle < IAlle-
TELN
Furthermore,
(DA(G(0)), Be(h+ 8)Go(0)) = > b(fLT970,)g,(Go(0)).
TELN

Using the second of (4.26) and Lemma C.4, the first term of (4.25) equals

h
= /0 /T B 0,0, (Go(0) T, (0)p(0)d0 =

TELN

1 h —1
wm =t Y [ [ )1 0 00,

TELN

/H 0:(Ge(0))pe(0)d0 + O(hS.EN||Alle).

By Lemma C.3, equation (A.3) and since h > 8%, for v < 1,

chthe_lj (]]-If,pﬁ’,a: - p*)

1

< C#(Se—lyvbs_lj < C#l/€7 00’

o
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and, since b, is zero average with respect to p.,

h
/ /b(fL(,H—S)E1J996)HI””(ew)Pé,x(Qz)dexds _
(4.28) / / b(fl=p,) ahs J(Im(e )pgm(ex))_p*(gx)) d0,ds
).

By (4.28) and the first of (4.26), it follows
h
e </ (DA(2), Bo(h + 5)) 2) ds) ‘ < Cuhd.EN|Alle.
0

Using (3.13), the second term of (4.25) reads

e W(// (DA(z h+s)(—A+séBE(u))z>duds>

+0 (\|A||@Es‘§h3>

= M(// (DA(z2),B.(h + 5)B ()z>duds>+o(s—§h3EllAlle>,

where, in the last equality, we have used h > €. Let n;(q,p) = —(pz, 0p, A),
x € Zy. Note that n, € €, and,

(4.30) STinal < llAlle - Ex & nalle < [Ale.

TEZLN

(4.29) e 2

We have
h  rh
et / / e ((DA(2),Be(h + s)B:(u)z)) duds

o1 Z / / /]I fL h+s)e™ 1J9 2)b (fLuE_IJex)nx(Ge(e))pg(Q)deuds,

HISYAN
Using Lemma C.4 and the second of (4.30), this is equal to

a Z/ / / FHOF 00 (F1=0,) pg o (02) A duds

(4.31) T€LN

n,(G(60))pe(0)d + O(e 2 h25. EN || Alle).
Y

By Lemma D.2 and the first of (4.30), the above is O (|| Al|¢Ee(Ind;1)?).

Hence,
s </ / DA (h+s) (A + 5_%]B35(u)> z(u)> duds)

< C#E||A||¢( (Ind=1)? +e—%h3+s—%h25€N).

Jun

e 2
(4.32)
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Next, we analyze the third term in (4.25). By (3.13), we can write it as

h  rh
—1 2
(4.33) € e (/0 /0 (D ABe(s)z,Bs(h—l—u)z>duds>
+O(||Alle="2h*E).

For z,y € Zy, let 0,4(q,p) = <8p‘957(§4m:]py, Jpx>. Note that 0., € &, and,

(4.34) D> loayl<lAlle-En & logylle < [|Alle-

TELN YELN

With the above notation we can write the first line of (4.33) as

DYDY / / / 00 (Ge(O))(F15 16, )b( LM 09.) py (8) dBdluds.

TELN YELN

By Lemma C.4 and the second of (4.34), this is equal to

et Z Z/ / LS&ilJHy)b(ft(u+h)€7wegp)pg(Q)dﬁduds

(435 TELN YELN

[ 0u(GuODo )8 + O (N5 B A eh?).

I,

For x # y, since py is a product measure,
[ o7, u( L ) 600
¢
= [ 20 oo, [ o5 )00
However, by Lemma A.3 and C.3, for any u > 0,

/ b(FLM=0,) pg o (62)dO, = / b(0,)LLMT0= (py o (0,) 115 (02)) db,
i

T

_ _ _ 1
< Cy |lpealiz|| 5, v " U< ool < cp ™,

For z =y,

h h
-1 / / / b £15= 00, b L0, ) pp(0) dduds
o Jo Jy

h rh
:6_1/ / / b1 010, po o (02) O duds,
0 Jo JIy
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and by Lemma D.2 this is of order O(e(Ind-1)?). Therefore, recalling equa-
tion (4.35) and using the first of (4.34), we have

1 h  rh 1
s </ / <D2A (_A + 5_5186(5)) z(s), Be(h + u)z> dud3>
(4.36) o Jo
< CyllAlleE (o ")+ 3h% 4 Nooe20?)

Collecting the estimates (4.29), (4.32) e (4.36) and using ¢ € (0, N_TIS) and
h e (8%,8%) the Lemma follows. O

5. HYDRODYNAMIC LIMIT
For any test function ¢ € CO(T!,R), define
1 T
(5.1) Ev(te) =5 2 ¢ (5) B (ea(V?D)).
TELN

That is, {n(t) is a measure that describes the, rescaled, averaged energy
distribution at the macroscopic time t. We will show that &y satisfies an
integral equation with some error, as stated in the following Proposition.

Proposition 5.1. For each ¢ € (0, N_é), N € N, and initial probability
measure iy € Mny we have, for any s,t € Ry, s <t, and ¢ € C5(T,R),

D t
Enlt9) = Enls.0) = 5 / e, ¢")du

+ENpllesO (N—l Y (t—s) (N—l n Ns%(lng—lﬁ)) .

The first step in the proof of Proposition 5.1 is to find a more convenient
expression for {n (¢, p) —En (s, ¢). By equations (3.3), (3.4) we have, setting
Vzyg(z) = gz +1) — g(x),

(5.2)

enlt ) —en(0.0) =N [ 3 () s (G129 = G (V25) )

TELN

=N /Ot Z Ve (%) NN(jw,x+1(N2S))d5-

TELN

It is convenient to write the above equation in terms of the covariance matrix.

Recalling (3.8) and (3.9), we define

53 SO0 = [ (SYO0)ds (@) € (@), 0). (@) (p0))
Then, recalling (3.3), we can write

(54) Ex(to) —En(0,0) =N 3 Vo, (5 ) [S90(t) - 17, 0]
TELN

Next, we need an interlude dedicated to the evolution of the covariances.
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5.1. The dynamics of the covariance matrix.

To study equation (5.4) we need to understand the evolution of the co-
variance matrices S. This is the goal of this section, whose main result is
equation (5.18).

We use the discrete Fourier transform U (see Appendix E for the defini-
tion) to define, for each () € {(q), (p), (¢.p), (. 9)}, j,J" € Zn,

8= 3 8L i) = (USPU),,

z,x' €ELN

(5.5)

with inverse

(5.6) Se =

T,T

Z g;j/wj(x)wj’('rl) = (Uﬁlganl):v,:c"

J,3'€LN

In analogy with (3.2) we define the 2NV x 2N matrices

0 -1
A= < —A+wil ~1 )
where A are the operators such that, for all g : Zy — R?, d € N, acts as
(Ag)z = g(x +1) —2g(x) + g(x — 1). Also, we define
0 0
B(5) = [ 0 Diag(S) ] ’

(5.7)

(5.8)

where 0 is N X N null matrix and for each N x N matrix M

(M1 0 0 0

0 My 0 0

(5.9) Diag(M) = | 0 0  Msg 0
0 0 0 MyN |

By a straightforward computation:

(5.10) GSN(t) = —ASN(t) — Sn(t) AT + 255V (1)).

ﬁ B Bj(\?) 6](\‘;4’)
N = (p,q) (p)

N N

Let

where B](\?) are N x N matrices such that supy ||By] < co. By (3.11),
I Tr(SnBn)lle < ClIB-

Integrating in time and averaging with respect to the initial conditions
equation (5.10), and then using Corollary 4.3 with Ay = Tr(Sy(t)By), and

(5.11)
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equation (5.11), we obtain,
Tr (ﬁN [ASN(t) + Sn(t)AT - 272(5%) (t))D

sry = Bl (S50 - Sy(0P0) )

+O(IIBlE (Neb(ne)t+ N5 ) )
Since we fix ¢, in the following we may write Sy instead of Sy(t). Let

(5.13) R = ASy(t) + Sn(t)AT — 272(5%) (t)),

which can be written in components as

R@ — 55\1;41) + Sgg,p)

R(@P) — S%) (W2l — A) + 75%@) _ 55\];)

R (P:9) (ng _ A)SE\‘}) + ,YSE\I;:Q) _ SS\;;)

R — @I — A)SYP + SED WA - ) + 298 - 293(5Y).

(5.14)

Lemma 5.2. We have the estimates

sup Z |R j—l‘ < Cyé, (Nfl + tNE%(ln£*1)2> .

l€EZN JELN

Proof. To obtain the above estimates we must make appropriate choices of
B. For any () € {(q), (p), (¢,p), (; @)} and | € Zy, let

/BNa:y Z TIZ) ¢—g l )Sign(ﬁg?jjfl)a T,y € ZNa

JEZN

for the (a) block and Bj\}(a,) =0 for (/) # (). Note that, for all w,v € RV,

(w80 < | S0 3 wi@)e (ywevysign(RSY; )

z,Yy€LN JELN
<@gl l < @3] = [lwlllo]),
JELN
which implies that || 8] < 1. For any R(®) in (5.14),
l:
(5.15) sup > (R | = sup Te(RBY™).
lEZNJEZ leZn

However, using (5.12), (5.13) and ||3|| < 1, the right hand side is less than
Tr (ﬂ ) T (Sn(0) — SN(N215))D
sup 5
l€EZN N

+0 (5* (Nsé(lne_l)% + N_ls%)> .
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To conclude, note that, by (5.11), for any ¢t € R,

T (B3 ($5(0) )| = sup Ju (1 (837 $9(01) )|
< CxllBllun(En(t)) < CuEN,

which concludes the proof of the Lemma. O

sup
lEZN

Notation. The actual values of the matrices R(%) are irrelevant; so, from
now on, we will use the notation R for any matrix satisfying Lemma 5.2.

Using the above notation, we can rewrite the equations (5.12) as

ﬁ —S( l)+S(pq)
Aj,j' (kj + ) S(q) 25( g
(5.16) Rig =208 857 (1 — uy)
Rjg = (15 — 1) S(q’p) 2VF + QVsﬁpy)’

)

= Z Vi (y)Y; o (y)S y,y = N3 Z wj+j/(y)sq(fg)/7

YELN yEZN

S

where we have used, see (E.2),
(517) (U(wf — )RV, = Ry & (UR(w§ = AW), ., = pr Ry

Indeed, the second equatlon follows by summing the second and third line
of (5.14) and using the first line of (5.16). The third equation is obtained
similarly by taking the difference of the second and third line of (5.14), and
the fourth equation follows from the fourth of (5.14) and the first of (5.16).
Equations (5.16) imply

(9) o 5
= 2(py — 1jr)S; 50 = Ry

(15 = 13)S;
alap) o 5
2’}/(#] + /L] )S oy (M? — ,U?/)Sj’j/ = R],]’
Summing the above two equations yields
alap) o 5
V(g + py) S0 — (g — 1) Sj 50 = Ryjor-

Using the above in the fourth of (5.16) we have

alap) - =
[272(/% + ) + (1 = Mj')Q] Siy =2 (s — uyr) By = Ry

which we find convenient to write as

Slar) — —B vy + Ray

7y
(5.18) By = Z s 1) Fy g (@) )
jvj/GZN
& Ay (5 — )
(I)(Mjaﬂj’) = J j

292 (g + pgr) + (g — pyr)?
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71 ~
Indeed a term [(Mj - ,uj/)2 + 292 (pj + ,uj/)] R; j satisfies Lemma 5.2, since

(,uj — uj/)Q + 292 (uj + pjr) > 4ywd, see (E.2). So it can be seen as a generic
matrix R. For further use, note that

Boita—Boa= 3. ®jny)Fig (79N = 1) @)y ()
J.J'€ELN
1 & 7 Tij
= UN > (g ki) Fjrs (62 iIN — 1) Vi().

J,kE€ELN

(5.19)

5.2. The heat equation.
We continue our study of equation (5.4). First, by (2.8), for any («),

(5.20) > 1SP(H)] < CpENT.

)

TELN

From now on we consider ¢ € C%(T), as in the statement of Proposition 5.1.
Taylor expanding ¢ in (5.4), and using (5.18), and (5.20), we can write

Enlto) —En0.0) == Y ¢ () (S8, - s12)

TELN

" () (8801, - 835) + O Eigliest)

xGZN

"

¥
Z‘EZN

Zn(@) = )
TEZLN

(21) = (%) P = Bos) | O(N €. elent)
(

31 x+1x“ﬂBx@) -
N) +Zn(p )+2NZN( ")

<

x
(7) R = R
We will prove in section 5.3 the following Lemma.
Lemma 5.3. For ¢ € C*(T,R), we have
1ZN(9)] < Cypallglea (N + VT (n="")2)

Accordingly, to estimate (5.21) it suffices to compute, for each ¢ € C*(T, R),

(5.22) > o) [B+—B] _

JJEZN 27
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Equation (5.22) reads, using (5.19) and (5.16),

27\f > kP iig) e (e%ij/N - 1) -
(5.23)

_ Z Z ¢ k‘d};;(y) Z (T)(Iu,j,,u,k_j) <€27rij/N — 1)

yEZN kEZN JELZN

To continue it is convenient to choose an explicit representation of Zy. We
choose Jny = {—M M} for N odd and Jy = —% + 1,% if N is
even. With this notation, we can state the following Lemma, which proof
we postpone to section 5.4.

Lemma 5.4. For each k € Jny we have

3 <€2m'j/N N 1) B, prj) = 2mikD + O(KAN 1)
JELZN

where the diffusion coefficient D is defined in appendix F.

Using the above Lemma, (5.23) and renaming k as —k in the sum,

oy (Bih, - BE2)
Z ¢ (N) 27y
:cEZN
(5‘24) yeZN» kaJN
27rzk/N
-5 XS0 Y Gty 122
yGZN k€EZn v
Z S S Ok ekIN2)
yEZN —kEJN

Using Lemma E.1, the assumption ¢ € C* and (5.20) yields

TELN yGZN k€EZ N

> o(y) (B"’%Z ) -3 S Y el 1) )] 2
O (

+ & 1) ¢llea

SEV2eo (%) +E0 (N7'1) [|6cs

ELN

ye
1
¥ 2 S0 () + 80 (1) 1ol

YeLN

D
2
D
2
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Substituting the above in (5.21) (with ¢ = ¢’ and ¢ = ¢”, respectively) and
using Lemma 5.3, yields

et o)~ 00 =3 5 3 SO ()

YELN
+ & glles© (t (N—l + Nes (ln8_1)2> +N71).

Using the equipartition proved in Proposition 5.5, we have

D It
En(t,o) —En(0,¢) = 27/0 n(s, @")ds
oo (s (3 Nk ) + 7).

which concludes the proof of Proposition 5.1 for s = 0.
To prove the Proposition for s € (0,t) it suffices to note that ¢5un € Minit,
by Lemma 2.2.

5.3. On the error Zy.

Here we prove Lemma 5.3. Note that it is enough to estimate one term,
the other being similar. Recalling (5.18) and using (E.5), we have for Zy
defined in (5.21)

D0 () Rea| = | 22 X Ati@) Rty @)iin(a)

TELN TELN J,kJIELN

=|N~ Z Z S jk(z Jk<NQZ|¢l’Z|R’]l|

TELN j.kELN leZn JELN

By Lemma 5.2, this is less than

C#g (N 2+tN% % IDE ) Z |¢l|

l€EZN

< Cyllllca&, (N1 + tN=F (n="")?),

where iri the last inequality, we used Lemma E.1 and ¢ € (32’ so that
Doiez N || is uniformly bounded by v/N.

5.4. Effective derivative.

Here, we prove Lemma 5.4 whereby showing how the needed extra derivative
appears. We start with an explicit computation to rewrite ®(su;,p;7) in
(5.18) more explicitly. To this end, we use (E.2) and the prosthaphaeresis
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identities to compute

) "
Wi+ phjr = ng + 4 sin? (%) + 4 sin? (7;\% )

(5.26) = 2w2 +4 — 2cos (2]7\;‘7.) — 2cos (27le>
= 2w§ +4 —4cos (ﬂ(j; jl)) cos (W(j]\_f j/)> ,
and
My — fjr = 4 sin? <7TN]> — 4sin? <7;‘\77/>
(5.27) = —2cos (2]7\?> + 2 cos <2]7£‘7j/)

. .y
_ 4sin (W(];J )> <in <7T(JN j )) _
This allows to write

~ 4sin(ﬂ(j;jl))Sin(ﬂ(j;[j/)))

D, pjr) = — — — .
I wg +2_QCOS(7T(JJJ\;J ))COS(W(J];J )) + %sinQ(ﬂ(j;,” ))SiDZ(ﬂ'(J]—VJ )

Hence, for each k € Jn, we have
> (9N 1) B, )

JEZN

_ Z (ezmj/N _ 1) 4Sin(%k;) sin(”@]{,’k)) |
T wd+2— 2008(%‘3) COS(W) + %2 sin2(”—]\’f) sinz(iﬂ(%]\?k)))

e2™ii/N _ 1) sin(2&L 2

I s open

wi+2—2cos(F) N

=2k
JELN

2 (ew - 1) sin
=2k d+ O(k*N~!
/0 wi +2—2cosd +0( )

2m sin?(9)
= i2k d9 + O(k*N~*
! /0 wi +2—2cos? + 0 )

m(2j—k)
N

where we have used that sin ) = sin 2%) + O (%) in the second

equality and the fact that the integral of an odd function is zero in the last

equality. To compute the integral, we notice that we can see it as an integral
on the unit circle on the complex plan and write

2 L2 ~ 12,1
/ o (9) dﬁ:z/ R —.
0 wi+2—2cos? 4 )= wg +2— (2 +271)

_ i (2> —1)°
4 /|z:1 22 [22 41— (w§ +2)z]

dz.
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Note that the poles inside the unit circle of the integrand are at zero and at

2 4 2 4
z=1+ % — \/wg + %. In particular, setting a =1 + %0 + \/wg + %0 we
have

21— (wWi+2)z=(2—a)(z—ay),

hence, noting that a_a4 = 1 and recalling (F.5),

2 2 2 2
sin® () T 9 (a2 —1)
a9 =" 12 S
/0 wi +2—2cosd 2{ +w0+a2_(a_—a+)
2 2
T a®(a— —ay)
—_ |92 2, =\ T
2[ e a%<a_—a+>]
:g[2+w87(a+fa,)]zwa,:l:ﬂ'D,
a4

which, substituting backward, yields the Lemma.

5.5. Equipartition.

The last item we need to prove, to conclude the argument, is the energy
equipartition (essentially, this is a quantitative version of Virial Theorem).

Proposition 5.5. Suppose that p € C(T). Then,

% Z © (%) /Ot,uN[ 2(N?%s) — ew(NQ.s)]ds

TELN

< Cylpllat (N

+1 (N_l + Nsé(ln5_1)2>>.
Proof. A direct computation yields, setting Qz = ¢z—1 - (¢z — ¢u—1),

(528) Qpi — 2€$ = — (VZNQ)x + g (Qx “Pg + %%25) .

Since

1 T Y
N Z SO(N) [Qx'chWLqu} SC#H‘PHOOv
¢
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we can apply again Corollary 4.3 and write

N Z ( )/ MN[ 2(N?s )—ex(N2s)}d5

IEN

= 3 Voo (5) [ v lus) as

TELN

(5.29) + % 0 (%) [N [Qm(NQt) - pa(Nt) +

TELN

- iw (55) v 4:(0) - pa(0) + S2(0)]

2(1:,;(N2 )}

+ &Il (INeb (=12 4+ N3

Using the energy bound (2.8) we have, for each s € Ry,
(5.30)

5 3 o (5) i fan(28) (%) + L2 | < €1 E0E

TELN

While for the term in the second line of (5.29) we have

(5.31) / > VZN80< ) v [Qu(N2s))] ds| < C#”SO/”;;E*YS.

TELN

6. PROOF OF THEOREM 2.8

Given a sequence {ey} such that ey < N™% « > 6, Proposition 5.1
implies that, for all ¢ € C%, t € R,

t
(61) ]\}gnoo §N(t7 ()0) - gN(Oa 90) - 2?}//() §N(37 (p//>d3:| =0.

For each t, > 0, let CS)\A,t* = CY([0, t.], Mg, (T)), where Mg, (T) is endowed
with metric (G.1) which metrizes the weak topology. Note that &y € C%7t*.
Let uy € M}, To be given by (2.9) and T'(t) € Cjo\/t’t* be solution of the
heat equation with initial condition 7Tp. Since Mg, is compact, relative
compactness of the sequence {{x} follows from equicontinuity in time of {y
proved in appendix G and by Ascoli’s Theorem [41, pg. 223, Theorem 17].
Accordingly, there exists accumulation points &,(-) € C?\/t,t* of the sequence
{&n(+)}. By (6.1) such accumulation points satisfy the weak heat equation
(2.12). Furthermore, by (2.9), imy_00 E5(0) = Tp. Therefore, since the
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8

heat equation has a unique solution,® one has

6.2 li =T
(6.2) Am EN

uniformly in [0, t,] in the weak topology.

To extend the result in time, note that (g(¢),p(t), 0(t)) = (q(t + N2t.), p(t +
N?2t,),0(t + N2t,)) satisfies our equations (2.2), moreover the distribution
wn of (g(0),p(0),6(0)) belongs to Mipix by Lemma 2.2. In addition, uj
satisfies (2.9), that is, its energy profile converges to T'(t.). It follows that
we can apply our argument to such a process and extend it for another time
t.. Iterating the argument yields

(6.3) lim En(t) =T(t) ViR,

6.1. Computing the error.
To conclude the proof of our main result, we must compute the difference
between & and T

End of Proof of Theorem 2.8.
Since € € (0, N™%), a > 6, and recalling that 5, = min {%, g 1}, one has

(6.4) (N—1 + Ned(In 5—1)2) < CuN~% (In(N +1))2.

Fort € Ry, k € Z\ {0}, we set, recalling (2.10) for the definition of w,
v (t @) = En(tp) =Tt @) & () = 2,
Qf = max {w(N, k, ), N~ (In(N +1))*}

Since w (N, k,un) <1+ g—;, for any « > 6, there exists 5a € R, such that

(6.5) ok < Ca,
for all k € Z\ {0}, N € N. Furthermore, for all ¢ € R} we have
(6.6) Inn(t, @)l < 2Edl¢llco & nn(t,1) = 0.
By Proposition 5.1 and inequality (6.4), we have
D ! 1/
nn(t, ) = (s, ) + 5 [ v (u,¢")du
(6.7) T Js

+ 0 (Jlgplles&s (N7 (N + 1)) (¢ )+ N71)).
Evaluating this on 1, (6) = 2™ we obtain
D t
(i) =0n (s, ) — 4W2/€22/ 0 (u, ) du
(6.8) s
+0 <k6€* (N—ﬁ* (In(N +1))%(t — s) + N—1)> .

8 Just compute its Fourier coefficients Ty (t) := Jp €7 T (¢, dx).



36 GIOVANNI CANESTRARI, CARLANGELO LIVERANI, AND STEFANO OLLA

Note that [nn(0,%)| = Eow (N, k, un) and set
tmaz = Inf {s eRy : nn(s, ¥ = CE*kGQIfV},

where C' € (1,00) is a constant to be fixed later. If ¢,,,, = 00, then
Inn(t, )| < CEKSQE, for all t € Ry. Recalling the second of (6.6), it
follows that if ¢ € C®, then,’

sup [En(t, ) = T(t @) < sup > (k)| (E,y,)]
teR4 teR +k€Z\{0}
(6.9)
< CpC&|glles max ¢ > k2@(N,k, pn), N7 (In(N +1))* 5,
kezZ\{0}

which proves the Theorem. If instead #,,4,; < 00, then, by continuity of ny,

|77N(tmax7 ¢k)| = Cg*kfiQ]]cV

Moreover, by (6.8) and the first of (6.6), for any «, there exists C; € (0, 00)
such that

|77N(5771bk)| > ’nN(tmaxa'lrbkM - Clg*k6(|8 - tmafl?| + N_l)v

(6.10) 6 1
|77N(57'¢k)| < ’nN(tmaza'lPkﬂ + C1&k (|3 - tma:fc| +N )

Provided that |s — tpes| < 7Ok, 7 = 3g , C' > 20C7 and noticing that
30k > N~1, equation (6.10) implies

CEKQY _ [ (tmas, i)

(6.11) o
< 3|77N(tmax7¢k)| . 3CEk QN
~ 2 p— 2 s

and, in particular, for |s — ta.| < 7O,

(6.12) sign(nn (s, ¥y)) = sign(nn (tmazs ¥r))-

Set
2 D\ !
5ty = TR Q% :=min< 1, —— <4ﬂ2k2> .
* PEELN Pk { 3Ca7' 27

Note that the choice of pg, (6.11) and (6.5) imply that

D tmaxz+0ts
(6'13) ‘nN tmam7¢k)‘ - 472]{2 2y ’77N(87¢1c>‘d3 20

tmax

9Setting G(k) = Jr e 2™*%,(9)dh for the Fourier coefficients.
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By equations (6.8), (6.11), (6.12) and (6.13), for some Cs € (0, 0),

D tmaz+§t*
1NN (tmaat 0te, ¥i)| < 0N (tmazs Yi)| — 47T2k'22,y/ Inn (s, 9y)|ds

tma(E
+ROE,Co (N1 (n(N + 1)) N Q)

D\ (C&
< v (tmaz, )| — <47r2k227> ( ; k6@’fv> (rorQk)

+ o8 (N1 (N + 1)) N5 Q).

(6.14)

Note that N=! < 50 (In(N + 1))> N=#<Qk, for all N € N, and the previous
quantity is less than

CE, k2D 2
|77N(tmaxa'lpk)‘ - %T,Ok (Q?V)

+100C2EKS (In(N + 1)) NP+ Qk,.
Note also that for any > 6 there is C' big enough such that for any k& € Z\ {0},

2 D\ !
TPK = —=— <4772k2> .
3C, 2y

Therefore, we can choose C' big enough, such that the last two terms in
(6.15) sum up to a negative contribution, i.e.,

7 CE 28D

(6.15)

e Q% 4+ 100CoE S N~P+ (In(N + 1))?

== Q% 4+ 100CE, kSN~ (In(N +1))? < 0,

(6%
since Q% > NP (In(N 4 1))®. This implies that [y (tmaz + e, Py)| <
11N (tmazs ¥,)|. Furthermore, by (6.11), and 6t, = 7o, Q% < 79k,
3C¢E

5 Ly oL

sup Inn (t,4by)] <
te [tmam mazx +6t*]

Then |nn (¢, ;)| < 255k00QK,, for all ¢ > 0, follows by iteration. Finally,
the theorem follows by equation (6.9). O
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APPENDIX A. DECAY OF CORRELATIONS FOR EXPANDING MAP

In this section, we quickly recap the information used in this paper per-
taining to the statistical properties of smooth expanding maps. For simplic-
ity, we confine ourselves to one dimensional maps, but the same theory holds
in higher dimensions and for hyperbolic maps, see [19] for a quick exposition
or [1, 2] for exhaustive details.

Let f € C*(T, T) such that f > X\ > 1. A trivial consequence of expansivity
is the following.

Lemma A.1. For anyT € T, {f "T}nen is dense.

Proof. Let (a,b) C T. Note that f*, n € N, belongs to C*(T,T), and
infio 1)(f")" = A". Therefore, for any n € N, either f"((a,b)) =T or

b
1> 17" (@) = [ () @)= b~ alx
which can happen only for finitely many n. Hence, there exists 7 € N such
that f™((a,b)) =T, so f~"(Z) N (a,b) # 0, thus proving the Lemma. O

We are interested in studying the decay of correlation for observables of
bounded variation. To this end, it is useful to introduce the concept of
transfer operator defined as, for each g € C%,p € L',

(A1) /T p(0) - go F(0)d0 = /T 4(0) - Lo(6)do.

Note that, by definition [ Lp(0)d8 = [ p(9)df for each p € L'. A simple
change of variables shows that

(")
Lp(0) = p/ .
O'GfZ_:I(O) ! (0 )

Note also that |Lp(0)| < L|p|(#), that implies ||[Lpllr < [[pllpi- All the
properties used in this paper are summarized as follows.

Theorem A.2. Let BV be the space of functions of bounded variation from
T to C. Then L € L(BV,BV), that is L is a bounded operator when acting
on such a space. Moreover, there exists v € (0,1) such that the spectrum

opy(L) C {1} U{z€C : |z| <v},
and 1 is a simple eigenvalue of L with eigenvector p, € Ct, p, > 0.

The above theorem, together with equation (A.1), implies that there exists
a unique p, € BV such that Lp, = ps, [ p« = 1, and that L™, n € N, has
the spectral decomposition

(A.2) L' = px /T p(0)d6 + Q"p

where @) € L(BV, BV) has spectral radius strictly smaller than v, hence
(A.3) 1Q" v < Cyrm.
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The above decomposition allows us to establish the following basic result on
the decay of correlations.

Lemma A.3. For each p € BV, g € L' and n € N, we have

Lo -0 @)~ [ 90100 [ i)

Moreover, if p,g € L?, then

T ' [ 0050 720~ [ 9. 0)00 [ 10| =0

Proof. Let p € BV and g € L'. We just compute, recalling (A.2),

‘ [ 0® g0 @00~ [ s@p.0)00 [ pioao
=| [o@ro0r0~ [ at0rp. (0109 [ piorar

_ \ /T g<9>@”p<e>d9] < Cor™ gl lloll v

< Cy"|lgllcrllpllBy -

To prove the second statement, first note that, for any n € N, p € L?,
1£7pl172 = /TP(G) (L"p) o f*(0)d0 < [[(L"p) o f"[| 2]l pll 22,
and, since (A.2) and (A.3) imply
1110 < 1£™1 = pully + ey = Q"1 + loull v < Cy,
we have
1(£"p) o fM72 = /T L7 L"L < (|7l £7pll72 < Coll L7 pll7-
These above inequalities imply that £ is power-bounded on L?, i.e.,

(A.4) IL"pllL2 < CyllpllL2, for any n € N.

For each g, p € L?, & > 0, let p. €BV such that ||p— pe||;2 < €. Using (A.4),
and the first part of the Lemma,

lim ‘/gE”p—/p/gp* < lim gﬁ”ps—/ps/gp* + Cyllgllrze
n—=oo | J1 T JT n—=oo | Jj T T
= Cxllgllr2e,
which by the arbitrariness of € concludes the proof. U

Similar results, that will be used in the main text, can be obtained for
multiple times correlations.

Theorem A.2 is well-known (e.g. see [19, Chapter 1]). However, we pro-
vide a brief proof for the reader’s convenience.
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Proof of Theorem A.2. For all p € C! we have, by a direct computation,

a5 ae(2) (1),
where B = Hf—

This implies
f'// >
+ L | =
o H ((ff)?p
() o

o
ot <|e (%)
More generally, equation (A.5) implies the following basic property of L:

7 <SATHP Iz + Bllpl e
for each p € C', we have!”

Ll

1ol <ol
1Lpllwra = 1(£o) lx + I(Lo)lr < X pllwra + (B +1) [lpll 11,

these are the so-called Lasota-Yorke, or Doeblin-Fortet, inequalities. Hence,
Lec L(L', LYY n L(WYH, Wh1) and, iterating, equations (A.6) imply that

(A.6)

12l < A "{lpllwrs + (B+1)(1 =277 pll
<A+ B =AY [pllwrr

Thus o111 (L) C {z € C : |2| <1}, and by (A.7) the sequence

(A7)

n—1
1 k
. — E 1
(A.8) - k_oﬁ

is compact in L' and hence has accumulation points, which belong to W1,
Since £F1 > 0, if p, is one such accumulation point, then p, > 0 and
Lps = p«, that is 1 € oy, (L). To prove that p, is strictly positive, note
that if there exists T such that p.(Z) = 0, then, for any n € N,

_ _ «(Y)
(A.9) 0=pu(@) =L7pu(@) = Y b
o W)

The right hand side is a sum of non negative terms, hence p,(y) = 0 for
any y € f~™(Z), n € N, which, by Lemma A.1, forms a dense set. Since
px € WHT € €O, this means that p, = 0, which is a contradiction.

The above also implies that 1 must be a simple eigenvalue. Indeed, sup-
pose that Lp = p, p € WHI\ {ap, : o € R}.Y Then there exists b > 0
such that p, — bp > 0 but there exists T € T such that p,(Z) — bp(Z) = 0.
Then the same argument as before yields the contradiction p, = bp.

Recall that [|pllwr1 = lloll 1 + 1ol 1.
HUNote that if L(a+1i8) = o+ i3, then is must be La = a and LB = 3, so we can
restrict to real functions.
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To study the rest of the spectrum, note that if V = {,0 e wht . fT p= O},
then, by (A.1), LV C V. Moreover, for all p € V, |p|l;r < ||p'||z1- This
implies that, for each p € V,

(A.10) 1(£p) 1 < (A + B) 1'll -

The above implies that the spectrum oy(£) € {z € C : |z| < A™! 4+ B}.
If ™' 4+ B =: v < 1, which is the case if the map is close to linear, then
equation (A.10) implies

(A.11) o (L) C{1}u{z€C : |z| <v}.

This proves the Theorem apart from the fact that £ is acting on Wh!
rather than BV, an issue that we will discuss shortly.

It is necessary to make a more sophisticated argument to prove the the-
orem in the general case, in which B may be large.

From (A.6) and Hennion’s Theorem ([38], but see [19, Appendix B] for
a self contained exposition) it follows that £, when acting on W' has
essential spectral radius bounded by A~

If Lp=ep, Jzlpl =1, p # ps. Then,
ol < L]p]

implying |p| = L|pl, since [ (L|p| — |p|) = 0 and the integrand is non nega-
tive. Hence, p = p,e™ for some function ¢ € C°([0,1],R), ¥(0)—1(1) = 2k,
and k € N. Moreover L(p.e™) = e e¥p, ie., L (eiw—i’f"’f—w*p*) — px = 0.
Integrating and taking the real part one has

Ap*(l—cosw—wof—e*»za

which is possible only if ¥ — ¢ o f — 0, = 2knw. Since f has at least one fixed
point, we have 0, = 2km and 1 is the only eigenvalue on the unit circle.

Thus there exists v € (A™!, 1) such that o111 L\{1} C {2 € C : |z| < v}
(see [19, Proposition 1.3] for a more detailed discussion). Accordingly, we
have the spectral decomposition (A.2) (for more details, see, e.g., [19, Section
1.2]). The fact that p, € C! can be found in [19, Problem 1.7].

To extend £ to BV note that for each p € BV there exists {p,} ¢ Wl!
such that || pn|lwi1 < |lpllBv, pn converges to pin L, and liminf || p,,||yy11 >
llpllBv (e.g. see [31, Section 5.2.2 Theorem 2]). This and (A.6) immediately
implies that, for each p € BV,

Lol < ol

(A.12) !
ILollBv < A pllsv + (B + 1)|Ipll L1,

and by Hennion’s Theorem the spectral decomposition (A.2) holds also for
L € L(BV,BV). O
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Note that, iterating (A.12), we have, for all n € N,

1Ll < llpl 21
(A.13) . B+1
1L pllBv < A7"IpllBV + ﬁHPHLl-

Another very useful fact is that densities with bounded logarithmic deriva-
tives constitute an invariant set: let

(A.14) Co = {peCl : p(6) >0, ’Z}%ﬂ <a, voeqr}.
Then, since |p/| < ap if p € Cy, by (A.5), we have

(A15) |0 XLI0) + BLKO) < ak BIL0)
so LC, C C,, provided a > %.

Next result is used multiple time in the text.

Lemma A.4. For all K € N, {g; jK:Bl € BV, max; ||gj||pv > 2,

L (%’ — ps /T Qj(9)d9>

< O (ma sl ) o (sl ) + G

Proof. Denote G; = qj — p« [7q;(0)df. Let M = |Cy1n (max; ||¢;]|pv)] >
|C1In2], where C1 € Ry will be chosen later. Then,

K-1

>

Jj=0

Ll

K-1 ‘ min{M,K—1} ' K—1 '
1€G0= > €%+ > 1G],
j=0 j=0 j=min{M+1,K}
Using the first of (A.6) we have
min{M,K—1}
> 18], < 2M max||gj]| -
j=0 ’
On the other hand, by equation (A.3),
K-1 ‘ K-1 . K-1
Z 12751 gy, = Z Q7G| gy < C Z v lgjll v
j=min{M+1,K} j=min{M+1,K} j=M+1

1-Cilnyv~1!
< O max g < Cy (max o lov ,

and choosing C > (In 1/_1)_1 yields the result. O
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Note that, for g € L* and g; as in Lemma A.4, we have, for all IV,

N-1 N-1
9(f70)q;(0)df — | 9(8)p«(6)df q;(0)de’

< Cylllle (mxlgslon ) o (max gl ) + Colglc
We conclude the Appendix with a simple, but important, application of the

above theory.

Proof of Lemma 2.2. By the conservation of energy implies, for any ¢ €
R,
(A.17) Bty [EN(0)] = Epy [En(8)] = Epy [En(0)] < EN.
Furthermore, note that d¢! un(q,p,0) = pn(0)fig,n(dg, dp)df, where
pv(0) = T £ Jpon(62).
TELN

The fact that f € C*°(T) implies that ﬁLtflJPx,N € CH(T) and equation
(A.15) implies (2.7) if Cp is big enough.
]

APPENDIX B. COBOUNDARIES

We say that a function ¢ € C°(T,R) is a continuous coboundary if there
exists ¢ € C°(T,R) such that ¢ = ¢ — (o f. We call L?(p,) the L? functions
on T with respect to the measure p,(0)df.

Lemma B.1. For alln € N,
2
-7 < —.

1 n—1
k
‘ 7 > bof
k=0 L(py)
Proof. By a direct computation, and recalling (2.4),

n—1 2
Z bo fk
k=0

n

—1
> /T(bo F5)(0) - (o f7)(0) - pu(6)db

L%(p.)  k.j=0

n—1 n—2n—1
=Y [B0)-p0ri0 23 Y [ vo f @00 0)a8
k=0T =0 k>; /T
n—1
=n [ b*(0) - ps n— o f4(0) - N
- /T 0 .00 +23 (00 /T bo £(0) - b(0)p(9)d6

0 n—1
=ny—2n bo fE0) - b(0)p.(0)dd —2> ¢ [ bo f40) - b(0)p.(0)db.
o ;/T p ; /T p

Finally, by Lemma A.3, | [ bo f£-b- p.| < Cyur/’, for some v < 1. O
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Lemma B.2. v =0 if and only if b is a continuous coboundary.

Proof. If b is a continuous coboundary, then Lemma B.1 implies

1 n—1 2 2
~v= lim ||— bo fk = lim H (Cof"=0) :
n—o00 \/’ﬁ kZ:O L2(ps) n—00 \F L2(py)
Conversely, if ¥ = 0, then Lemma B.1 implies HZZ;(I) bo f* (o) < Oy, for
Px

all n € N. Thus, the sequence { Z;é bo fk}n admits weakly convergent

subsequences in L?(p,). Let ¢ € L? be an accumulation point. Then,
recalling Lemma A.3 and that b is zero average, for each v € Wbl c C°,
and some {n;};, we have

/TCof(G)dJ s de—/c L(p.) (0

n;—1
= lim o fRHL(0)(0)p,(0)dO
jgookZ:O/Tb O 6(0)pu(0)d

= — m Ok
= /Tb(ew(e) 0)do + i Z/bf p«(0)d6

_ / b(0)(0)p (6)d6 + / C(0)(0)p.(0)d0
T T

Since W1 is dense in L? and p, > 0 (see Theorem A.2) it follows that

as elements of L2, and we assume without loss of generality that J¢pe=0.
It remains to show that ¢ € C°. Multiplying by p, and applying £ to (B.1)
yields

L(bps) = = (1 = L)(Cpx)-

Hence, for al ¢» € L?, using the decay of correlation in Lemma A.3, it follows

Z/Mk“ bpy) = lim /¢ *(Cps) — (Cpa)] = /Q,Z)Cp*

Since [1b(0)p«(0)d8 =0, >3 o L¥ 1 (bpe) = (1 — L)' L(bps). Hence,
(A~ L) Llop.) =~

as elements of L?. Finally, since p, > 0, we have

c= —pl(n L)\ L(bp,) € W C O,
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The importance of Lemma B.2 is that being a continuous coboundary
is relatively easy to check. Indeed, if ¢ is a continuous coboundary, for
any f-invariant measure v, one has that fT c¢dv = 0. In particular, if there
exists just one periodic orbit {p, f(p),..., f*(p) = p}, M € N, such that

Q/if)l b(f*p) # 0, then b cannot be a coboundary and v > 0.

APPENDIX C. STANDARD PAIRS

In this Appendix, we provide the definition and the properties of the
standard pairs used in this paper.

Let 6 > 0 be small enough so that f is invertible on each interval of
size 0. For each numbers a,,b, € T, b, — a, € [§/2,6], x € Zn, we define
[(a,b) = Xpezy @z, bz]. For G € C? (I(a,b), Qn), we denote its components
as

G(G) = {Gz(e) = (Gq}: (0)7 Gq% (9)3 Gp}c (9)’ Gp% (9)) }

and we set,

IBEZN :

1/2

N 2
IDGIl, = sup  sup Z(aGy(9)>

TELN Oy E€[ag,ba] y—1 aex
For C € R, and E,§ € R, and N € N, consider the set of functions
G&(E,N,é,¢,C) :{G € C? (I(a,b), 2N (E)) ‘HDGHOO < C\/Ee}.

We call the graph of G € &,'2 a standard surface. Our goal is to construct
a class of measures supported on such surfaces, see Figure 1 for a picture.
The condition |[DG|s < Cv/Ee implies that the surfaces are almost flat.
That is, there is little correlation between the state of the magnetic field
and the macroscopic positions of the particles z € Q.

For Cy > —B—, let us define the standard probability densities as

AT
by
Dey(at) = {o € € 1a0). k) [p0) = TT sl [ out2)at =1,
TELN Oz
/
’px <200}.
Pz ||co

A standard pair ¢ is given by ¢ = (Gy, p¢), where Gy € & and py € D¢, (a,b)
is a standard probability density, and both are defined on the same domain

I(a,b) =: 1, = XIj C T™  If =[as, by C T.

With a slight abuse of notations, we write ¢ € &.
A standard pair ¢ induces the probability measure yp on TV x Yy (F)

nelg) = /H 9(0, G(0))pu(6)do),

12ywe may write & rather than &(E, N, 6, ¢, C) if the parameters are not relevant.
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for any continuous function g € C°(TV x Qu,R) and where df is the nor-
malized Lebesgue measure on TV .

RAN / support of puy
/_\_/
H(a’ b) =1 TN

Figue 1: The graph of G (in cyan) supporting the measure py.

We define a standard family ({6][-(:1}, v) € Sns.0 (resp, Spns.o) as a
finite collection of standard pairs {¢;}, ¢; € UEGR+ S(E,N,é,¢,C), (resp.,
S(E,N,d,e,C)) endowed with a finite factor measure v = (p1, ..., px). Any
standard family {¢;,p;} naturally induces the measure p on TV x Qn

K
wg) = pine(9), g€ (T x Qn,R).
7j=1

Note that the measures defined by standard families form, by construction,
a convex set whose extremal points are standard pairs.

Let ¢! be the flow defined by (2.2), (2.1).'® We are interested in the pushfor-
ward of a measure defined as ¢! u(A) := u((¢")~1(A)) for each measurable
set A C Qn x TNV,

Theorem C.1. There exists C > 0 big enough and €y, 69 > 0 small enough,
depending only on wo,b, and f, such that if p € §p ns.7 then oiu €
Spnsec: foralle € (0,e0), 6 € (0,00) and all E € Ry, N € N.

Proof. Without loss of generality, we can assume that u € § y 5. & consists
of a single standard pair ¢ € &(E, N, §,¢,C).

_1
Note that z(e,Gy(6),0) = e(=4+e 2B0.0)2G,(4) is the solution of (3.1) at

13While the flow is discontinuous in the variable, it is differentiable, with respect to
time, in the z variable.
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time ¢ starting at G¢(6). Thus, for any g € CO(TV x Qu,R):
Ostie(g) = pe(g 0 ¢°)
= [, U@=te oo
:/ g(f(ﬁ),e( atem2B.00)e ) IT A
I(a,b) TELN

For all § small enough, f is invertible on each [ay,b;] and we call ¢, the
inverse of f|,, p,]- Setting 6 = f(0),

1) [ o@elr D)y @) TT (£lok 0, 0.)) B},

TELN

where £ is the SRB transfer operator associated to the map f, see Appen-
dix A for details. Note that, E(piﬂ[ambm}) = E(pi)]lf([ambz]). By equation
(A.15), and our choice of Cp, one has that Lp belong to D¢, (f(a), f(b)).
However, it can happen that |f ([az,bz])| > 6, since f is expanding. In this
case we can break the image in finitely many pieces indexed by ¢ € 9, such

that |6 — al?| € [2,5] and define

Zq= / [T 2oi02)do. & pD(0) = Z71 (Lpe(8)) Lgas o) (6).
a(®) p(2)) weln

This allows to re-write (C.1) as

Z Z / P @)g(B, e (4t 200®)e g (o(3))) b,

al@) b(q))

where p§f) € D¢, (a9 b(9)), > geq Zq = 1. Let us set

G90) = e(—A+a‘%ﬂi%s(0,so(5)))agé(gp(g))_

First, notice that, by the conservation of energy, G(@ € C2(I(a(?, @), S (E)).
To conclude the proof, we need to bound, the derivative of GG. For all 6,

ge(—hteE(00))e o[ o=A+e72B0,0)F
o0, 2 s H
k=1
o
< S KOS = G

£
Il
—
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(a)

Using the above inequality, since a“"TI < AL, yields
PYel) e (~A+e 2B (00(8)) e _
H — | < \ ~ G ((6)
00, 00,
+ o(care b 0,p@) 9G1" (0(0)) H
00,
< ATICpVEeHVE| Gulp(B)) || + AV “;g(")H

< A_lC#eC#ﬁv Fe 4+ A\ 1eC#VeOV/Ee.
If £ is small enough, we obtain the claim by choosing C sufficiently large. [J

We end this section with the following useful lemmata.

Lemma C.2. Let p a probability density on T, supp(p) = I, where I = [a, ],
lb—a| = & such that p € CH(I)NC(I), and [, |p'(u)|du < C, for some C > 0.
Then

(C.2) IpllBy <267'+3C +1.

Proof. Since p can only have jumps at the boundaries of [a,b], its total
variation is bounded by C plus p(a) + p(b). On the other hand by the
mean value theorem, there exists z. € I such that p(z,) = 5_1, hence for
x € {a,b}

p(z)| =67" +

/ p'(y)dy‘ <styc.

©3) ooy < [+ pla)+p0)+ [19] <1425 430
O

Lemma C.3. Let { € &(E,N,6,e,C) and pp, € D¢, be the associated
density. Then,

ez |lBy < (6Co + 3)6~ L.

Proof. We have that |p), .| < 2Copez, so that [} |pj ,(0)]d0 < 2Co, and 6 < 1,
so the statement follows directly from Lemma C.2. O

Lemma C.4. Let { € G(E,N,d,¢) and let h € €. Then,

sup sup
TELN 96]1@

a — 1
Mh(G(@))’ < CezE|ble.
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Proof. Using Holder inequality and the definition of standard pair,

8G4(0 )k
Z 56,

) )

< IDGl (IDleVE) < TVE[blleE.

-

APPENDIX D. CORRELATION ESTIMATES

Not to disrupt the main text, we prove here two Lemmata used in Section 4.

Lemma D.1. Let I be an interval of size §, p € C*(I,R) be a probability
density such that Hp—lHoo < 2Cy. Then for h € (¢,1), and £ small enough,

e 1 lue™?| Lse~! _ —1\2
/// (Fle="oyb( 1= 0)p(0)dbdsdu — hry| < Cue(lnd—1)2.

Proof. We first divide the integral in the two terms

h  pele1s]
lue™?] lse~]
(D.1) /0 /0 /I b( L= 0)b( £ 0) p(0) dbd sdu,

and

h s
e gy lse"]
(D.2) /O / - /1 b(FL5= " 0)b( L= 0) p(0) dBdsdu.

Recalling that p, is the invariant measure of f, we can write (D.2) as

elhe 1] .
/ (s—sLs_lsJ)/b(fLSE 10)2p(0)1,(0)dbds + O(=2)
0 T

9 he™ 1]
03) =3 2 [ M0 (GO)10) ~ pu(0)) dbds +O()
j=0
Lhe™ 1]
+522 / (£76)%p,(0)dbds.

Note that ||p]lIHL1 =1 and, by Lemma C.3, ||pLl;||pv < Cxd~1. Hence, by
(A.16) with g; = pl; — ps, for all j (hence [;¢; =0), and g = b%, we have
that the first term of (D.3) is O(e2In~!). Hence, by the invariance of p,,
the quantity (D.3) is equal to

eh

(D.4) 5 /.

b(6)2p.(0)dO + O(e2Ind~1).
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The term (D.1) is equal to

Lhe™!]

-1 (g+1aﬂ 1 k-‘rl)a »
> / w [ o oyp(o)as
ke

J=1

heoo el e » »
+/ ds Z / du/b(f“‘e loyw(frl="10)p(6)do
elhe™t] = ke I
(D.5) A

Lhz—: - 1

<.
I

b(f*0)b(f76)p(6)db

I

b
Il

7=1 0
lhe™1] -1

Fh—clhe e Y [u o o)pe)a0

k=0 /1
The last line of (D.5) can be written as

lhe™t]-1

—ectnete 3 [ oo [ a0 as

Lha*lj

= (h—clhe e - [ 000) [0 (o) as.

j=1 /T

(D.6)

Recalling (A.13), and Lemma C.3,

1L (1) |1 < [1b]loo
L= =3 (p11) gy < [Ibllsv (£ (p1) By < Cuos "

Using equation (A.16), with ¢; = bolhe™t =i (pl7) and g = b, and since
(h —e|he™!|) <&, allows to write the expression (D.6) as

(D.7)

Lhe™!]

(h— Z/ (F70) pa( de/ 1J—j(p111)](9;)d9’

+0(E* ) =02 st

where we have used the invariance of p, and the fact that b is zero average.
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The line next to the last in (D.5) can be written as

lhe 1|1 j-1
2 Y Y a6
j=1 k=0"T
lhe ! |—-1j-1
2 Y Y [ oo [ o - pen)0)ao -
j=1 k=0
(D-8) lhe=1]—-1
= (e = 1-0) [ MmO o)
j=1
lhe™t|—1 lhe™t|—1—j
— Y o) (£ - paL]@)ab,
j=1 T k=0
For any p € N, using Lemma A .4 with ¢; = p, — pz 17,
lhe™']-1—j
b £k (P*_p:pﬂl) <C ln(s_lv
> <O

where we have used Lemma C.3 and ||px — pz17]|1 < 2. Furthermore, using
the spectral decomposition (A.2),

lhe ] —1—j
Hb > LM(pe— paly)
k=0 BV
lhe!]-1—j
< ||b||BVC#5_1 Z e < 0#5_1.
k=0

Therefore, using again (A.16) with ¢; = bzgfo_”_l_j LE (py — pz17) and
g = b, we can rewrite (D.8) as

(D.9) ey /T b(F70)(0)pa(8)d0 + O(2(In 5~ 1)2).
j=1

The Lemma follows by summing (D.4), (D.7) and (D.9) and recalling the
definition of v in (2.4). O

Lemma D.2. Let I be an interval of size §, p € C*(I,R) be a probability
density such that H%/Hoo < 2Cy.Then, for all ¢ small enough and h € (¢,1)

h h
5—1/ ds/ du/b(fl<h+8>€‘1Je)b(ftwf‘”e)p(e)de < Cyue(Ind—t)2.
0 0 I

Proof. We assume that he™! = K € N as the general case can be treated
similarly to Lemma D.1. By adding and subtracting p,, the integral in the
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statement can be written as
K-1K-1

3D / b1 IR)B(f90) (p(0) L1 (0) — pa(6))dO+
(D.10) kzi{fi{j
e D, / b(f U= I 0)b(£70) p. (6)db.
k=0 j=0 T
Let us consider the first term of (D.10). Setting p =k — j + K,
2K—1 min{ K—1,2K—1—p}

D3 Lerone) > (o6 - po) a0

j=max{K—p,0}
By Lemma A.4, we have, for any p € {0,1,...,2K — 1},
min{K—1,2K—1—p}
b Z L (pl; —po)|| < Cplnd,
j=max{K—p0} .

and, using the spectral decomposition (A.2),

min{K—-1,2K—1-p} ' 2K—1 .
b > L (plr —po)| < Cyllbllayd™ > 17 <Cud™t
j=max{K—p,0} BV j=0

Therefore, applying (A.16), the first term of (D.10) is of order O(g(In§~1)2).
Setting p = k — 7 + K and noting that

min{K — 1,2K — 1 —p} —max{K —p,0} <p-—1,
the second term of (D.10) can be bounded by
2K -1

(D.11) ey <p— 1) ’/b(ﬂ’o)b(a)p*(e)de .

p=1 T
Note that by Lemma A.3, | [ b(fP8)b(6)p.(6)d6| < CyrP, from which the
Lemma follows. O

APPENDIX E. DISCRETE GRADIENT, LAPLACIAN AND FOURIER

For any g : Zy — R, N € NU {oo}, the lattice gradient, its adjoint and the
laplacian are defined as

(El) VZNQJ? - fw-l—l - fl‘) vag:c = fa:—l - fac
and Azy gz = =V Viy9e = got1 + go—1 — 29a, T € Zn, respectively.
The orthonormal base of eigenvectors of —A consists of
ei27rjz/N j

’lﬂ](ﬂj) = W, )\j = 4Sin2 <N> ’ ] € Zn
(w% — A)pj = pjapy = (W% + Aj) ;-

(E.2)
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In other words, the laplacian is diagonalized by the discrete Fourier trans-
form U defined, for each ¢ : Zy — C, by

5= (Up)j = Y pati()

TELN

10)s = Z Pitj(x)

JELN

(E.3)

where ¢¥ is the complex conjugate of ;. For any matrix A : (Zn)? — C, let

Ajy = (UAU); = D Awarth(x)00h(2)

z, ' €LN

(U UTtAUT! Z AJ”?Z}] ( )

7.] GZN

(E.4)

Note that if ¢ € CF(T,C), then, for each N € N, it induces naturally

functions from Zx — C, which we call with the same name, i.e. p, = ¢ (ﬁ)

N
Remark that, in the limit N — co, we obtain

lim e~ 2Ty,

I
e ﬁ% ~ e p(u)
the usual Fourier transform of ¢. Note also that, for any ¢ € Z,

(E.5) 3 () = N2,

JIGZN

Lemma E.1. Let ¢ € C*(T) and ; be defined by (E.3) with ¢, = ¢ (%).
Then, for each N € N and |j| < N/2,

1
Cillller V2

(E.6) pjl < .
’ Fik

Proof. Note that,

N 1 —i2njz/N
’N 2@]‘ - N(e—iZWj/N Z € v NgO(N)

xGZN

||90 oo
S N‘e zQTr]/N _ 1‘ Z

Since for 6 € [—7/2,7/2] we have |1 — ¢|> = 2|1 — cos 6| > %, we have

1 1
N72|3;] < =[1¢]lcos
™)

that proves the statement for £k = 1. Then iterate for general k. O
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The Green’s function of —Agy + wg, where Az is the laplacian on the
integer lattice Z, is given by, see e.g. [53, (27)],

1
G (2) = (=Ay +w?) " (z) =
wo( ) ( Z 0) ( ) /0

cos(2mux)
4sin?(mu) + w?

(E.7) :

—|z|
1 2
= 14D 1+ DY ez
wo w§+4 2 4

APPENDIX F. ON THE DIFFUSION COEFFICIENT D

The thermal diffusivity D can be written differently. There is a kinetic
expression that relates it to the dispersion relation of the harmonic lattice
w(k) = \/wg + 4sin?(7k). In the kinetic limit the velocity of a phonon of

wavenumber k is %, and the diffusion coefficient is related to the kinetic

energy of the phonons by (see Section 6 in [5] for more details)

(F.1) D= 27172/ [ (k)] dk,

that is valid for a generic harmonic lattice. For nearest-neighbor interaction

sin?(7k) cos?(m
1):271T2/[w’(lc)]Qdk;:/8 (k) cos”(mk) 4,

w?(k)
[ 1 —cos(4rk)
- [

Another expression comes from the fluctuation-dissipation relation [43]:
D =1+ 2G.(1) = (14 w§)Guy (0) — Guy (2)
(F.3) =1+ (wg — A) Gy (1) = w§ (Guy (0) + Gy (1))
=1 — W (Gun (0) + Guy(1)),
where G, is defined in (E.7). From the first line of (F.3)

1 — w2 _
D:/<1+2COS(27T]€) 1 —wg cos(47rk:)>dk

(F.2)

w?(k)
(F.4) _ / <4 sin2(mk) + 2602(22(7:;) —1- cos(47rk:)> "
[ 1 —cos(4rk)

From the last line of (F.3) and (E.7) we also have

w2 1 1 -1
D=1-—20 1+{1+w2+w\/4+w2}
wo w3+4< 27072 °

2

- 2+ Wi +wo/4+wd

(F.5)
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APPENDIX G. COMPACTNESS

Let Mg, (T) the set of the positive measures on T with total mass bounded
by &, endowed by the weak topology. Under this topology Mg, (T) is com-
plete, separable, metrizable and compact. We choose the metric

G di) =3 i {1, [t = [}

where 1), (0) = 2™k € 7, which are a countable dense set in C°(T).

We have that {n € C([0,t.], Mg, (T)), that we endow with the uniform
topology induced by the metric (G.1). Since Mg, (T) is compact, relative
compactness of the sequence {{y} follows from the following equicontinuity
in time of &y, by Ascoli’s Theorem [41, pg. 223, Theorem 17].

Proposition G.1. Provided e < N~%, a > 6, we have, for all t, > 0,
(G.2) %im lim sup sup d(En(t),&én(s)) =0

=0 N—oo 0<s,t<ts,|t—s|<b

Proof. Let ¢ € C5(T). Recalling the definition of £y in (5.1), by Proposition
(5.1) and (2.8), we have, for all 0 < s < t < t,,

1En (@) < llellocés

En(t,p) —En(s, o) / En(u, ") du + E|@les O ((t—s) + N71).
It follows
(G.3) En(t, ) — En(s, )] < Cp&Ellt — s| + N7Hlepllcs.

Then using the metric (G.1) we have

1 -

(Ga) &N En(9)) < g min {1, CERO(t — 5| + N7},
kEZ

and, for any ¢ < 1

sup d(En(t),En(s)) < Cués ( 2ikmin {1,6k%} + N_1>

[t—s|<d k=0
(G.5)

1
P -
1 _ _
< Cyés Z 2kf+ D, g TN SCpE(Vo+NTY),
k=5"T12
from which the Proposition follows. O
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