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Abstract

We prove the hydrodynamic limit for a one dimensional harmonic chain with a random
flip of the momentum sign. The system is open and subject to two thermostats at
the boundaries and to an external tension at one of the endpoints. Under a diffusive
scaling of space-time, we prove that the empirical profiles of the two locally conserved
quantities, the volume stretch and the energy, converge to the solution of a non-linear
diffusive system of conservative partial differential equations.
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1 Introduction

The mathematical derivation of the macroscopic evolution of the conserved quantities
of a physical system, from its microscopic dynamics, through a rescaling of space and
time (so called hydrodynamic limit) has been the subject of much research in the last
40 years (cf. [9] and references within). Although heuristic assumptions like local
equilibrium and linear response permit to formally derive the macroscopic equations
[14], mathematical proofs are very difficult and most of the techniques used are based on
relative entropy methods (cf. [9] and references within). Unfortunately, in the diffusive
scaling when energy is one of the conserved quantities, relative entropy methods cannot
be used: since one would need sharp bounds on higher energy moments, which cannot
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be controlled by the relative entropy. In some situations a different approach, based on
Wigner distributions, is effective in controlling the macroscopic evolution of energy. This
is the case for a chain of harmonic springs with a random flip of sign of the velocities,
provided with periodic boundary conditions, for which the total energy and the total
length of the system are the two conserved quantities, and where the hydrodynamic
limit has been proven in [10].

The purpose of the present article is to deal with the case when microscopic me-
chanical forces and thermal heat baths acting on the boundaries are present, and to
determine macroscopic boundary conditions for the hydrodynamic diffusive equations.
In the scaling limit the presence of boundary conditions is challenging, as the action
of the forces and thermostats become singular. In [3] the authors prove the existence
and uniqueness of the non-equilibrium stationary state, even in the anharmonic case.
The existence of the Green-Kubo formula for the thermal conductivity is also proven
in [3]. However, it turns out very difficult to control the limit properties as the size of
the system becomes infinite (i.e. macroscopic). In particular the rigorous proof of the
Fourier law, which states that the average energy current is inversely proportional to
the size of the system and proportional to the negative temperature difference of the
thermostats, is still an open problem. One of the main difficulties of this open dynamics
is to prove that energy inside the system remains proportional to its size (a trivial fact
for the periodic case where energy is globally conserved). In fact the random flip of
the velocity signs does not move the energy in the system and the energy transport is
entirely due to the hamiltonian part of the dynamics, that is very hard to control.

This difficulty forced us to consider a different energy conserving random dynamics,
where kinetic energy is exchanged between nearest neighbor particles by a continuous
random mechanism, see [11]. In this case the stochastic dynamics is also responsible
for energy transport. The non-equilibrium stationary state (NESS) for this dynamics
was already considered in [2], where the Fourier law was proven without external force,
i.e. in mechanical (but not thermal) equilibrium. In [11] the validity of the Fourier law
for the NESS is extended also to the situation when an external tension force is present
(then the system is in both mechanical and thermal non-equilibrium). Furthermore,
the existence of both stationary macroscopic profiles for the temperature and volume
stretch, at least in some situations, are established in [11]. In particular, the temperature
profile has the interesting feature that the stationary temperatures in the bulk can be
higher than at the boundaries, a general behavior conjectured in the NESS for many
systems [13]. Furthermore, because of the presence of other conservation laws, the
stationary energy current can have the same sign as the gradient of the temperature - a
phenomenon called an uphill diffusion in the literature.

Concerning the hydrodynamic limit, in the appendix section of [11] we have formu-
lated a heuristic argument, based on entropy production estimates, that has not been
proved there, and that substantiated the validity of the macroscopic equations governing
the dynamics in the case of a random momentum exchange microscopic model, see
Section 2.2 of [11]. Besides the aforementioned entropy production estimates, in order to
obtain the hydrodynamic limit, one needs to establish also the property of equipartition
of the random fluctuations of the mechanical and thermal components of the microscopic
energy density, which was postulated in [11, identity (A.46)]. As we have pointed out in
[11] this property seems to be out of reach of the relative entropy method and some other
approach to resolve the difficulty is needed. In the present work we employ the Wigner
distribution method to give a rigorous prove of the hydrodynamic limit for an open
system with a random flip of momenta, see Section 2 below for its precise formulation.

A crucial observation is the identity (8.9) that holds for the L? norm of the covariances
of random fluctuations of momenta and stretches, which we obtain by careful analysis
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of time evolution of the Fourier-Wigner functions defined in Section 8.1. The last two
terms in the right hand side of (8.9) correspond to the dissipation, due to the stochastic
dynamics in the bulk. The remaining two terms describe the interaction between the
fluctuation of the thermal and mechanical components of the kinetic energy at the
boundary points and in the bulk of the system, respectively. In order to control these
terms we need to bound the rate of damping of the mechanical energy, which is done
in Lemma 5.4. These controls allow us to prove that the L? norm of the covariances
of random fluctuations of momenta and stretches, at the given time, grows with the
logarithm of the size of the system: this is the content of Proposition 8.1. This in turn
enables us to show, using again the properties of the Fourier-Wigner function dynamics,
the already mentioned equipartition property, which is stated in Proposition 4.6 and
proved in Section 8.3.

The next ingredient that is important in the hydrodynamic limit argument is the linear
bound, in the system size, for the relative entropy of the chain, with respect to both the
thermal equilibrium and local equilibrium probability measures. We establish this bound,
together with some of its consequences, in Section 7 (see Proposition 7.1). A crucial
property that allows us to control the entropy production, coming from the action of the
external force, is the estimate of the damping rate of the time average of the momentum
expectation at the respective endpoint of the system obtained in Proposition 4.2.

As we have already mentioned the model we consider in the present work, with
the random flip of the sign of momenta, is more difficult to handle than the random
momentum exchange one investigated in [11], due to the fact that the energy is not
transported by the stochastic part of the dynamics. We believe that the method used in
the present paper can be also applied to that model. In addition, the assumption that
the forcing acting at the boundary is constant in time, is only made here to simplify the
already complicated arguments for the entropy bound of Section 7.1 and the momentum
damping estimates formulated in Proposition 4.2 and Lemma 5.4. At the expense of
increasing the volume of the calculations, with some additional effort, one could extend
the results of the present paper to the case when the tension is a C'! smooth function of
time.

A proof of the Fourier law in the stationary state remains an open problem for the
random flip model. We hope that in the future we will also be able to extend the results
of the present paper to the more challenging case of the chain of anharmonic springs.

Finally, concerning the organization of the paper. The description of the model and
basic notation is presented in Section 2. The formulation of the main result, together
with the auxiliary facts needed to carry out the proof are done in Section 3. For a reader
convenience we sketch the structure of the main argument in Section 4. The proof of the
hydrodynamic limit is carried out in Section 5. It is contingent on a number of auxiliary
results that are shown throughout the remainder of the paper. Namely, the estimates
of the momentum and stretch averages are done in Section 6, the energy production
bounds are obtained in Section 7, while Section 8 is devoted to showing the equipartition
property. Finally, in the appendix sections we give the proofs of quite technical estimates
used throughout Section 6.

2 Preliminaries

2.1 Open chain of oscillators

For n > 1 an integer we let I, := {0,1,...,n} and I? := {1,...,n — 1}. The points
0 and n are the extremities of the chain. Let I := [0, 1] be the continuous counterpart.
We suppose that the position and momentum of a harmonic oscillator at site x € I,, are
denoted by (g, p.) € R% The interaction between two particles situated at z — 1,z € I3,
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is described by the quadratic potential energy

V(Q:c - qgc—l) = %(%L - qgc—l)2-
At the boundaries the system is connected to two Langevin heat baths at temperatures
Ty := T_ and T,, := T,. We also assume that a force (tension) of constant value
74+ € R is acting on the utmost right point x = n. Since the system is unpinned, the
absolute positions ¢, do not have precise meaning, and the dynamics depends only on
the interparticle stretch

Te ' =qz —Qe—1 forxz=1,...,n,

and by convention throughout the paper we set ry := 0. The configurations are then
described by
(I‘,p) = (rla e 7rn>p07 e apn) S Qn = Rn X Rn+1~ (21)

The total energy of the chain is defined by the Hamiltonian:
Ha(r,p) = Y &(r,p); (2.2)
z€l,

where the microscopic energy density is given by

2

E(r,p) := p?x +V(ry) = bl +

]

s e, (2.3)

N"mo

Finally, we assume that for each = € I, the momentum p, can be flipped, at a random
exponential time with intensity yn?, to —p,, with v > 0.

Therefore, the microscopic dynamics of the process {(r(¢), p(t)) };+>0 describing the
total chain is given in the bulk by

dry(t) = n? (pe(t) — pa_1(t)) dt, xe{l,...,n}, 2.4)
dp,(t) = n? (e 1(t) — ro(t)) dt — 2p.(t7) AN (yn?t), =z €12, ’
and at the boundaries by
ro(t) =0,
dpo(t) = n?ri(t) dt — 2po(t™) dNo(ynt) — An2py At + n\/27T_dwo(t), (2.5)

Apa(t) = —n?r, () dt + 0?7y dt = 2p,(t7) AN, (yn*t) — An’pn dt + /29Ty dw, (t),

where wy(t) and w,,(t) are independent standard Wiener processes and N (¢), = € I, are
independent of them i.i.d. Poisson processes of intensity 1. Besides, 7 > 0 regulates the
intensity of the Langevin thermostats. All processes are given over some probability
space (¥, F,P). The factor n? appearing in the temporal scaling comes from the fact
that ¢, used in the equations above, is the macroscopic time, and the microscopic time
scale is the diffusive one.

We assume that the initial data is random, distributed according to the probability
distribution u, over 2,,. We denote by P, := pu,, ® P (resp. E,) the product probability
distribution over {2,, x X (resp. its expectation).

Equivalently, the generator of this dynamics is given by

L=n? (A+vs+§s) (2.6)
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where
n n—1
A= (pr = Pe-1)0r, + Y (Pep1 = 12)0p, +110p, + (T4 (t) = 70) D, (2.7)
x=1 x=1
and N
SF(r,p) =Y (F(r,p") - F(r,p)) (2.8)
x=0

for any C?-class smooth function F. Here p” is the momentum configuration obtained
from p with p, replaced by —p,. Finally, the generator of the Langevin heat bath at the
boundary points equals:

S= > (L0} —pudy,), with To:=T_, T,:=T,. (2.9)

z=0,n

2.2 Notations

We collect here notations and conventions that we use throughout the paper.
e Given an integrable function G : I — C, its Fourier transform is defined by

FG(n) = /HG(u)e_Q“””’ du, n € Z. (2.10)

If G € L*(I), then the inverse Fourier transform reads as

G(u) =Y ™ FG(n), uel, (2.11)

nez

where the sum converges in the L? sense.
e Given a sequence {f;, z € I,}, its Fourier transform is given by

Fey =" foe 2k kel = {0, 1y, 2 ) (2.12)

z€ll,

Reciprocally, for any f: ﬁn — C, the inverse Fourier transform reads

fo=Y_ Flk)e® ™k wel,, (2.13)
kel,
where we use the following short notation
— 1
= 2.14
Z n+1 4= ( )
kel, kel,

for the averaged summation over frequencies k € fn The Parseval identity can be then
expressed as follows

—

F)g (k)= fagss  fog:1,—>C. (2.15)

kel zel,
For a given function f we adopt the convention

fr(k):=f(k) and f~(k):= f*(=k), kel,. (2.16)
According to our notation, given a configuration

(r,p) = (11, .., "0, D0y - -, D) € Qyp := R™ x R*T!
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we let, for any k € fn
— Z T$€_2ﬂ—ixk, ﬁ(k‘) — Z pxe—erimk’
zel, zel,

recalling the convention ry := 0. Since the configuration components are real valued,
the corresponding Fourier transforms have the property:

p*(k) =p(=k),  7(k) =7(=k). (2.17)

e For a function G : I — C, we define three discrete approximations: of the function
itself, of its gradient and Laplacian, respectively by

zel,,

),
(VaG)e i=n(G(EH) — G(2)), r€{0,...,n—1}, (2.18)
D+ G(=1) —2G(2), z€el.

e Having two families of functions f;,¢; : A — R, i € I, where I, A are some sets we
write f; < g;, @ € I if there exists C > 0 such that

fila) € Cyg4(a), foranyie I, a € A.

If both f; < gs,i € I and g; < fi,i € I, then we shall write f; ~ g;,1 € I.

3 Hydrodynamic limits: statements of the main results

In this section we state our main results, given below in Theorem 3.2, Theorem 3.3
and Theorem 3.5. Before that, we formulate our first assumption on the initial probability
distribution of the configurations.

Suppose that 7' > 0. We first introduce v (dr,dp) which is defined as the product
Gaussian measure on §2,, of zero average and variance T > 0 given by

—EO/T n —8 /T
pO dpa:drz
Ve 1

Let u,(t) be the probability law on €, of the configurations (r(¢), p(¢)) and let f,,(¢,r, p)
be the density of the measure pu,(t) with respect to vy.

We define the linear interpolation between the inverse boundary temperatures 7~ '
and T;l by

vr(dr,dp) = (3.1)

Bu) = (Ty' —T-Yu+T-", wel (3.2)

Recall the definition of its discrete approximation: 5, := B(z/n), € I,. Let v be the
corresponding inhomogeneous product measure with tension 7 :

e ﬁUPo/Q

\/27rﬁo

where the Gibbs potential is

7(dr,dp) := deHeXp{ Be (Ex —T112) — G(Be,T4) Hrodpy, (3.3)

2, .2 1 1
G(8,7) :=log / e BRI Apdr = 67 4 S og (2757 (3.4)
]RZ

for 8 > 0, 7 € R. Consider the density

Falt) = fn(t)%. (3.5)
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and define the relative entropy
H,(t) := / Fa(t)log fr(t)dD. (3.6)
Qn

In the entire paper we assume

£u(0)€C2(,) and H,(0)<n, n>1L. (3.7)

3.1 Empirical distributions of the averages

We are interested in the evolution of the microscopic profiles of stretch, momentum,
and energy, which we now define. Foranyn > 1, ¢t > 0 and = € I,,, let

PO =B ()], B0 =Eafpe()],  EV)=E. 0] (3.8
Moreover, we denote by %(”) (t, k), ﬁ(n) (t,k), with k € 1,,, the Fourier transforms of the
first two fields defined in (3.8). We shall make the following hypothesis:

Assumption 3.1. We assume

1. an energy bound on the initial data:

1
su
n;i n—+1

3 EM(0) < o0 (3.9)

‘TE]IWL
2. a uniform bound satisfied by the spectrum of the initial averages:

sup ( sup \%(n) (0,k)| + sup |1:7(n)(0, k)|) < 4o0. (3.10)
n21 *kel, kel,

The assumption (3.10) prevents the average of the initial profiles to concentrate
at any particular mode %k, as n — oo. This is a natural regularity condition on the
macroscopic profiles of volume stretch and momenta.

3.2 Convergence of the average stretch and momentum

In order to state the convergence results for the profiles, we extend the definition
(3.8) to profiles on I, as follows: for any v € I and = € I,, let

T (tu) =B, [ra(t)],

P (tu) =E,[p.(t)],  ifue 5%, ). (3.11)

Let r(¢,u) be the solution of the following partial differential equation
1
Or(t,u) = 2—83ur(t, u), (t,u) € Ry x 1, (3.12)
g

with the boundary and initial conditions:

r(t,0) =0,  r(t,1) =74, (3.13)
r(0,u) = ro(u)

for any (t,u) € Ry x I. To guarantee the existence and uniqueness of a C>-regular
solution of the above problem we assume that

ro € C2(I) and 7ro(1) =74. (3.14)

Let po € C(I) be an initial momentum profile. Our first result can be formulated as
follows.
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Theorem 3.2 (Convergence of the stretch and momentum profiles). Assume that the ini-
tial distribution of the stretch and momentum weakly converges to ro(-), po(-) introduced
above, i.e. for any test function G € C*°(I) we have

li 7(n) =
Jam o %; 7 (0)G /HTO(U)G(u)du,
(3.15)
7(%) —
Then, under Assumption 3.1, for any t > 0 the following holds:
im 7 (4 ) = .
nll)r_{loor (t,") =r(t,-) (3.16)
weakly in L?(I), where r(-) is the solution of (3.12)~(3.13). In addition, we have
' (n) 2
nEToo/O 15" (s, )| 12 gy ds = O- (3.17)

The proof of this theorem is given in Section 5.2.

It is not difficult to prove (see Section 4 below) that, under the same assumptions
as in Theorem 3.2, for each ¢t > 0 the sequence of the squares of the mean stretches
{[7™12(-)}n>1 - the mechanical energy density - is sequentially x—weakly compact
n (Ll([07t];C’(]I)))*. However, in order to characterize its convergence one needs
substantial extra work, and this is why we state it as an additional important result.

Let C2(I) be the class of C? functions on I such that G(0) = G(1) = 0.

Theorem 3.3 (Convergence of the mechanical energy profile). Suppose that Assumption
3.1 holds. Then, for any test function G € L*([0,t]; C3(I)) we have

lim /ds/(F(")(s,u) (s,u) du—/ ds/ (s,u)G(s,u)du, (3.18)
I

n—-+o0o 0

where r(s,u) is the solution of (3.12)—(3.13).

The proof of this theorem is contained in Section 5.3.

3.3 Convergence of the energy density average
Our last result concerns the microscopic energy profile. To obtain the convergence

of Ein) (t) for t > 0, we add an assumption on the fluctuating part of the initial data
distribution. For any = € I,,, let
HO 1) 1= ra(t) = 7 1)
) (n) (3.19)
PV (t) = pa(t) = DLV (D).

Similarly as before, let ?(n) (t, k), E(n)(a k) be the Fourier transforms of the fields defined
in (3.19). We shall assume the following hypothesis on the covariance of the stretch and

momentum fluctuations.
Assumption 3.4. The following correlations sums are finite:

> (B [0 0)]) <+

z,x’ €l,

> (B [0 ©)]) < oo (320

z,x' €l,

)

iy X (B [0 o]) <

su
n211) n -+ 1

su
n}lil) n+1
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Assumption 3.4 constitutes a rather weak hypothesis about the spatial decorrelation
for the initial distribution of the stretch and momentum fields. Under this assumption
the convergence in probability for the local (weak) law of large numbers for the initial
profiles is guaranteed. For example under the local Gibbs measures

[Tew{ - 2 (o 7007 + (e ~70)7) ~log(2n) arat,

each of the fields {fé”’(o)}xez, {ﬁ;’”(O)}IEZ decorrelates for any x # 2’ and the first two
conditions of (3.20) are trivially satisfied, with the bound provided by inf, 3, !. The third
one also holds, as then I, [;5&") (O)F{;)(O)] =0forall z,2'.

Let e(t, u) be the solution of the initial-boundary value problem for the inhomogeneus
heat equation

1 1
Oe(t,u) = H@Zu {e(t,u) + §r2(t, u)} , (t,u) € Ry x I, (3.21)
with the boundary and initial conditions
1
e(t,0) =T_, e(t,1) =Ty + =72,
(t,0) 1) =Ty + 573 (3.22)

e(0,u) = eo(u),

for any (t,u) € Ry x I. Here r(¢,u) is the solution of (3.12)-(3.13), and ¢( is non-negative.
Our principal result concerning the convergence of the energy functional is contained in
the following theorem:

Theorem 3.5 (Convergence of the total energy profile). Assume that the initial distri-

bution of the energy converges weakly to some ¢y, € C(I), i.e. for any G € C*(I) we
have:

lim — S e oe, = / eo(u) G (u)du. (3.23)
el

n—4oon + 1 I
xr

Then, under Assumptions 3.1 and 3.4, for any t > 0 and any test function G €
L([0,t]; C3 (L)) we have

t t
lim ds /?(n)(s,u)G(s,u)du :/ ds/e(s,u)G(s,u)du, (3.24)
0 I 0 I

n——+oo

where e(+) is the solution of (3.21)-(3.22).

The proof of this theorem is presented in Section 5.4.

4 Sketches of proof and Equipartition of energy

In this section we present some essential intermediate results which will be used to
prove the convergence theorems, and which are consequences of the various assumptions
made. We have decided to expose them in an independent section in order to emphasize
the main steps of the proofs, and to highlight the role of our hypotheses.

4.1 Consequences of Assumption 3.1

4.1.1 The boundary terms

An important feature of our model is the presence of 7, # 0. A significant part of the
work consists in estimating boundary terms. We first state in this section the crucial
bounds that we are able to get, under Assumption 3.1, and which concern the extremity
points x = 0 and = = n. One of the most important result is the following:
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Proposition 4.1. Under Assumption 3.1, for any t > 0 we have

ot 1
/ |ﬁo(5)*ﬁn(s)|2d55fn27 n>1, (4.1)
0

and

t
_ _ 2 log(n+1
[ o) 479 as 5 2EEED

\
=

, n 4.2)

This result is proved in Section 6.1. Another consequence of Assumption 3.1 is the
following one-point estimate, which uses the previous result (4.1), but allows us to get a
sharper bound:

Proposition 4.2. Under Assumption 3.1, for any t > 0 we have

t t
/ P (s)ds / P (5)ds
0 0

This proposition is proved in Section 6.2.
Remark 4.3. In fact, in the whole paper, only the second estimate in (4.3) will be used.
However, in its proof, the first estimate comes freely.

., n>1 (4.3)

1
and < -
n

1
n

4.1.2 Estimates in the bulk

Provided with a good control on the boundaries, one can then obtain several estimates
in the bulk of the chain. Two of them are used several times in the argument, and can be
proved independently of each other. The first one is

Proposition 4.4 (L? bound on average momenta and stretches). Under Assumption 3.1,

foranyt >0
1 2 2
=(n) (1) <
sup FE) + (P 6) S n1 (4.9)
1 2P, 2 )+ ()
In addition, for any t > 0 we have
¢ 2

ny [ @EM()ds S, n>1 (4.5)

0

zel,

The proof of Proposition 4.4 is given in Section 6.3 below, and makes use of Proposi-
tion 4.2. Here we formulate some of its immediate consequences:

e thanks to (4.4) we conclude that for each ¢ > 0 the sequence of the averages
{7 (#)},>1 is bounded in L?(I), thus it is weakly compact. Therefore, to prove
Theorem 3.2 one needs to identify the limit in (3.16), which is carried out in Section
5.2,

* the second equality (3.17) of Theorem 3.2 simply follows from (4.5),

 finally, the estimate (4.4) implies in particular that

=(n)12 - < 1. 4.6
igltl)s?[lo?t]w P )l pa S (4.6)

Therefore, we conclude that, for each ¢ > 0 the sequence {[7"]?(:)},> is sequen-
tially x—weakly compact in (L([0,]; C(]I)))*, as claimed. This is the first step to
prove Theorem 3.3.
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The second important estimate focuses on the microscopic energy averages and is
formulated as follows:

Proposition 4.5 (Energy bound). Under Assumption 3.1, for anyt > 0 we have

sup { 1 Z Ein)(s)} < 4o0. 4.7)

sel0,f],n>1 LN+ 1 =l

This estimate is proved in Section 7.1, using a bound on the entropy production,
given in Proposition 7.3 below. Thanks to Proposition 4.5 the sequence {?(n)(~)}n>1
is sequentially x—weakly compact in (L!([0,t]; C3(I)))* for each ¢t > 0. Therefore, to
prove Theorem 3.5, one needs to identify the limit. This identification requires the extra
Assumption 3.4.

4.2 Consequence of Assumption 3.4

The proof of Theorem 3.5 is based on a mechanical and thermal energy equipartition
result stated as follows:

Proposition 4.6 (Equipartition of energy). Under Assumptions 3.1 and 3.4, for any
complex valued test function G € C§°([0,4+00) x I x T) we have

. ‘ 1 n 2 n 2
lim /0 =Y GI(S)EH[(%; )(s))” = (B (s)) }ds ~0. (4.8)

The proof of this result is presented in Section 8 (cf. conclusion in Section 8.3), and
uses some of the results above, namely Proposition 4.1 and Proposition 4.5.

5 Proofs of the hydrodynamic limit theorems

In the present section we show Theorems 3.2, 3.3 and 3.5 announced in Section 3.
The proof of the latter is contingent on several intermediate results:

« first of all, to prove the three results we need specific boundary estimates which
will be all stated in Section 5.1 (see Lemma 5.1), and which are byproducts of
Proposition 4.2, Proposition 4.4 and Proposition 4.5;

e the proof of Theorem 3.3 requires moreover Lemma 5.2, which is based on a
detailed analysis of the average dynamics (F&”),ﬁ&"))menn (that will be carried out
in Section 6);

+ finally, to show Theorem 3.5 we need: first, a uniform L? bound on the averages of
momentum, see Lemma 5.4 below. The latter will be proved in Section 6.4, as a
consequence of Proposition 4.1; second, the equipartition result for the fluctuation
of the potential and kinetic energy of the chain, which has already been stated in
Section 4, see Proposition 4.6.

5.1 Treatment of boundary terms

First of all, the conservation of the energy gives the following microscopic identity:

nT2LE(t) = Jo1,2(t) = Jeanr(t),  w eIy, (5.1)
where
jm,erl(t) = jx,erl(r(t)vp(t))v with ja:,:erl(rvp) = T PzTz41, (5.2)
are the microscopic currents. At the boundaries we have
n?LE(t) = —joa(t) +7 (T — p3(t)) (5.3)
nT2LEL(t) = Jn—1m(t) + T4pn(t) +7 (T+ - pi(t)) : (5.4)
EJP 26 (2021), paper 19. https://www.imstat.org/ejp
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One can see that boundaries play an important role. Before proving the hydrodynamic
limit results, one needs to understand very precisely how boundary variables behave.
This is why we start with collecting here all the estimates that are essential in the
following argument. Their proofs require quite some work, and for the sake of clarity
this will be postponed to Section 7.3.

Lemma 5.1 (Boundary estimates). The following holds: for anyt > 0

(i) (Momentum correlations)

n—oo n—oo

lim E, [/Otpo(s)pl(s)ds} =0, lim E, Uotpnl(s)pn(s)ds] =0. (5.5

(ii) (Boundary correlations)

oy (st B

(iii) (Boundary stretches)

[l e [f oo-r

(iv) (Boundary temperatures, part I) for anyn > 1

t
E, U pn(s)rn(s)ds] ‘ < i, n>1. (5.6)
0

<—, nx=1. (5.7)

t 1 t 1
E, / T_ —pi(s ds} < —, ‘En U T, —pi(s ds} <—.  (5.8)
‘ [0( 0()) \/ﬁ 0(+ ()) n
(v) (Mechanical energy at the boundaries, part I)
t
E, [/ (ri(s) +7“Z(8))d5} <1, nxl (5.9)
0

(vi) (Boundary currents)

t t
lim E {/ jo’l(s)ds} =0, lim E [/ jnl,n(s)ds} =0. (5.10)
n—oo 0 n—oo 0

(vii) (Mechanical energy at the boundaries, part II): at the left boundary point

t
1
‘En [/ (rf(s) —T)ds] < ax1 (5.11)
0 n
and at the right boundary point
t 1
‘E” U (ri(s) — 72 T+>ds] S >l (5.12)
0
(viii) (Boundary temperatures, part II)
t 1
Z T,E, [/ (T, — p2(s)) ds} < -, n> 1. (5.13)
0

z=0,n

Provided with all the previous results which have been stated (but not proved yet), we
are ready to prove Theorem 3.2 and 3.5. Before that, in order to make the presentation
unequivocal, we present in Figure 1 a diagram with the previous statements, and the
sections where they will be proved into parentheses.
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Proposition 4.4
- (Section 6.3) -

N
\

N
Proposition4.2 | Lemma 5.1
(Section 6.2) (Section 7.3)
e i’ 7 N ﬂ II
Proposition 4.1 -~ Proposition 4.5 } -~ ///
(Section 6.1) (Section 7.1) )/

1
!
|
|
N ! s
|
|
|
|
~ Y X

“~~--____[ Proposition 4.6
(Section 8)

Figure 1: An arrow from A to B means that A is used to prove B, but is not necessarily a
direct implication.

5.2 Proof of Theorem 3.2

Recall the diffusive equation (3.12), which can be formulated in a weak form as:
1
/ G(u)(r(t,u) — r(0,u))du
0
1
=3 ds/ G (u)r(s,u)du — —G( YFit,  t>=0, (5.14)

for any test function G € CZ(I). Existence and uniqueness of such weak solutions in an
appropriate space of integrable functions are standard, see for instance [15, Section
2.3].
By the microscopic evolution equations, see (2.4)-(2.5), we have (cf. (2.18))
n2

n+1ZG T )_Tx(o))] i /dSZG pels px_l(S))]

/O ds {— i(V"G)w pa(s) — (n+ 1)G1p0(5>}

=1

]ETL

—E, +on(1). (5.15)

As usual, the symbol o, (1) denotes an expression that tends to zero with n — +oco. The
dynamics of the averages (T(t), p(t)) is easy to deduce from the evolution equations (see
also (6.2) where it is detailed). We can therefore rewrite the right hand side of (5.15) as

t n—1
1 1
E, 7/0 ds{;%’(vn(})m (Ml(s)rx(s))+w(vnc)orl(s)H (5.16)
n—1
L SV (02 () = 9 (0)) + ——— e (VaG)o (0(t) — po(0)) | + 00 (1)
9 n2 . n z \Pz Pz (27_1_%)”2 n 0 \Po Po n .
EJP 26 (2021), paper 19. https://www.imstat.org/ejp
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Since G is smooth we have lim, ;o sup,cy, |(VaG)s — G'(z)| = 0. Using this and
Proposition 4.4 one shows that the second expression in (5.16) converges to 0, leaving,
as the only possible significant, the first term. Summing by parts and recalling that
G(0) = 0, it can be rewritten as

[ S @) o]

=2

En

_ (27:_§(vng)o - 21’Y<V”G)1) E, Uot rl(s)ds} . (5.17)

Therefore, we need to understand the macroscopic behavior of the boundary strech
variables, which is done thanks to Lemma 5.1: from (5.7) we conclude that the second
term tends to zero, as n — +o0o. Using again (5.7) but for the right boundary we infer
that (5.17) can be written as

¢ 1
1
/ ds<¢ — / G ()™ (s, u)du — G'(1)T4 ¢ + on(t), (5.18)
0 27 Jo

where lim, o Sup,¢(o,4) 0n(s) = 0. Thanks to Proposition 4.4 we know that for a given
t. >0

5 5 (g . <

sup sup |7 (s,") <1 (5.19)

swp s | 2
The above means, in particular that the sequence {7(")(-)},>; is bounded in the space
L°°([0,t.]; L?(I)). As this space is dual to the separable Banach space L!([0,t,]; L?(I)), the
sequence {7(™(-)},>1 is x-weakly sequentially compact. Suppose thatr € L>°([0,t.]; L*(I))
is its x-weakly limiting point. Any limiting point of the sequence satisfies (5.14), which
shows that has to be unique and as a result {7(")(:)},>; is »-weakly convergent to
r € L>([0,t.]; L*(I)), the solution to (3.12)(3.13).

5.3 Proof of Theorem 3.3
The following estimate shall be crucial in our subsequent argument.

Lemma 5.2. For anyt > 0 we have

n—1 +
”Z/ T (s) =P () ds S 1, n>1. (5.20)
x=0 0

The proof of the lemma uses Proposition 4.2 and is postponed to Section 6.5.
Define 7 : [0,+00) x I — R as the function obtained by the piecewise linear

interpolation between the nodal points (x/(n + 1),7,), © = 0,...,n + 1. Here we let
Th+1 = Tp. As a consequence of Lemma 5.2 above we obtain the following.

Lemma 5.3. For anyt > 0 we have

t
_ 2
sup/ Hrl(:t)(s, ~)||H1(H)d5 =h(t) < +oo, (5.21)
n=1J0
where H'(I) is the H' Sobolev norm: || F|[% ) := | F||72 ) + | F'[|72(y)- Moreover,
t t
lim sup / ?i(:t)(s,u)ds - / r(s,u)ds| = 0. (5.22)
n—-+oo wel 0 0
Proof. It is easy to see that
2 1 & 2
||Fi(:t) (t,-) — 7 (¢, '>|\Lz(n> = 35T > (Fara(t) = T2t)”,  n>1L (5.23)
=0
EJP 26 (2021), paper 19. https://www.imstat.org/ejp
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Thanks to (5.20) we obtain (5.21). Using (5.23) we also get

lim / Hr(n) ?(")(8, ')H;(H) ds =0, t>0. (5.24)

n—-+oo

From the proof of Theorem 3.2 given in Section 5.2 we know that the sequence
gFi(:t)(s, u)ds weakly converges in L*(I) to [ (s, u)ds. From (5.21) and the compactness
of Sobolev embedding into C(I) in d1mens1on 1 we conclude (5.22). O

Thanks to (5.21) we know that for any ¢, > 0 we have

(n)12 <1, n>l (5.25)

sup [T
S€[0,t4]

8 HLl(]I)
The above 1mp11es that the sequence {[F mt] (-)}n>1 is sequentially x—weakly compact in
(LY([0, t.]; C(]I))) . One can choose a subsequence, that for convenience sake we denote
by the same symbol, which is +—weakly convergent in any (L'([0,t.); C(I)))", t. > 0. We
prove now that for any G € L'([0,¢.]; C3(I)) we have

Ty Ty
im [ dt / (7 (1, 0)) 2 Gt w)du = / dt / P2 (¢, w)G(t, w)du, (5.26)
n—+o0 Jg I 0 I

where r(-) is the solution of (3.12)-(3.13). By a density argument it suffices only to
consider functions of the form G(t,u) = 1j9,)(¢)G(u), where G € C§(I), t, > 0. To prove
(5.26) it suffices to show that

lim ni - /Ot* Y {[f@(t)]? — 2 (t, %H)}Gz =0. (5.27)

flfe]In

Let M > 1 be an integer, that shall be specified later on, and ¢, := ¢t./M, for ¢ =0, ..., M.
The expression under the limit in (5.27) can be rewritten as B} (M) + B2(M) + 0,(1),
where 0,(1) = 0, as n — +oo, and

-1 41 teta
B:(M) := {r“‘) (te) / o (t)dt — 7 (te, n%l) / r (’f’ m) dt}
t

(=0 z€l, £
M—-1 toy1 t d
B2(M) = / ()] / L (5)ds bt
t S
=0 z€l, te £
2 M—

1 £+1
DI / I / t (P () = B (s) ) dsa. (5.28)
te te

=0 z€l,

The last equality follows from (2.4)-(2.5). In what follows we prove that

lim limsup|BY(M)| =0, j=12 (5.29)

M—+00 p—stoo

Summing by parts in the utmost right hand side of (5.28) we obtain
3
2 _ 2
M) =Y B ;(M
j=1

EJP 26 (2021), paper 19. https://www.imstat.org/ejp
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where

=0 z=1"1 te
2 M-1 teta t
Ba=0 3 [Merne { IRl >ds}dt
’ n+1 = Ju t
2 M-1 ., t
B2, =" / G (t) {/ () (s )ds}dt
n+1 = Ju te

n M—-1n—1 tog1 t
fa = 2 Y [ Temaen { [ s easfa
=0 z=1"7%e te
TL2 M—-1n-—1 (7 ) t
Braa= 2 23 [ a0 -0) { [ 5 ar
ntliz s te

By the Cauchy-Schwarz inequality we bound |B}, | ,| from above by

_ 1/2
n2(1G e [ [ ) oy 2 M 1" < [t S
] ;/0 (P s (1) — 7 (1)) "dt /tz {/tg (s)ds } dt

ﬁ 0 z=1
n—1 ., , 1/ M ln 1 tees 2 1/2
s{<n+1>2 | Ehw ) dt} { > [ s dt}
=170 (=0 z=1"*% te
M ln 1 e 1/2 -1 . 1/2
—(n 2 n —(n 2
{ / (t—te) / (p:(r )(5)) det} N {WZ/ (P; )(5)) dS} )
(=0 z=17% te =170

by virtue of Lemma 5.2. Using Proposition 4.4 (estimate (4.5)), we conclude |B2 | ,| <
1/M and limp;, o limsup,, ,, ., | B2, 5| = 0. The argument for | B | ,| is analogous. As
a result we conclude limp; o limsup,, . |B? | = 0.

Concerning B; , we write

M—-1

teta t
Bra=—1"7 > / (VoG 7 (){ / p5f>(s)ds} dt.
te

£=0

Therefore, we have

S [ o { o)
< {/ 0l {t/ () (5)) ds}1/2 S

by virtue of Lemma 5.1-(5.9) and Proposition 4.4 (estimate (4.5)). We conclude there-
fore that limps 4o limsup,, ,, ., |B7,| = 0. An analogous argument shows that also
limps— 400 limsup,,_, o | B3 3| = 0. Thus, (5.29) holds for j = 2.
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We have B}, (M) = B, ;(M) + B, ,(M), where

M—1 o

B}, (M) 7 (t) / [r (t@, #1) —r (t, #1)] dt,
(=0 z€l,
M-1 041

By (M ST (t) / {?50")@) —r (tg, %ﬂ) }dt.
(=0 z€l,

where r is the solution of (3.12)-(3.13). By the regularity of r(¢,«), Lemma 5.3 and
estimate (5.25) we can easily conclude that limy/, oo limsup,,_, . |B) ;| =0, j = 1,2.
Thus, (5.29) holds also for 57 = 1, which ends the proof of Theorem 3.3.

5.4 Proof of Theorem 3.5

Concerning equation (3.21)-(3.22), its weak formulation is as follows: for any test
function G € L([0, +00); C3(I)) which is compactly supported, we have

+oo
0= /G(07u)eo(u)du+/ / 8SG(s,u) + %83G(s,u)> e(s,u)dsdu
Y
+o0 2
87 /6 (5,u)r? (s, u)dsdu
1 s

w (0.G(s,1) (T4 +73) — T_ 0,G(s,0)) ds. (5.30)
Given a non-negative initial data ey € L'(I) and the macroscopic stretch r(-,-) (de-
termined via (5.14)) one can easily show that the respective weak formulation of the
boundary value problem for a linear heat equation, resulting from (5.30), admits a unique
measure valued solution.

Recall that the averaged energy density function ?(n) (t,u) has been defined in (3.11).
It is easy to see, thanks to Proposition 4.5, that for any ¢, > 0 we have

(n)
E(t,) :=sup sup ||& (¢ < 400.
(t) = s sup [EO] g
Thus the sequence
t
:/ g (s)ds, n=1,tel0,t] (5.31)
0

lies in the space C([0,¢,], M(E(t.))), where M(E(t,)) is the space of all Borel measures
on I with mass less than, or equal to, E(¢.), equipped with the topology of weak conver-
gence of measures. Since I is compact, the space M(E(t.)) is compact and metrizable.
The sequence (5.31) is equicontinuous in the space C([0,t.]; M(E(t,))), therefore it is
sequentially compact by virtue of the Ascoli-Arzela Theorem, see e.g. [8, p. 234].

Suppose that E(-) € C([0,t.], M(E(t.))) is the limiting point of {E, },>1, as n — +oc.
We shall show that for any G as in (5.30) we have

/Gtu (t,du) /ds/aGsu (s,du) + /ds/Gsueo
+f/ds/32 s,u)E sdu—|—f/ds/du6Gsu / (ou)da)

47 (a G(s,1) (T4 +72) — T_0,G(s, 0)) € [0,4.]. (5.32)
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This identifies the limit E of {E,,} as a function F : [0, +00) x I — R that is the unique
solution of the problem

1 I
O E(t,u) = H@ﬁu {E(t,u) + 3 / r2(s,u)ds} +eo(u), (t,u) € Ry x1, (5.33)
0

with the boundary conditions
1
E(t,0) =T_t, Et,1) = (T+ + 271) t, t=0 (5.34)

and the initial condition F(0,u) = 0. Here (¢, u) is the solution of (3.12).

Concerning the limit identification for {E(n)}n>1 we write

t t
/ /z(n)(s,u)G(s,u)duds = /En(t,u)G(t,u)du —/ /En(s,u)(')(),C?(s,u)duds7
o Jr I o Ji

and, by passing to the limit n — oo, we get that the left hand side converges to

/]IE(t,u)G(t,u)du— /Ot/]IE(s,u)é‘sG(s,u)duds = /()t/ﬂasE(s,u)G(s,u)duds.

Hence, any x—weak limiting point e € (L'([0,t,]; C3(I)))* of the sequence {?(n)}@l is
given by e(t,u) = 0,E(t,u), which in turn satisfies (5.30) and Theorem 3.5 would then
follow. Therefore one is left with proving (5.32).

Consider now a smooth test function G € C*°([0, +00) xI) such that G(s,0) = G(s,1) =
0, s > 0. Then, from (5.1), we get

/ Gt u)E™ (4, w)du — / G(0,wE™ (0, u)du
I I
= LY B GeE] — + 3 B [ (0)E(0)] + 0,(1)

zel, zel,
1 n—1 .t
= Z/ E, [05(Go(5)€x(5))] ds 4 0n(1) =: I, + 11, + 0, (1),
=1 0

where 0,,(1) — 0, as n — 400, and

tn—1

Z]E [0.64( ()}ds—//ac:su)s( (s, w)duds + o (1),

/ (0,60 (s)] ds.

Thanks to (5.1) and, after an integration by parts, we write

1 . .
I, = H/ Z E, [G2(5) (jo1,0 — Joot1)(s)] ds = M1 + 11, 2, (5.35)
0 z=1
with
tn—2
I, 4 :—/ ZIE [(VnG)a(8) Jzot1(s)]ds,
Hn’g = / [ — ’nanl(S)jnan(S) + TLGl(S)jO’l(S)} ds.
0
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By Lemma 5.1-(5.10), we conclude that II, o = 0, (1).
By a direct calculation we conclude the following fluctuation-dissipation relation for
the microscopic currents:

Joar1 =1 2Lgy — (Vey1 — Vi), well, (5.36)
with
15 1 1,5,
Jo = —pr + ﬂpx(rm +Tret1), V= E(TI —l—pipm,l). (5.37)

Using the notation g, (t) := g.(r(t), p(t)) (and similarly for other local functions), this
. 4
allows us to write II,, ; = ijl I1,,1,;, where

IIn,l,l = /0 %i En [(AnG)z(s)Vm(s)} ds )

+ 1 n—2
s = [ 15 S Enl(VaG)a(0) ()]s
t
1= — / ds By [(VaG)n_a(s)Va1()],
0

IIn71’4 = /0 ds En [(an)l(S)vl(S)] .

We have

n—2
o= 3 (Va@(t)E 0] - Y (VaG)eO)E [5:(0)]
/ ij Va0.G)o (5)En [9(5)] ds,

which tends to zero, thanks to Proposition 4.5. By Lemma 5.1-(5.5) and (5.11), we have

lim 10,14 = lim E, [(V,G)1(s)Vi(s)]ds = — lim 8 G(s,0)E, [ri(s)]ds

n— n—00 47 n—oo Jq

/ 0.G(s,0)d (5.38)

which takes care of the left boundary condition. Concerning the right one:

t
M1g—— / B [(VaGnoa(5)Vio1(5)]ds = Jus + T, (5.39)
0

where
Ty = /O B [(VaG@)noa(s) (Vi — Vi1)(s)]ds,
In,2 = 7/0 E, [(VaG)n—2(s)Va(s)]ds.

By virtue of Lemma 5.1-(5.12) we have

t T + =2 t
lim Jyo=— lim B, U (Vo G)nz(s)Vo(s)ds| = (+T+>/ 8,G(s,1)ds
n—-4o0o n—-4o0o 0 4*)/ 0
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On the other hand, using (5.36) for x = n — 1, the term J,, ; equals

t t
Jn,l - _%En l:/ (an)n—Q(S)Lgn—l(s)d3:| +/ (an)n—Q(S)En [jn—l,n(sﬂ dS (540)
0 0

From Lemma 5.1-(5.10) we conclude that the second term tends to zero, with n — +oo.
By integration by parts the first term equals

%En (VTLG)7L—2(O)Q7L—1(O) - (VTLG)7L—2(t)gn—1(t):|

¢
+ %]En [/ (VnasG)n_g(s)gn_l(s)ds} , (5.41)
0

which tends to zero, thanks to Proposition 4.5. Summarizing, we have shown that

t
im T = lim B, [ /0 (an)n_z(s)vn_l(s)ds}
T =2 t
__(Tv+T) ++T+)/ 0,G(s,1)ds. (5.42)
4y 0

Now, for the bulk expression II,, 1 1, we write IL,, 1 1 = Jp,1 + Jpn,2, Wwhere

n—2

1 [t 5
Fu=1 [ 1 3 Enl(AnG) ()20,

n—2

1 [t1
Tor = /O E;En[(AnG)Z(s)pw(s)pm_l(s)]ds.

5.4.1 Estimates of 7, >

After a direct calculation, it follows from (2.6) that
n2Lhy = Way1 — Wy — Paba—1, T=2,...,n—2, (5.43)

with

1 1
ha: = % (2<rw + T:Efl)g + Pr—1Pz — Ti) 5

1
Wz = 5pm—2(7aw—l + Tw)~

Substituting into the expression for 7, » we conclude that 7, » = K, 1 + K,, 2, where K, ;
and K, » correspond to W, — W, and n~2Lh,, respectively. Using the summation by
parts to deal with K, ;, performing time integration in the case of K,, » and subsequently
invoking the energy bound from Proposition 4.5, we conclude that

lim J,2=0. (5.44)

n—-+oo
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5.4.2 Limit of 7, ;

We write J,1 = Jn,1,1 + Inj1,2 + Jn,1,3, Wwhere

Tt = 7/ ZE (A0 G)a(s)Es(s)]ds
Tt 2 = —/ ZAG $) (70 ()2 = B4 ()2 ) ds

TIn1,3 1= 7/ ZE A Gy )([ ( )]2_ %”)(3)]2)}(118.

To deal with the term 7, 1 3 we use Proposition 4.6, which allows us to conclude that
limn—)+oo jn71,3 = 0. »
Concerning the term 7, 1 » we first note that lim,,—, { o (Jn,1,2 — Jn,1,2) = 0, where

- 1ot 2
Ini2 = g/o - ;(AnG)x(s) (?gcn)(s))QdS-

This is a consequence of the following result, proved in Section 6.4 (and which uses
Proposition 4.1).

Lemma 5.4. Under Assumption 3.1, for any t > 0 we have

t 2
1 1
/ sup |]5§E")(s)|2ds < %j), n > 1. (5.45)
0 z€l, n
Next, using Theorem 3.3, we conclude that
t
lm Jpio = —/ ds /du (02G) (s, u)r*(s,u), (5.46)
n—+too 87 Jo I

where r(+) is the solution of (3.12).
Summarizing, the results announced above, allow us to conclude that

/ Gt w)E™ (¢, w)du — / G(0,u)E™ (0, u)du
I I

— i /t /(8ZG)(S,U)?(H)(s,u)duds = S /t /(aiG)(s,u)TQ(s,u)duds
/aGso (T++T+ /8Gsl)ds+on()

where lim,, o0 Sup,¢o,1.) [on(s)] = 0 for a fixed ¢, > 0. Given t > 0 we can take, as test
function, G(s,u) := H(t,u), for any s € [0,¢], with an arbitrary compactly supported
H € C(|0,+);CZ(I)). Integrating over ¢t € [0,t.] we obtain that E,(¢), cf. (5.31),
satisfies

/]I H(te, w) By (t, u)du
= /Ot* ds/@sH(&u)En(&u)du—i—/t* ds/H(&u)g(n)(O,u)du

+% ds/82 s,u)Ey (s, u)du—|—f/ d3/62 s, u) / 2(c‘f,u)dd)du
ta

1

4y
with o, (t.) — 0, as n — +o0. This obviously implies (5.32) and ends the proof of Theorem
3.5.

s(auH(s, 1) (T +7%) = T_0,H(s, 0))ds +on(t),

EJP 26 (2021), paper 19. https://www.imstat.org/ejp
Page 21/49


https://doi.org/10.1214/21-EJP581
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

Hydrodynamic limit for a chain with forcing

6 Dynamics of the averages

This part aims at proving previous results which have been left aside:

* (Sections 6.1 and 6.2) Proposition 4.1 and Proposition 4.2, which only deal with
the extremity points x = 0 and x = n;

* (Section 6.3) Proposition 4.4 which gives an L2 bound on all the averages

(its proof uses Proposition 4.2);

—(n)

* (Section 6.4) Lemma 5.4, which controls sup,¢p [Pz (s)]?

(its proof uses Proposition 4.1);

* (Section 6.5) finally, Lemma 5.2, which gives a bound on the H'-norm of the stretch
averages

(its proof uses Proposition 4.2, Proposition 4.4 and Proposition 4.5).

All the proofs are based on a refined analysis of the system of equations satisfied by the
averages of momenta and stretches.

To simplify the notation, in the present section we omit writing the superscript n by
the averages py" (t), 7" (t) defined in (3.11). Their dynamics is given by the following

system of ordinary differential equations

d
&?I(t):nz (pm(t)fﬁzfl(t))ﬂ lea"'an (61)
d
Pt = n? (Fopa(t) —To(t)) — 290°p, (), w el (6.2)

and at the boundaries: 7(t) = 0,

FPo(t) =17 Ta(t) = n*(27 + F)Po(#), (6.3)
d
3P (t) = =1 Tu(t) + 0 T4 (1) = n*(27 +7)P,(8). (6.4)

We have allowed above the forcing 74 (¢) to depend on ¢. Although in most cases we
shall consider 7 (t) = 74 constant, yet in some instances we also admit to be in the form
Ty (t) = 1,,)(t)7y for some t, >0, 7, € R.

The resolution of these equations will allow us to get several crucial estimates. For
that purpose, we first rewrite the system in terms of Fourier transforms, and we will
then take its Laplace transform. We define

Tt k) =E,[F(t, k)],  DB(t,k) =E,[pt,k)].

From (6.1) and (6.2) we conclude that

1 G08) - G oo ()

— Py t) G) +n7P, (1) (_%EM) 7

0 1— e—Qiﬂk
A= <62i7rk -1 _27 ) :
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Assuming that 7, (t) = 71, t > 0 we rewrite equation (6.5) in the mild formulation and
we obtain

(I(i’]g) — exp {n?At) @28’8) ey Cexp {n2A(1 — )} <629m.k> s

)

—n? /075 exp {n*A(t — s)} po(s) (%) ds

t
+ n? / exp {n®A(t — s)} pn(s) ( ~12m,€> ds. (6.6)
0 e

Denoting by A+ (k) = —(y £ /7% - 4sin?(rk)) the eigenvalues of A, we obtain the

following autonomous integral equation for {7, (¢)}ser,

t t
pol) =T+ [ ol - s+ [ afde- s 6
0 0
where
—_— 2
(n) - n 2mikx ( 2mik 1 n2tA (k) _ nZta_ (k)
ql,a: (t) N Z )\7(/{) _ )\Jr(k)e (e )(e e )
kel,
()~ N n’ 2mike () (ke - (B) _ N (J)en the (R)
Q2,m(t) _VZ/\ (/{)—A (k‘)e ( —( )6 -‘r( )6 )7
kel, +
_diff _

~— i = — ik n2 _ 7L2 )
?(n) (t) = Z eQﬂ'ikm ( B (1 - 62 k)T(O; k) + T+€2 k) (6 tA_(k) _ e t)\+(k)) y
' : (k) = A (k)
kel,
o 3 e BORO (0 e 0)
kel, )‘*(k) - )\Jr(k)

6.1 Proof of Proposition 4.1
For any x € I, and A € C such that Re(\) > 0 we define the Laplace transforms:

+o0 +too
= [ enman R [ e o

and N N
T\ k) = / e ME(t k), PN k) = / e Mp(t, k)dt.
0 0

Performing the Laplace transform on both sides of (6.5) we obtain the following system

7(\ k) 2 =1 (T(0,k) 2= 20-1( 0
~ =(A—n“A ~ —n“A . 6.8
(E) = = (0] + om0 - w2 (o 68)
— w0 =) (D) + B 00 -t (b)),
Here
1 i + 27 1— e—2i7rk
A—n2A)y =~ [ n?
(A =n’4) n2AN/n?, k) \ j2irk _ 4 A
n2
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and A(\, k) := A2 + 2\ + 4sin’ (k). Let

Do (A) = Bo(A) = Pu()) and Bo (V) = o(A) + a(N)-

Since /Z\kefn%(o, k) = ro = 0 we have

<= —4sin®(wk)7(0, k) = (- 4sin®(7k) + A(\/n%, k) 7(0, k)
ezfn A(N/n2 k) kezin A(N/n? k)

< A/n2(\/n? +2v) 70, k
= / (A/(A/nzjk))( ) (6.9)

kel

Using (6.8) and (6.9) we conclude the expressions for ﬁif (M) and 5((;:3 (A)

~diff 1 <= (\/n%+29)7(0, k
Pon () = = . / 72) (0. k) (6.10)
n2eqn(A/n?) = A(N/n? k)
kel,
1 i (1—e20)p(0,k)  274(N) = sin’(wk)
n2eq n,(A/n?) A(N/n2 k) ed’n(/\/HQ)k = A(N/n? k)
el,
and
~(+) 2i <= sin(2mk)7(0, k)
A) = 6.11
Porn N = S5e 3 n?) 2= TAQn2, B) (6.11)
ke]I’VL
N A /Z\ (14 e=2m%)p(0, k) AT (N = cos?(mk)
n‘les,n()\/rﬂ)]C — A(N/n? k) nzes,n()\/nQ)k = A(N/n? k)’
n el,
where
< A+ 27 + 29 sin® (k)
ed,n(A) = Z 2 . 92 )
- A2 4+ 29\ + 4sin®(7k)
eun()) = /Z\ A2+ 29\ + 23\ cos?(mk) + 4sin’(mk)
ST £ A2 29\ + 4sin® (k) )
kel,
6.1.1 First part of Proposition 4.1: estimates of ||p, — P, [ z>(r,)
We fix t, > 0 and consider 7 (t) := T4 1j9,](t). Then, for A € C,Re()) > 0,
~ L T
?4,()\) = ?+/ eiAtdt = -+ (]. - 67/\25*) .
0 A
By the Plancherel Theorem we have
1P~ Pulltacny = g [ o tim)dn 6.12)
0 = Pulizzmy) = o | 1Pom ] .
therefore, from (6.10), we estimate
IPo = Pulliz,) S Pry + Pra + Prs, (6.13)
EJP 26 (2021), paper 19. https://www.imstat.org/ejp
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where
Py i=— / |pan ()| |ean(m)| “dn, (6.14)
Pyyi= / |7, ()] [en ()| 2 dn, (6.15)
2
1 sin(n“nt. /2 2 -2
ty = 5 [ [P ) Plean()| (6.16)
and
edn(n) = €an(in), (6.17)
<« (in+29)7(0,k)
n = ) 6.18
pan (1) % 4sin®(1k) — 12 + 2iyn ( )
e 1— 6727r7,k 0 k
Tan(n) =) ( ) L) (6.19)

einélsm (rk) — n? + 2iyn

-— 2 sin2(7rk)
(n) = . 6.20
an (1) Z 4sin®(7k) — 2 + 2iyn ( )

n

After elementary, but somewhat tedious calculations, see the Appendix sections A, B, D
and E for details, we conclude that: for any n € R,

1

— S lean(n)]s (6.21)

Bl ledn(n)]
S+——= 6.22
lan ()| < et (6.22)

—1
[man(m)] < Zres (T+n7), (6.23)
1

pd”(n)’ S—— n>l (6.24)

ed.n(n) n2+1

We emphasize here that these bounds are obtained thanks to the assumption that we
have made on the spectrum of the averages at initial time, recall Assumption 3.1-(3.10).
From (6.16), (6.21) and (6.22) we get

1t 1 [t°dy 1
d . 20 2
Pn,3§ﬁ/o sin”(n ﬁt*/Q)dn+ﬁ/l ﬁs’ﬁ'
A similar argument, using (6.23) and (6.24), shows that P,‘fj S n=2, forj =1,2. As a
result we conclude (4.1).

6.1.2 Second part of Proposition 4.1: estimates of |[p, +p,|/z2(r,)

Recall that 7 (t) = 74 1[9,¢,)(t). The strategy to estimate ||p, + P, |/z2(r, ) is completely
similar. First, we write

IPo + Pullzz(w,) = 5 / [Bo (im) | d, (6.25)
with ﬁ()tz given by (6.11). Substituting from (6.11) we get

1o +PnllZzm.) S Prg + Pra+ Prs, (6.26)
EJP 26 (2021), paper 19. https://www.imstat.org/ejp
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where
-2
Pyq= / ‘psn |esn 77)| dn, (6.27)
, -2
2 = n2 X 2w ()| |€sn ()|, (6.28)
1 . 2 2
Py 5= — /]Rsm2(n2nt*/2)‘cn(77)‘ lesn(n)] “dn (6.29)
and
es,n () = esn(in), (6.30)
< sin(2rk)7(0, k)
s,n\T) = s 6.31
pecn) Z —n2 + 2iyn + 4sin® (k) ( )
ke,
— 1+672w2k O k
Tem(n) =Y ( )(0.k) : (6.32)
~ —n2 + 2iyn + 4sin® (k)
kel,
— 1+ cos(2mk
en(n) = — (27k) —. (6.33)
—~ —n? + 4sin” (7k) + 2ivyn
kel,
We have, see the Appendix Sections C, D, E, F, forany n € R
13 |857n(77)‘7 (6.34)
1
|Cn(77)| S T4 a0 (635)
VInl(1+ [n[3/2)
Pan(] £ S5y los (141017, (6.36)
1
Ton(M)] S —, n> 1. (6.37)
Using (6.34) and (6.35) we conclude that
+°° sin?(n nt /2) dn 1 ! sin®(n’nt,/2) 1
1+n n? Jo n n
n t* 2 2
5%/ sin (n)d + 1 log( t2*+1)’ w1
n? Jo n
From (6.34), (6.36) and (6.37) we easily obtain P; j <n~% n =1, for j =1,2. By virtue
of (6.26) we conclude (4.2). Finally, Proposition 4.1 is proved. O

6.2 Proof of Proposition 4.2

To prove Proposition 4.2, we use once again the autonomous system of equations for
the averages of the momenta (6.1)-(6.4), and we will prove two estimates, on

/O(n,(s)m(s))ds and /O<po<s>—m<s>)ds.

Recall that 7, (t) = T4 1jg4,)(t). Note that for any 0 < a < b < t. we write

b ei'n(b—a) -1 . -
/ Py(s)ds = / —————¢"1"p,(in)dn. (6.39)
a R

2min
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Using (6.10) and (6.11) we conclude that

einlb—=a) _ 1 _qif ~ ~ ~
Sin e Py, (i) = Pr(zi,l + Pg,z + PS,S?
emb=a) 1 ina =(+)

Srin e o (in) = Phq + Pp o+ Ps,sa

where, for . € {d,s}, we denote

~ 1 — ein(b—a)
P = eieznaphn (1) 6:711 (%) ’
’ ’ n

2min2n n?
~ in(b—a) _ 1
Biyi= e, (1) € (1) ,
’ 2min2n T \n2/ v \n2
pd . %-5- in(b— —int. i n -1 ("N
P = =g (7 =1 = ean (G ) eii, (3a).
DS . %Jr in(b—a —int. ina n -1 (N
P = gy 1 = (e = emen (T5) e (35)
Hence,
b .2 1/2 ) 1/2
_ _ sin“(n(b—a)/2) ~diff |2
/ (po(s)—pn(s))ds < {/ Tg/dn po,n(”?)‘ dn
a R n R
_ . N\1/2
n
where we have used Proposition 4.1-(4.1). On the other hand
t
/ (Bo(s) +Pn(s))ds| SThg + 1oz + Ins, (6.41)
0

where

1 . —1dn
L, = / [sin(n?5(6 — 0)/2)| |pen ()] lean(m)] " 22,
n R |77|

1 _
L= o [ [sin(atao = a)/2)] [mn ()] Jew ]~ dn

1 . . _1dn
L,3:= —2/ ’sm(ngn(b —a)/2) 8111(n277t*/2)| ‘cn(n)H les.n(1)] )
n°Jr ul
Suppose that p € (0, %] and 0 < b — a < 1. Thanks to the estimates (6.34)-(6.37) we
conclude that

Lot dy 1 O [sin(nn(b — a)/2) sin(n?nt. /2)|dn

n? —a)-» 1 1% Jg V(L4 n3/2)

< (b_ )p
~ n2

In,3 ,S

+1, 5+, (6.42)

where Iflvg, j = 1,2 correspond to splitting the domain of integration in the last integral
into [0, 1] and [1, (b — a)~P], respectively. We have
|sinz| <P, x> 0.

Using this estimate to bound |sin(n?n(b — a)/2)|, since |sin(n?nt./2)| < 1, we bound
(recall that p € (0, 3)):

b—a)? 1 dp (b—a)P
1 < ( <
s S n2(1=p) /0 nt/z—p ™~ n (6.43)
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In addition,
_ (b—a)™? Q)P
2 . (b—a) dp _ (b—a)
In 3~ W/ 772_p ~ n . (6.44)
As a result, we obtain I, 3 < (b — a)”/n. Estimates for I,, j, j = 1,2 are similar. Hence, for
any t > 0 we can find p > 0 such that
’ (b—a)?
/ (Po(s) +Pu(9))ds| S ——, n=1, (6.45)
and this together with (6.40) implies (4.3) O
‘Bn(t = Z ﬁz(t)
xzel,

= )+ Y T,
x=1
t D, (t),
(6.46)

6.3 Proof of Proposition 4.4
Let
z€l,
Multiplying the equations (6.1), (6.2) by 7,.(t) and p,(t), respectively and (6.3), (6.4) by
L

l%i(t) + D, (0)T }

Do(t) and p,,(t) and summing up we get
1

3P0t — 5

(6.47)

w {=alt) -

1d_
€ [0,t.],

—Z2,(t) =

2dt
Hence, by virtue of (4.3), we conclude that for any ¢, > 0
t
/ DPn(s)ds| Sn

n[7 |
(6.48)

1 (Zu(t) ~ Z.00))

2

and (4.4) follows. From (6.46) we obtain further
t

[ uls)ds + i

/Ot D, (s)ds|.

1
n(t) < ==
Pult) < 5
Using Assumption 3.1-(3.9) and Proposition 4.2 we conclude that given ¢, > 0 we have
> 1.
O

(6.49)

5 L
¢
te0,td, n

Pot) < n—nZ/ T,
0

Therefore (4.5) follows upon an application of the Gronwall inequality.

6.4 Proof of Lemma 5.4
To prove Lemma 5.4, we need an estimate for
2
sup [ (s)|",
z€el,
which can be done using the explicit formula (6.7). Note first that we have the following
inequalities for Ay (k)
and —4sin®(rk) <A (k) < -2 Sinz(ﬂ’]@.
Y Y

=2y <A (k) < —v
Therefore, in order to estimate the members which appear in the right hand side of (6.7)

we introduce, for =0, 1,2
sin( 7rk 2t sin“(mk
Zp\l )l(exp{ ( )}+exp{ fyt})
https://www.imstat.org/ejp
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Lemma 6.1. We have

1

Q@ () (_"_t)w, t}O,n}l,E:O,l,Q (650)

Proof. We prove the result for / = 2. The argument in the remaining cases is similar. It
suffices only to show that

— 2t sin? (k) 1
2
kEi sin®(mk) exp{ — 5 } < AT 072 t>0,n>1. (6.51)
6 n

Since the left hand side of (6.51) is obviously bounded it suffices to show that

2t k 1
Z sin® (mk) exp{ sin (W )} < —, t>0,n>1, (6.52)
ol $3/2
kel,
which follows easily from the fact that sin®(7k) ~ k2, as |k| < 1. O

From (6.7) we get that for any t, > 0

sup [P, (t)[110,0.)(t) < Ly (t) + I, (¢) + 1L, (¢), (6.53)

zel,

where
L(t) == Q0" (n*1) 10,0 (1),

IL,(t) := /0 ™ (t — ) |PE (5)| 10,1 (5)ds,
0L, (t) :== /0 )|

a5” (t — 8) [P35 ()| 10,0, (5)ds

and ¢{™ (t) == n2@2n)(n2t)1[0’t*](t), for £ = 1,2. Therefore, from Lemma 6.1 we get

74
n?t
2 _ (n) ; 9.2 1 * o dt log(n+1)
HI7L||L2[O,+00 —/ ‘Q ( t)| dtsﬁ/o 1—|—t n2

We also have

nt
—(n) o dt
qu )”Ll[O +oo) =M / Q; " 2t)dt g/ 75 < log(n + 1),
0 4+t

n?t
(n) o [T, 9 * di
llgs ||L1[0,+oo) =n /0 Qs ' (n7t)dt 5/0 1 +t)73/2 <1, n > 1.

In order to estimate \ﬁglﬁ| recall Proposition 4.1: using (4.1) and the Young inequality
for convolution we obtain

2
2 n) 2 log“(n+1)
‘Hn||L2[O,+OO) < qu HL1 0 +oo)||p0 n 0,+00) < Tz
and ( )
log(n + 1
||HIn||L2[0 +oo) X ||‘J2 HL1 0. +OO)||pOn 1p, [ o) N T 2
Thus, the conclusion of Lemma 5.4 follows. O
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6.5 Proof of Lemma 5.2
To prove Lemma 5.2 we need to get an expression for

n—1

ST @) - 0)”,

=0

Using (6.1) and then summing by parts we get

z€l,
n2 n—1 2 n2
= By (8) (Fu(t) — T (t By (1)Tn (1) — Do(1)T1 (1)
P11 PO ~Tona () + B 07alt) = BT ()
Computing p,,(t) from (6.2) we rewrite the utmost right hand side as
2 *Fz-ﬁ-l(t)) i dpx 7m FI+1(t))
n—|—1 ot n+1 o
n? n?
t) — —— t).
g (OTalt) — BT (1)

Therefore, after integration by parts in the temporal variable, we get

n? tnl _ 20 = 1 5 220
m/ D (ul0) e )t = g 3 (0 ~7E00)

z€l,

tn—1
T Jy PP 4o (6) - )

(Zpr =) = L0 0) - T (0) )
n /0 B, (5)Fn(s)ds — — /O 5o (5)71 ()ds.

+n+1 n+1

Using (4.4) from Proposition 4.4 we conclude that the first and third expressions in the
right hand side stay bounded, as n» > 1. Summing by parts we conclude that the second
expression equals

tn—2
nJrl / Z Poy1(s ())2d3
T / (p1<s> (1(5) = Po(5)) ~ Pus (9)(Pu(5) — s (s)) ) ds.

The expression stays bounded, due to Proposition 4.4-(4.5).
Multiplying (6.3) by p,(¢) and integrating we get

t

o (B0~ 70) = [ miom(s)ds 021 +7) [ B 650

From here, thanks to Proposition 4.4-(4.5) (which controls f ]33) and thanks to Proposition
4.5 (which controls the left hand side of (6.54) since ﬁg(t) < 2?0(t) by convexity), we

conclude that .
| rioms)as| <1
0

EJP 26 (2021), paper 19. https://www.imstat.org/ejp
Page 30/49

n



https://doi.org/10.1214/21-EJP581
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

Hydrodynamic limit for a chain with forcing

Multiplying (6.4) by p,,(t) and integrating we get

1

3 20 =720) =7 [ p(o)ds— 0 [ 7(6pa(s)ds —nn+7) [ Ao

From here, thanks to Proposition 4.4-(4.5), Proposition 4.2 and Proposition 4.5 we
conclude that

n

/ o (5)Pa()ds

This ends the proof of (5.20). O

<1

7 Entropy production

This section is mainly devoted to proving Proposition 4.5, which will be concluded
in Section 7.2. For that purpose, we will obtain an entropy production bound stated in
Proposition 7.1 below, in Section 7.1. Its proof uses Proposition 4.2. This new result,
together with the estimates given in Proposition 4.2 and Proposition 4.4, will also allow
us to conclude the proof of Lemma 5.1 (which give all boundary estimates), in Section
7.3.

7.1 Entropy production bound

To prove Proposition 4.5, we need to show that

sup Z E, [E:(s)]

SG[OJ]IEHH

grows at most linearly in n. We first relate this quantity to the entropy production, as
follows: recall that f,,(¢) is the density of the distribution u,,(t) of (r(t), p(t)) with respect
to vr, see (3.1). We denote the expectation with respect to vr by {(-))7. Given a density
F € L*(vr) we define the relative entropy H,, r[F] of the measure du := Fdvy, with
respect to vy by

H, r[F] = (FlogF))r = / Flog Fdvr. (7.1)

JQn

We interpret F'log F' = 0, whenever F' = 0. Finally, we denote

H, r(t) := Hy [ fa(t)]- (7.2)

Then, by virtue of the entropy inequality, see e.g. [9, p. 338] (and also (7.18) below), and
from our assumption (3.7) on the initial condition, we conclude that: for any a > 0 we
can find C,, > 0 such that

En

> 5I(t)] < é(Can +H, (), t=0. (7.3)

z€el,

This reduces the problem to showing a linear bound on H,, (), which is the main result
of this section.

Proposition 7.1. Under Assumptions 3.1, for any t, T > 0 we have

sup H,, r(s) <n, n > 1. (7.4)
s€[0,t]

In order to prove Proposition 7.1 (which will be achieved in Section 7.1.3), we first
introduce another relative entropy which takes into account the boundary temperatures
fixed at 7_ and 7 and explains how relate them to each other.
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7.1.1 Relative entropy of an inhomogeneous product measure

Recall the definition of the non-homogeneous product measure v given in (3.3) and of the
density fn( ) given in (3.5). The relative entropies H (t) (defined in (3.6)) and H,, 1 (¢)
(defined in (7.1)) are related by the following formula.

Proposition 7.2. For anyT > 0 and n > 1 we have

H, 1 (1 / S (B =T & = BuTara) Ful)lD

Qn zel,
1
—Z (BesT+) —G(T71,0)) — 5 log (T-T7Y), t>0. (7.5)
In addition, for any t, > 0
H,r(t) <H,(t)+n, n>1tel0,t] (7.6)

Proof. Formula (7.5) can be obtained by a direct calculation. To prove the bound (7.6)
note first that one can choose a sufficiently small a > 0 so that

sup — log {/Q exp{ — Z ((ﬁz - T‘l) Er — ﬂwﬂrm) }Z(dr,dp)} =:C, < +00.

n>1" zel,
(7.7)
From the entropy inequality we write
-1 — rs 1
_ Z T &y — BaFara) Fu(t)dT < = (c n+ H,(t ))
z€l, @
Thus (7.6) follows from (7.5). O

7.1.2 Estimate of H,, ()

Next step consists in estimating }~In (t) by computing its derivative. Using the regularity
theory for solutions of stochastic differential equations and Duhamel formula, see
e.g. Section 8 of [3], we can argue that f,(t,r, p) is twice continuously differentiable in
(r,p) and once in ¢, provided that f,,(0) € C?((2,), which is the case, due to (3.7). Using
the dynamics (2.4)-(2.5) we therefore obtain:

B (1) = — (15 =T 0 Y By [jews ()] #0275 340 0) ~ n2D(Tu(1)), (7.8
=0

where j, 4 41(t) = jpot1(r(t), p(t)), with j, .41 given in (5.2), and the operator D is
defined for any F' > 0 such that Flog F € L'(7) and (V,F)'/? € L2( ), by

6 F
F)i=v> Dup(F)+7 Y Tu / e dw, (7.9)
xzel, z=0,n
with F( )
r,p?)\ ,~
D, s(F):=— F(r,p)log [ ———2 |dv. 7.10
B(F) /Qn (r,p) 0g<F(r7p)> v (7.10)

It is standard to show, using the inequality alog(b/a) < 2/a(v/b — v/a) for any a,b > 0,
that: for any positive, measurable function F on €2,,, and any z € I,

D, p(F) > / (F(r,p") — F(r,p))°dw > 0. (7.11)
Qn

The main result of this section is the following:
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Proposition 7.3 (Entropy production). For any t > 0 we have

/ D(f,(s ds S — (ﬁn(o) + n) (7.12)
and N N
sup H,(s) < H,(0) +n, n> 1 (7.13)
s€[0,t]
Proof. From (7.8) we get
H,(t) = H,(0) + L, + II,, + III,,, (7.14)
where
n—1 +
L, :=—(T; =T-Y)n Z/ E, [jz’xﬂ(s)} ds,
z=0"0

where the last inequality follows from (7.9) and (7.11). We now estimate I, IL,,.

(i) Estimates of I,

Recall the fluctuation-dissipation relation (5.36) and recall also the notation g.(t) :=
9.(r(t), p(t)) (and similarly for other local functions). We write

‘In‘ < In,l + In,2 + In,37

where
Ty = % 77— nZ_jilEn [9.() = 9.(0)] |, (7.15)
Lo =77 =T n /Ot E, [Vn(s) - Vl(s)]ds : (7.16)
Ts:= T2 —T-"n /Ot By o1 () ds|. (7.17)

To deal with I,, ; we invoke the entropy inequality: for any o > 0 we have
/ (25 )fn {log</exp{g Z(pi—i—ri)}dﬁ) —i—ﬁn(t)} (7.18)
Qn z€el, zel,

for any ¢t > 0. Recalling the definition of g,, given in (5.37), and choosing a > 0
sufficiently small it allows us to estimate

1 - 1 _ 1~
— < = — > > 0.
Lo <= ZS nZem(t)wnng(o)JanHn(t), n=1,t>0
acE]I z€l, z€l,
To deal with I,, », which involves boundary terms, we shall need some auxiliary estimates.
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Lemma 7.4. For any t. > 0 we have: forn > 1, ¢t € [0,t.],

E, [/Ot (pf(s)-&-pi(s))ds} §1+/OtD(fn(s))ds (7.19)

and

E, Uot (r§(3)+r3(s))ds] S+ H / D(fn(s

i L] o

E, |p:( /fn du—i—— pn(i)pnﬁl(s)dﬁ
T o,

Proof. Note that

Therefore, by the Cauchy-Schwarz inequality
1/2 apnf’l’b( ) d’l‘/'ds

/ B (Ju(3))1/2
1+{// Pufuls d”ds}m{// (9pnfn dds}1/2
ool o) o] "

A similar calculation can be made at the left boundary point. This yields (7.19).
To prove (7.20) note that, by (2.4)-(2.5),

0By [pn ()70 (t) = pu(0)7(0)] (7.21)

= /O En[ n(8)(Pn(8) = Pr—1(8)) + (T+ —Tn(8))rn(s) — (¥ + 2’7)pn(3)rn(5)]d5~

pn (fuls

Thanks to the assumption on the initial energy bound (3.9) we have

E, {/Ot TZ(S)ds] < /Ot E, [p2(s)]ds + /Ot Ey, [pn(s)pn_1(s)]ds
+ {/OtE[Ti(S)}ds}lﬂ +F+2y) /Ot E, [pn(s)ra(s)]ds

1
B P20 4 2] 4=, m= 1,320 (7.22)

n

< [rizon) (o] o
< [rmon) (o]

forn > 1, t > 0. Using the entropy inequality the last bound leads to

Qs [An) " ['pree} oo
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for n > 1, t > 0. By the entropy inequality we also get
1 ~
n"2E, [p2(t) + ri(t)} < 7(1 + Hn(t)>. (7.25)
n

Substituting these bounds into (7.22) we conclude (7.20). The proofs for the case of the
left boundary point are analogous. O

Returning to the proof of Proposition 7.3, with the help of Lemma 7.4, we get
t N 1~
Lo <n+ n/ D(f, (s))ds + ~H,(¢)
0 n

+n{1+/()tﬁn(s)ds}1/2 {/OtD(ﬁl(s))ds}l/Q, n>1,t30.

By an application of the Young inequality we conclude that for any a > 0 we choose
C > 0 so that

t t
~ C ~ ~
Lo SCn+ an2/ D(fn(s))ds+ —H,(t) + C/ H, (s)ds, n>1,t>0. (7.26)
0 n 0
An analogous bound holds for I,, 3. Therefore we conclude that for any a > 0,

t 1~ t
I, <n+ anz/ D(fn(s))ds + EHn(t) —|—/ H, (s)ds, n>1,t>0. (7.27)
0 0

(ii) Estimates of II,,

To estimate II,, we need Proposition 4.2. Thanks to (4.3) we conclude that

t
/ P (5)ds
0

Choosing « sufficiently small in (7.27) and substituting from (7.27) and (7.28) into (7.8)
we conclude that there exists ¢ > 0, for which

1L, = n®T; 74| <n, n>1 (7.28)

t t
(1) < L, (0) + 1+ / H,,(s)ds — ch/ D(f, (s))ds. (7.29)
0 0
This, by an application of the Gronwall inequality, in particular implies that
H,(t) < H,(0) + n. (7.30)

Thus (7.13) follows. Estimate (7.12) is an easy consequence of (7.29) and (7.13). O

7.1.3 Proof of Proposition 7.1

From the assumption (3.7), one has

Therefore, Proposition 7.1 directly follows from (7.6) and (7.13).

7.2 The end of the proof of Proposition 4.5
Proposition 4.5 directly follows from the entropy inequality (7.18) and bound (7.6).
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7.3 Boundary estimates: proof of Lemma 5.1

The entropy production bound from Proposition 7.3 is also crucial in order to get
information on the behavior of boundary quantities. We prove here all the estimates of
Lemma 5.1.

Proof of Lemma 5.1, estimate (5.5). We start with the right boundary point x = n. The
proof for x = 1 is similar. Using the definition (3.3) we write

‘/tE” [Pu()pn1(s)]ds| = ‘/t dS/ a1 fn(s)dD

0 Fus) ’
d e " 1/2 D
5 Jo, D

{ /ds [ gt d,,}”{ / /Mn d;}“? (7.31)

Invoking the entropy production bound (7.12) we conclude that

t 1 t 1/2 1
/0 Ey, [pn(s)pn-1(s)]ds| < n{IEn [/0 pi_l(s)ds] } < T n>=l1, (7.32)

in light of the energy estimate (4.7) of Proposition 4.5, which is now proved. O

=T

Proof of Lemma 5.1, estimate (5.6). To show (5.6) note that

e[ t (o))

t ~
ds [ rn0p, fu(s)dv

< {/Otds/rifn(s)dy} {/ ds/ ap”f" dv}1/2
el and) "<

in light of Proposition 4.5-(4.7). The proof for the left boundary is similar. O

(7.33)

Proof of Lemma 5.1, estimate (5.7). From the time evolution of the dynamics (2.5) (see
also (6.4)) we obtain for x = n

F(E0O-500) = [ ¢ - - @2r+7) / PO(s)ds.  (7.30)

Using the energy bound (4.7) we conclude that the right hand side is of order of
magnitude n~3/2 as n — +o0o. Thanks to Proposition 4.2 we conclude (5.7). The proof
for x = 1 is analogous. O

Proof of Lemma 5.1, estimate (5.8). We show the proof for x = n only, as the argument
for x = 0 is analogous. Note that,

En [/Ot (Pp(s) = T4) ds] =1y /Ot ds /Qn Py, fn(s)dV

Thus, by the Cauchy-Schwarz inequality

RGeSy
<T, {/Otds/ﬂnp%ﬁt(s)d } {/ ds/ ap"fn du}l/2. (7.35)
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From (7.21), Lemma 5.1-(5.5) and (5.6), which have been proved above, we get

t
1
E, / (7’%(5) —72 pi(s))ds} <—, n>1. (7.36)
{ 0 * Vn
Then, by Lemma 5.1-(5.9) and (7.36), forany ¢t > 0
t o~
/ ds / P2 fa(s)dr <1, n>1. (7.37)
0 Qn
Using this estimate together with Proposition 4.5-(4.7) we conclude (5.8). O

Proof of Lemma 5.1, estimate (5.9). From (7.21) and Lemma 5.1-(5.5) we get

/ B [r2(9)]ds < / B 52 ()]s + 7| / "B fra(s)]ds]

—5—(5—1—27)‘/0 E,, [pn(s)ry(s)]ds| 4 on(1), (7.38)

where 0,,(1) — 0, as n — +oc0. Using the Young inequality we conclude that

t t
En, U Ti(S)dS} SE, U pi(s)ds} +1, n>1. (7.39)
0 0

We use Lemma 5.1-(5.8) to conclude that
t
E, {/ r2(s) ds} <1, n> 1.
0

An analogous estimate on I, { f(f r2(s) ds} follows from the same argument, using the
relation

n"2L(por1) = (p1 — po)po + 17 — (3 + 27)por (7.40)
and the entropy production bound at x = 0. O

Proof of Lemma 5.1, estimate (5.10). For the right boundary current j,_; 5, the equality
follows from the definition (5.4), thanks to: Proposition 4.2, Lemma 5.1-(5.8), and the
energy estimate (4.7). An analogous argument, using (5.3) instead, works for left
boundary current. O

Proof of Lemma 5.1, estimate (5.11)-(5.12). From (7.21), combined with the above (7.36),
and Lemma 5.1-(5.8), the result follows. O

Proof of Lemma 5.1, estimate (5.13). The derivative of HmT(t) can be computed simi-
larly to (7.8) as

() = —?Dr(fat) —n? Y (T 1Y) (Tm -/ pi<t>fn<t>dw)

z=0,n
+ 2T 17 5 (1), (7.41)
where
~ [0p. (fn()/ e 7))
Dr(fa(t) =7 Y Por(fa®) +7 Y. T / : 2 4
P 2T o 0 e
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and hg 1 = gr,/gr. Using (7.41) we conclude that for any 7' > 0

n? ) (17 -1 /0 t (Ti— /Q n’pi(s>fn<s>dw) ds

z=0,n

t t
+n? / Do (fu(s))ds + Hy () = Hyr(0) +n2T / 75 (s)ds.  (7.42)
0 0

Since the entropy H,, r(¢) and the form Dr(f,(s)) are both non-negative (from a similar
argument as in (7.11)), and the right hand side of (7.42) grows at most linearly in n
(from Proposition 4.2) we conclude

St /Ot (T = Bn[pi(s)]) ds < % (7.43)

z=0,n

Let T~!:=T, "'+ T;'. From (7.43) we get

(ToT,) " Z T, /t (T, — E,n[p2(s)]) ds £ (7.44)

1
n
x=0,n 0

and (5.13) follows. O

8 Energy balance identity and equipartition

The main result which is left to be proved is Proposition 4.6, which describes an
equipartition phenomenon between the mechanical and thermal energies. To prove that
result, we will use the Fourier-Wigner distributions which permit to control the energy
profiles over various frequency modes, and have been successfully used in previous
works. The major difficulty here is the presence of boundary terms, which need to
be controlled. In Section 8.1 we introduce definitions and write down the evolution
equation satisfied by wave functions. In Section 8.2 we obtain an energy balance identity
(Proposition 8.1). The proof of Proposition 4.6 is presented in Section 8.3.

8.1 The wave and Wigner functions

In the present section we restore the superscript n when referring to the mean and
fluctuation of the stretch and momentum. We define the fluctuating wave function as

P () =7 () + P (), @ €Lyt >0, (8.1)
and its Fourier transform,

=) ~(n) ~(n)

O (tk)=T (t,k)+ip (t,k), kel,t=0. (8.2)

~(n) ~(n)

The wave function extends to a periodic function on %HZ, by lettingv (k+1)=v (k)

~ ~(n)
for any k € I,,. In particular ¢ (k: + HLH) is well defined for any n € Z. Then for
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ke ﬁn, n € Z,t > 0 we define the Fourier-Wigner functions:

— 1 [=~(n) SO

Wi(t’nvk) = mEn l/} (tak + 71—7—1) (7/} ) (ta k):| )

—~ 1 [ an) ~(n) _

Wn_ (t7n7 k) = mEn ('(/] ) (t7 —k— HLH) w (_k):| = (WJ_)*(ta -, _k)a
_ 1 T~ () ~(n)

Y\ (tn, k) = WEH (0 (tv'lﬁ‘ HL) vo(t —k)} ;

_ 1 [ A NOW _

V() = 5o Ba | (0 (k=) (0) (k)} = (V)" (6.0, k).

As a direct corollary from Proposition 4.5 we conclude the following bound: for any ¢ > 0
we have

< sup sup Z \Wfl(s,n,k)\ + sup sup Z |§7;§(s,77,k)|) < 4o00. (8.3)
—+ \s€[0,t]n€EZ kel s€[0,t] nEZ kel

Note that, similarly to (8.1)-(8.2), we can also define the (full) wave function w;") (t) =

) (t) + ip™ (t) and its Fourier transform ¢(™ (¢, k). Using (2.4)-(2.5) we conclude that
the fluctuating wave function satisfies

~(n) ~(n) ~(n)
dy (k) = —n? <2¢ sin®(7k)y (¢, k) +sin(27k)[ ] (¢, k;)) dt (8.4)
~(n) p— N = =
—yn? { o U, k)} dt— > {Z O™k — k’)} AN (t, k') + dR,(t, k),
==+ k/ejf ==+

where N (t, k) := N(t, k) — yn*t(n + 1)dx,0 is a martingale, with

Nt k) = Z Ny (yn2t)e=2imek,

zel,

where [ﬁ(”)]i(t, k) are defined by (2.16) and finally

o~

AR (t, k) = n? (P (t) — Do(t)) + i Z e 2R (—An2p, (1) dt + ny/ 29T dw, (1)).

z=0,n

Here 6, , is the usual Kronecker delta function, which equals 1 if z = y and 0 otherwise.
The process N (¢, k) is a semi-martingale whose mean and covariation can be computed
from the relations (AN (¢, k)) = yn%(n + 1)k, 0dt, and (AN (t,k),dN(t, k")) = yn?(n +
1)t(5k’,kldt.
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8.2 Energy balance for the fluctuating Wigner functions

After straightforward computations one gets, for . = +:

@/VIV/,,LL =1 (—in((sns) W,LL — n?sin(27k) 57; — n?sin (277(k: + nj_l)) f/,:L) (8.5)

+n? LW + W, =Y, =Y, )+ oyn? (W, = W)
~on2
—_— yn ; 7
+yn2U,(t,n) + ——" > e w1 T,

z=0,n

2t =(n) ~t ~(n)

2 ~

+ﬁmn {Zn (k)W ] (tk+n+1)+2 (t k+n+1>[¢ ]_L(t’k)}’

oY =1 <n2 sin(27k) W;l —in?(o,5) Y} —n?sin (2m(k + Lil)) W,ﬁ) (8.6)

+n? LY, + Y, - W = W,) +on?(Y, - Y,))

2
- ’YTLQ Un(t777) - ’YZ 1 Z 6727”‘%%“{1—‘1
n

z=0,n

n2

HETCE) E, P;(t—k);f (t k+ n+1) + E; (t k+ n+1> Dt —k)} ,

where L is defined by (ILf)(k) := /i f(K') — f(k) for any f : I, — C and we let
kel

(0n8)(n, k) := 2n<sm ( (k:+ n+1)) —Sin2(7rk)>,
(ons)(n, k) == 2(sm ( (k + n+1)) + sin2(7rk)),

. | 8.7)
Zat, k) 1= () — o) — i 3 e 25, (1),
z=0,n
Tnlt,n) n+1ZE B (b ke 225) B (k)]
kel,

We are interested in the time evolution of the following quantity:

Ealt) = SO S (W + Wi P+ (V2 + |V ) 0, B). 8.8)

n€ly T,

One can verify that
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After a tedious but direct calculation, using (8.5)-(8.6), we get the following identity

%(%@n(t) = 37_?21 Tgo:n (Tm —E, [p&") (t)} 2) E, []31") (t)} 2

S (o) B 00

n+1
-2 S S e o) - (B e os o))
z=0,n 2’ €l,,

The main result of this section is the following
Proposition 8.1 (Energy balance identity). For any t, > 0 there exists C > 0 such that

(t) +yn? Z Z/ <‘W+

nel, ke

Y-V,

n n

2) (s,m, k)ds

< €,(0)+Ctlog’(n+1), te0,t],n>1. (8.10)
Proof. Thanks to Lemma 5.1-(5.13) we write

3 (Tx—En [@C")(t)r)E [“W } ST <T “E, [ >()] )5i n>1.

z=0,n z=0,n

By Proposition 4.5 and Lemma 5.4 for any ¢, > 0 we also have
Z/ (n) {(ﬁé’n)(s))ﬂ ds
zel,
¢ 2 log?(n + 1
< ( sup Z E, [(]3&”)(8))2}> (/0 sup (p;")(s)) ds> < % (8.11)

s€[0,t4] z€l,,

forn > 1, ¢t € [0,t,]. Since

> 5 ([ - - e = g X {E e o))
nel, kein z,x' €L,
we conclude (8.10). O

8.3 Equipartition of energy: proof of Proposition 4.6

In this section we prove Proposition 4.6. We recall here its statement: under the
assumptions of Theorem 3.5 (namely Assumptions 3.1, and 3.4), for any complex valued
test function G € C§°([0, +00) x I x T) we have

. “1 " 2 n 2
HETOO/O > m%; Go(9)B [ (77(9)” — (47())]ds = 0. (8.12)
We introduce
Va(t,m,k) := Y, F (8, k) + Y, (¢, k), (8.13)
En (ta 7, k) = YnJr (tv 7, k) - ?ni (t, n, k)
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By the Parseval identity,

> fWrz(t,mk)F:l) > (B 0R 0] - B 0R @) @10

n€ln kel,

and for any G € C*°(I), cf. (2.18),

szt’m G* (n) = n+IZEn[FZx_IB§]G;

nel, k?EH z€l,

To prove Proposition 4.6 we need to show that

dim > Z / W (tm, k)G* (8,0, k)dt = 0 (8.15)

n€ly kel,

for any G € C5°(]0,+00) x I x T). From (8.6) we obtain,

O Ry = n%(6,8)(n, k) (W,j - ’W;) — in*(0ns) Vo + 2902 R, (8.16)
in? ok

e (B (@)~ o) B (1 k4 1) |+ Ba ()~ Bo()F (1.1)] )

3 iyn? Z {ezm'zkEn [p( )7 (t k+ n+1)] +e—2wi£(k+n11)En {’ﬁl.(t)?*(t,k)}},

n+1

z=0,n
where ¢, s is given by (8.7) and

(6,8)(n, k) := sin(27k) — sin (27 (k + ;215)).

Given s € (0,1) we let

~ ~ ~

L,={kel,:0<k<(n+1)"*} and I3 :=T,\TL,,.
We write

> Z / (5,0, k)G*(s,m,k)ds = O, 4 + OF, (8.17)

n€ln kel,

where terms O,, s and O; correspond to the summation in & over ﬁn,s and ffl, respectively,
and s € (0,1) is to be determined later on. Denoting G; = —G/(0,s) and G =
0,8 G/(oys), and using (8.16) we write

o) =1, +11, + 11, + IV,, + V,,, (8.18)
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where

L, = ’I’LQ Z Z/ 5 nvk)a’{(sanvk)dsv

n€ln kel
I, :=1 Z Z/ VV+ W )(5 0,k )ég(s,n,k)ds,
€l kels
IIL, := —2vi Z Z (s,m, )G{(s,n,k‘)ds7
€l kels
IV, = — n+1 Z}I Z/ { { n(8) —Do(s)) D (s k+n+1)}
n€ln kel
+E, [(zms) —Po(s) P (s,k)] }Gi(s.m.k)ds,
vV, - (i, [ (o)p (s.h+ 525 )|

x=0,n nel, kE]I

~k

4 ,m(kw)En [@(s)ﬁ (s,k)] }Gi(s,m, k)ds.

Estimates of O,, ,

We show that for any s € (0,1)
lim O, ,=0. (8.19)

n——+00

Choose an arbitrary € > 0. Since G € C§5°([0,+00) x [0, 1] x I) we can find a sufficiently
large M > 0 such that

sup  |G(s,n, k)| <e. (8.20)

Inl>M kel,s€(0,t]

We write O, s = Op s, + On s» where the terms O, 5 s and Oflug correspond in (8.17) to
the summation over |n| < M and |n| > M, respectively. Thanks to (8.19) and (8.3) we

conclude that

|O,11VS| { sup Z|1~/n(s,n,k)‘}{ Z sup ’6(8,777]{3)’} < %, (8.21)

€[0,t,nel, = kel se[0,t
sel0tneln, 5. In| > RELSE0H

provided M > 0 is sufficiently large. On the other hand, using the Cauchy-Schwarz
inequality and (8.10) we get

Onsnt] < |G||oo/ 3 ZW 5,1, k)| ds

<M kel,,,

1/2 5 r1/2 2 1/2
~ ~ M (Mlog=(n+1))
<lGlat swp { 35 Watsnbl A S "D
s€[0,t] = n n

InI<M kel,, .

Therefore lim,,_, ;o |On s,p| = 0. Combining with (8.21) we obtain (8.19).
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Estimates of O;
To estimate O; we use the decomposition (8.18). By integration by parts formula we get

L, =1,1 +1,2, where

i < [™5 -~
Ini=-—3 > ; Ry (8)0,G7 (t)dt,

n€ln kel

Lo = 3 3 3 Ra0)G50).

n€ln kels,
Using the Cauchy-Schwarz inequality and G, (t,m,k) =0, for t > t., we obtain

f— +oo R
> : Rn(t)(‘?tG{(t)dt’

n€ly kel

ARl (sl

n€ln kel,,

Let ¢(n) := 1/(1 + n?). We have

3 [paef < s S s e
0 :

2
nel, keif] nel, keﬁf,/ (kZ + (k + n/n)2)

Thanks to (8.10) we conclude that

mwwﬁﬁﬂanQ%%m+n, 0>l

1 +oo
n? 0

>3

n€ln kel

Thus, for any s € (0,2) we get lim,,_, 4 o I, 1 =0. The argument to prove that lim,_, ;o I, 2=
0 is analogous.
Concerning II,,, by the Cauchy-Schwarz inequality we get

I, | < { 3 /Z\ /Ot (Wi =) (8,777k)‘2d8}1/2{ 30> /Ot|@2(3a777k)2d5}1/2~

n€ln kel, N€ln kel

Using (8.10) we estimate the right hand side by an expression of the form

M%H%ZEiKCif@MMWJM

neln kel
log(n +1) { -— 1 }1/2 log(n +1) .
< oginT 1) Z Z - < 0+, provided s € (0,2).
~ 2172 ~ T 1-5/2 e ’ ’
n 7€ kel (1 +n )k n / —

Estimates of 111,

By the Cauchy-Schwarz inequality we write

it
mi<ny Y [

~ ~

B3, n. k)G (s, )| ds

N€ln kel
~ 2
— e 9 1/2 — e ’G(s,n,k)’ 1/2
< X [|ran[ e {T T [E )
=~ Jo —~ Jo (ons)
n€ln kel,, n€ln kels
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Using (8.10), together with (8.22), we estimate the right hand side by

Cn3%/?log(n + 1)

n n— 00

0+, provided s € (0, 2).

Estimates of IV,, and V,,

The argument in both cases is the same, so we only consider IV,,. We write IV,, =
IV, 1+ 1V, 2, where

O ZZ/ o [Ba() = Bo(s)) (s, + 25 )| Gis.m By,

~k

IV,2:=— Z Z / [pn 5) —Dpo(s))p (s,k)} @f(s,n,k)ds.
By the Plancherel identity we write
Moa=—ig 3 / ~ Bo(s)) e (5) | G, (s)ds,

where

5) = Z /Z\e%ikx@’{(s,n,k).

n€ln kel

As a result, invoking (4.7), the Cauchy-Schwarz inequality and Plancherel identity, we
can find a constant C' > 0, independent of n, and such that

< Z/ 5@+ o]} (B [ (9]} Goas) ds

¢ 1/2
<nil{/0 B [[70(s)] + (s))” 3 B [72 } {/ > 1Grals |ds}

Vo,

zel, zel,
C t 1/2
< ——7 /]Enﬁ%(s)—l—ﬁ}z } {/ ‘ G (s,m, k) ‘ } :
), B o
Invoking Lemma 5.1, see (5.8), we conclude that
1/2
1 1 n35/2
Voo S ———— — P —— < 0+,
‘ ,2| ~ (77,+ 1)1/2 Z k4 Z 1 +772 ~ (n+ 1)1/2 00 +

kels nel,

provided s € (0, %) The proof of the fact that lim,,_, { . IV, ; follows the same lines as
the argument presented above.

8.3.1 Conclusion

For s € (0, ) we have proved that both O,, ; and O;, tend to zero as n — oo, and therefore
we conclude (8.15).
This ends the proof of Proposition 4.6.
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A Proof of (6.22)

Clearly

lan(n)| € 54—, 1> >8. (A.1)

=4
Suppose that n? € (0,8). Let ®(u, k) := [4sin*(7k) — u]? + 4y%u. From (6.20) we see that

/\Z sin?(7k)

< 7

|a"ﬂ(n)| ~ — (D(nz,k).
kel

After a simple calculation one concludes that 72 sin® (7k) < ®(u, k) for u € (0,8), k € I,,.
Hence |a,(n)| < 1, n? € (0,8). This together with (A.1) yield (6.22).

B Proof of (6.21)
Recall that

= in+ 2y + 27 sin®(7k =(n, k
ed,n(n) _ Z ( ) _ ( )

= —n2 + 4sin’(7k) + 2iyn —O(n, k)2’
el,

(B.1)

where

E(n, k) := sin®(7k) [ — 20°F + 8y + 87 sin® (k)| + in[—n® + 4sin®(7k) (1 — Fy) — 447,
O(n, k) := —n? + 4sin?(rk) + 2ivyn.

We have
1 S 1
O, k)2~ 4y*n?
Let p := sin?(7k). Let T be the parabola in the (z,y) plane described by the system of
equations

(B.2)

fp) = p[ = 20" + 8~ + 8p],

9(p) = nl=n* +4p(1 = 37) = 49°], peR.
By a direct calculation one can check that there exist two tangent lines to I' passing
through (0,0). Hence (0,0) ¢ Conv(I") - the closed convex region bounded by I'. Denote

by d.. > 0 the distance between (0, 0) and Conv(T") and P, the respective nearest neighbor
projection of (0,0). Note that

D*(p) == f*(p) + °(p) = p*[—20°F + 8 + 83p]” + n*[n” + 47> — 4p(1 — 77)]*.

When 57y > 1 then D?(p) > 4v2n?. If, on the one hand, 7y < 1, then for p < 72 + 1?/4, we

have

/

~ 1/2 ~
D(p) = 37Inl (" +49%) "~ = 29+°|n|.

If, on the other hand, p > 2 + n?/4, then,
—20°7 + 8y + 87p = —2*7 + 87 + 23(47% + 1) = 8y + 877° > 0.
Therefore,
D(p) = p| = 20*7 + 8y + 83p| = 2(v +77*)(47* +1%) = 87* (1 + 7).

We conclude that

*

P . AN &
) > d, > 2% min {4v(1 +77),3Inl}.

Re (E(n, BB
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Therefore, by virtue of (B.1) and (B.2) we conclude

o min{dy(1 +757),7Inl}

lean(n)] =2y pR (B.3)
and (6.21) follows.
C Proof of (6.34)
Note that
2 2
ean(n) =1 +4’V’Y7722 cos? (k) + 25 Z cos? (k)[4 sin? (1k) — 7?]

|4sin? (k) — 02 + 2iyn|? |451n 7Tk —n? + 2iyn|?

n

and (6.34) follows. O

D Proof of (6.23) and (6.36)

We only prove (6.23), as the argument for (6.36) follows the same lines. It is clear
from (6.19) that

[Tan ()] S n* > 8. (D.1)

NT]2+17

By an elementary calculation one gets

) 1/2
{2 [(4sin? (k) — )2 + 472772]} > (80" sin' (k) +-4977)
for n? < 8. Hence,

— |sin(7k 1
ran()] S 3 s Shog (1 ). o<

s In| + sin?(7k) ~
and combining with (D.1) we conclude (6.23).

E Proofs of (6.24) and (6.37)

Estimate (6.37) follows straightforwardly from the definition (6.32) and assumption
(3.10) on p(0, k).

Concerning (6.24) we estimate first in the case 772 8. Hypothesis (3.10) allows us
then to estimate |pq,, ()| < 1/|n| for n > 1, cf. (6.19). Combing with (6.34) we conclude

lpan(n)/ean(n)] < 1.
In the case 7% > 8, using the fact that > 7(0,k) = ro = 0, we write

kel,
(i +2 0,k < (in+ 29)7(0, k
‘pd,n ‘Z n+2y)r ( ) Z(U - ) ( )‘ (E.1)
4sm —n2 + 2iyn s —n? + 2iyn
Z 4sm 7rk’) (in + 27)7(0, k) o1
[4sin? (k) — n? + 2iyn)[—n? + 2iyn] |~ 1+ >’
and (6.24) follows.
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F Proof of (6.35)

From the definition of ¢,, we conclude that

1
S 77— neR,n=1 (F.1)
) nl+n?
By an elementary calculation one gets, for any w € C\ [-1,1]
5 ek (@4 (1 +w) + DO (1 + w)
Z ik 2k = 152 P ) (F.2)
~etmh —2(1+w)e™ +1 (P2 (1+w)—1)(1 — 21 (1 +w))

ke]I’Vl
where @, : C\ [-1,1] — D\ {0} is the inverse to the function
1

J(2) :2<z+i), zeD)\ {0}

Here D := {z € C: |z|] < 1}. Using the branch of the square root that maps C \ (—c0, 0]
into C4 := {w: Rew > 0} we write

D, (w) =w—Vw? -1, weCin(C\[-1,1]). (F.3)
Using (6.33) and (F.2) we write
1 4-n*+2iyn = e2mik
() =—5 = Z Imik _ Imik
2 2 —~ ¢ 2(1 + w)e?mik +1
kel,
1 2
=5~ (2 - % + z*yn) b (), (F.4)

where w(n) := —n?/2 + iyn and

(@ (1 +w) + )Py (14 w)

Suppose now that n? < § for a sufficiently small § > 0 so that

2
o 1
@4 (1= T +imm)| < 1= S v <o

Let A, == {n: n?>2"'sin*(7/n)} . Then, for any n € A,, we have n* > 2/(mn)?, there-
fore, thanks to (F.3),

e 1/201/2
n . 1 /2%y
o1 G i) <1-3(52) 7 l<s
‘ + 2 o 2\ |77|
and
2 n+1 1 21/2 1/2 n+1
limsup ~ sup ’q>+ <1 /A i777> < lim sup [1 — —( 7) } =0.
n—+00 neAn,|n|<d 2 n——4o0 2\ 7n
Therefore,

1
|bn(77)‘ ,SW, fOTUGAm n = 1.

Combining with (F.1) we conclude that (6.35) holds for 7> > 27! sin?(7/n). When 7? <
2= 1sin?(7/n) we conclude directly from (6.33) that

_ ) L gk 1
<y —— </ S
| (77)| ~ kezi 4Siﬂ2(7rk) _|_ |77| ~ 0 k2 + |T]| |77|1/2

and (6.35) is also in force.
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