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HEAT FLOW IN A PERIODICALLY FORCED,
THERMOSTATTED CHAIN

TOMASZ KOMOROWSKI, JOEL L. LEBOWITZ, AND STEFANO OLLA

ABSTRACT. We investigate the properties of a harmonic chain in contact with
a thermal bath at one end and subjected, at its other end, to a periodic force.
The particles also undergo a random velocity reversal action, which results
in a finite heat conductivity of the system. We prove the approach of the
system to a time periodic state and compute the heat current, equal to the
time averaged work done on the system, in that state. This work approaches
a finite positive value as the length of the chain increases. Rescaling space,
the strength and/or the period of the force leads to a macroscopic temperature
profile corresponding to the stationary solution of a continuum heat equation
with Dirichlet-Neumann boundary conditions.

1. INTRODUCTION

The conversion of mechanical energy to heat, accompanied by the production
of entropy, is a very common phenomenon in nature. It occurs on all scales of
space and time: from ocean tides to the movement of a charged particle in a
fluid under the influence of an electric field. It happens each time we rub our
hands or scratch our head. A fully microscopic description of the phenomenon is
desirable but very complicated. Here we study an example of this phenomenon in
a very simple microscopic model system. In particular, we consider a linear chain
(system) of n + 1 particles, labelled by & = 0,...,n, in contact with a thermal
reservoir at one end and acted upon by a periodic force at its other end.

The interaction of the system with the reservoir is stochastic, modeled as usual
by an Ornstein-Uhlenbeck process (the Langevin force). The action of the ex-
ternal force on the other hand, is deterministic described by a time periodic
Hamiltonian. There is also a stochastic velocity flip acting on the particles of
the system to model non linear interactions, inducing a diffusive behaviour of the
energy and producing a finite heat conductivity.
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We prove the existence of a unique periodic state approached, as t - +oo,
from any initial state. The average work done on the system over a period
is equal to the time averaged heat flux, J,, going into the reservoir. This is
computed explicitly for all n. The diffusive behaviour of the energy implies that
the heat flux J,, is proportional to the microscopic gradient ot the temperature.
To maintain a spatially constant time averaged macroscopic current J in the limit
n — oo one needs to have a spatially constant time averaged temperature gradient
proportional to J. This can be achieved by appropriately scaling the force and/or
period 6, as a function of n. This leads to a macroscopic spatial temperature
profile T'(u), where u = x/n € [0,1] is the scaled spatial coordinate, given by the
stationary solution of the heat equation with a fixed temperature 7'(0) = T~ (the
temperature of the heat reservoir that is placed at the left endpoint of the chain)
and a fixed energy current J entering the system on the right, u = 1 (where the
periodic force is applied). The thermal conductivity  in the heat equation can
be computed explicitly by the Kubo formula for this system (see [2] as well as the
comments in Section 10). It is independent of the temperature, so, as a result,
T(u) is linear in u, with k7"(u) = —=J. As already mentioned above, it is the
presence of the stochastic flip in the bulk that is responsible for the conversion
of the work done by the periodic force into heat that is diffusively transported
through the system. Detailed study of the thermalization in the bulk for such
stochastic dynamics has been studied in [14].

We note that our setting differs from the typical setup, in which the stationary
macroscopic energy transport has been studied. E.g. in [16, 11, 5, 3] the chain is
placed between heat baths at different temperatures. The stationary temperature
profile depends then on the boundary temperatures. As far as we know, the
present article is the first to derive a rigorous macroscopic limit for a system in
a periodic state induced by a periodic external force. Periodic states of a system
under external periodic forcing have been previously considered in [13].

1.1. Description of the model. The configuration of particle positions and
momenta are described by

(q7p) = (QO7 -« qn,Po, - - - 7pn) € Rn+1 X RnJrl' (11)

We should think of the positions ¢, as relative displacement from a point, say x
in a finite lattice {0,1,...,n}. The total energy of the chain is defined by the



Hamiltonian: #H,(q,p) = 0.y €:(q, p), where the microscopic energy is given by

p: 1 Wi
&:(q,p) :=5+§(q$—qx_1)2+07, x=0,...,n, (1.2)

with the pinning constant wy > 0. We adopt the convention that q_; := qp.
The microscopic dynamics of the process {(q(t),p(t))}+0 describing the total
chain is given in the bulk by

G (t) = p2(1), x€{0,...,n},
dp.(t) = (Aqu - wgqx) dt - 2p,(t=)dN,(yt), xe{l,...,n-1},
and at the boundaries by

dpo(t) = (QI(t) - qo(t) - wS(Jo)dt = 29po(t)dt + \/AyT_dw_(1) (1.4)

Apa(t) = (4aea (1) ~ 4a() ~ w3ga(8) )t + F, (1)t - 2, (£-)AN, (1),

Here Ay is the Neumann discrete laplacian, corresponding to the choice ¢,,,1 := ¢,
and ¢_1 = ¢o. We assume that the forcing F,(t) is 0,-periodic, with the period
0,, = n®0, and the amplitude n?, i.e.

Folt) = n}'(%) (1.5)

Here 6 > 0 and the scaling exponents a € R, b > 0 are to be adjusted later. We
assume F () is a smooth 1-periodic function such that

folf(t)dt =0, folf(t)th > 0. (1.6)

Processes {N,(t)}, = 1,...,n are independent, Poisson of intensity 1, while
w_(t) is a standard one dimensional Wiener process, independent of the Poisson
processes. The parameter 7 > 0 regulates the intensity of the random perturba-
tions and the Langevin thermostat. We have choosen the same parameter in order
to simplify notations, it does not affect the results concerning the macroscopic
properties of the dynamics.

The generator of the dynamics is given by

(1.3)

Gr = Ar +7Saip + 275-, (1.7)
where . .
A; = pré’qx + Z(Aqu ~ w32 )Opy + Fu(t) 0y, (1.8)
x=0 x=0
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and
SupF'(P,q) = Zl (F(o" ) - F(p,a)), (1.9)

where F': R2(+1) — R is a bounded and measurable function, p® is the velocity
configuration with sign flipped at the z component, i.e. p® = (pf,...,p}), with
P, =py, y # v and p, = —p,. Furthermore,

S_=T.0% = polp,. (1.10)
The energy currents are given by
gtgm = jmfl,x - jm,m+17 (111)

with
jm,m+1 = _px(q:r+1_q:v)7 1f HARS {07-'-7n_1}
and at the boundaries

Jo0=27(To=p3).  Jumer = =T (t) P (1.12)

1.2. Main results. Our first result concerns the existence and uniqueness of a
periodic stationary state for the system. Fix n > 1. Following [8] Section 3.2,
we define a periodic stationary probability measure {ul’ t € [0,+00)} as a solution
of the forward equation 0yuf = G;uf such that pf, = pf. This condition is
equivalent to

On
f dsf( | G:F(r,p)p; (dq,dp) =0, (1.13)
0 ]R2 1+n

for any smooth test function F : R2("1) — R,

Suppose that {(q(t),p(t))}0 is the solution of (1.3)-(1.4) initially distributed
according to u{’. Given a measurable function F : R%"*1) — R integrable w.r.t.
each measure {ul’, s €[0,+00)} we denote

F(t) = IEF(q(lt),p(lﬁ)) = fRQ(M) F(q,p)uf (dg,dp), >0, (1.14)
where [E is the expectation w.r.t. P - the probability measure corresponding to the
noises and with initial data distributed by uf’. The function F(t) is 6,-periodic.
We denote its time average by

(F)) = % /Oenf(t)dt. (1.15)

The subscript n in the notation of the average ((-)),, will be sometimes omitted,
when it is obvious from the context.



Theorem 1.1. For a fixred n > 1 there exists a unique periodic stationary state
{uf, s €[0,+00)} for the system (1.3)-(1.4). The measures ut are absolutely con-
tinuous with respect to the Lebesque measure dqdp and the density pf’(dq,dp) =

fP(q,p)daqdp is strictly positive. Furthermore min,((p2)), >T_.

The proof of the result is contained in Appendix A.
From (1.11) we conclude that the time averaged energy current ((j,.+1)) is
constant for z = -1,...,n. Denote therefore

Jo = (Joan)), x=-1,...,n. (1.16)

In particular

gt == [ F () ps)ds = 2o (). (1.17)

We prove, see Theorem 3.1 below, that if b—a=1/2, a <0 and b > 0 (recall that
0, =nb0), then
nJ = J% 1 0(1), asn - +oo, (1.18)

where J*? <0 is a constant given by an explicit formula, see (3.3).
In our first main result, see Theorem 3.4 below, we prove the convergence of
the time averaged energy functional ((£,)) to a linear macroscopic profile

4vJu

D )
where the constant D > 0 is given by formula (3.10).

Our second result, see Theorem 9.1 below, deals with the question of the van-
ishing of the fluctuations of the kinetic energy functional in the case when the
period of the force is of a fixed microscopic size. More precisely, supposing that
b=0 and a = —-1/2, we prove that there exists a constant C' >0 such that

Z:)foe(p_%(t)—((pi)))ZdtS % n=12... (1.19)

T(u)=T--

we[0,1],

1.3. About the proof. The macroscopic equation for the energy transport
emerges from an exact fluctuation-dissipation decomposition of the energy current

1
‘$ z+1 = T T T 1.20
Jra+1 = Gif 47V3 ( )
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where §, and f, are local second order polynomials in the variables {q,.;, ps+j,J =
-1,0,1} (see (5.1), (5.2) and (5.3) for the precise definitions, valid also at the
boundaries). After taking the time average we obtain

1
Then we establish first (1.18), that takes care of the left hand side of (1.21), i.e.
n{(Jerz+1)) = J¥b. The explicit calculation involved in computing J*b rely only
on the first moments of the periodic states.

Note that the equilibrium average at temperature T' of §, equals DT (with
D > 0 given by (3.10)). Thus, all we need to prove is a kind of a local equilibrium
that allows to conclude that ((F[mu))) ~ DT (u), u € [0,1]. This is the main part
of the work. It involves proving the convergence of the second moments of the
positions and momenta. The most difficult part is to establish an a priori upper
bound for the time average of the total energy that proves it does not grow faster
than the size of the system n (cf. (7.10)).

In Section 6 we derive a closed system of equations for the time averages of the
covariance matrix (6.17) that involves the discrete Neumann laplacian Ay. After
performing some manipulations with these equation we obtain that the time ager-
aged position covariances are given by the Green’s function (wg— A N) ()
plus an error that is proportional to the averaged current, that is small (of order

O(1/n)). In the bulk we have that
(cug—ANy1 (z,x") - (w%—A)fl (x-2x"). (1.22)

Here A is the discrete laplacian on Z, that gives the covariance matrix of the
positions of the system in equilibrium. But in order to obtain the correct bounds
on the total energy we need a careful control the behavior of the Green’s function
at the boundaries, cf Lemma B.2 in Appendix B.

Once the energy bound is established, the next step is to prove local equilib-
rium, which is contained in Proposition 8.2. After this step the proof of the main
result follows directly, see Theorem 8.1.

In Appendix A we prove the existence of the periodic measure. The manip-
ulations done with the equations for the covariance matrix use some ideas from
[5]. The harmonic dynamics with self-consistent Langevin reservoirs considered
in that article has a similar covariance equations of the corresponding stationary
state, see Section 10.



Section 9 contains the proof of the result concerning the vanishing size of time
variance of the kinetic energy, see Theorem 9.1. Appendix C is devoted to the
presentation of the proofs of auxiliary facts formulated in Section 9.

1.4. Acknowledgements. We warmly thank David Huse for very stimulating
discussions on the subject. The work of J.L.L. was supported in part by the
A.F.O.S.R. He thanks the Institute for Advanced Studies for its hospitality. T.K.
acknowledges the support of the NCN grant 2020/37/B/ST1/00426. S.O. has
been partially supported by the ANR-15-CE40-0020-01 grant LSD.

2. SOME PRELIMINARIES AND NOTATION

2.1. The dynamics of periodic means. Define the averages in the periodic
state:

P.(8) = f poif (dq,dp),
R2(n+1)

(2.1)
q,(s) = f qx,uf(dq, dp), z==0,...,n.
R2(n+1)

They satisfy
0. = Do
. (2.2)
B, = (AN - wg)q,r — 29D, + 0pnFn (1), x€{0,...,n}.

Here Ay is the Neumann discrete laplacian, subject to the boundary condition
q-1 = qo, qn = Qn+1- We can rewrite the above system using a matrix notation. Let

%(1) Bo(t)
an=| : | sm=| :
2.(1) p(t)

and (q,p) be the vector of initial data. We can write that

q(t -At ! -A(t-s
(58 )= (3) Lo ot

Here A is a 2 x 2 block matrix made of (n+ 1) x (n + 1) matrices of the form

_ 0 _Idn+1
A= ( —AN +w§ 2’)/Idn+1 ) (23)
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where Id,.; is the (n + 1) x (n + 1) identity matrix. We also let e,, and e,
¢=1,...,n+1 be the 1 x2(n+1) column vectors whose components are given by

/
g =00 and  epgp = Opsiee, £ =1,....2n+2. (2.4)

Proposition 2.1. The spectrum of matriz A is contained in the half plane Re A >
0. Thus, there exists ¢ >0 such that

+00
A+ A) = f O A g (2.5)
0

is well defined in the half-plane Re A > —c, with the integral on the right hand side
of (2.5) absolutely convergent.

The proof of the result can be found in Appendix A of [5].

2.2. Time harmonics of the periodic means. Consider the Fourier coeffi-
cients of the periodic means

1 [on
px(g _9_/ —27rz€t/9n (t)dt

0

1 o (2.6)
T (0) = f e 2miltong (t)dt, (€.
0, Jo
They satisfy
2mil
0 —— 0 (£) = Pa(0),
2mil ~ (2.7)
= 70 = (Ax =R )3 (0) = 297 (O) + 0 F (Db, 2 {0, m},
Here 1
F(0) = f e~2mil (1) dt. (2.8)
0
In the particular case when ¢ =0 we have
<<Qx>>n:%(0) and ((px>>n:ﬁm(0) =0, 2=0,....n (29)

The last equality follows from the first equation of (2.2). Combining the first and
the second equations of (2.7) we get

0=-L" o @(0)+ n°F(0)0ypn, x=0,...,n. (2.10)

2
Liyo.= lwg (2?) +i4ﬁeh]—A (2.11)
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with the Neumann boundary conditions §_1(¢) = Go(€), @,(£) = Gns1(£).

2.3. Green’s function corresponding to L7 ,,. Denote by G% ,,(z,y) the
Green’s functions corresponding to L , ,. It is defined as the solution of

51-7?4 = LZQ,G,ZGZQ,G,Z(x7y)7 SL’,y = O, PN ’n. (212)

This function is given explicitly by

G gy = 3 0i(2)v;(y) (2.13)

N+ wd - (2m0071) + dymilf!

where \; and 1); are the respective eigenvalues and eigenfunctions for the discrete
Neumann laplacian —Ay. They are given by

Y L 2—50,j)1/2 i (22 + 1) .
Aj =4sin (—2(n+1))’ Q/JJ(ZL’)—(nJrl cos —2(n+1) , x,7=0,...,n.

(2.14)

If =0, then (2.13) defined the Green’s function of w? - Ax. We will denote it

2.4. Green’s function of the lattice laplacian. Recall that the lattice gra-
dient and laplacian of any f : Z — R are defined as Vf, = f,41 — f, and Af, =
fos1 + foo1— 2fs, x € Z, respectively.

Suppose that wy > 0. Consider the Green’s function of —A +w?. It is given by,
see e.g. [12, (27)],

Guo(z) = (A + wg)_l (z) = fol {4sin®(mu) + w%}_l cos(2rux)du  (2.15)

||
1 2 2
= 1+ﬁ+wo 1+ﬁ , TEel.
+4 2

woy/wi 4

2.5. Some notation. We adopt the following convention. For two sequences
(a,) and (b,) of real positive numbers we denote a, ~ b,, n > 1 if there exists
C > 1 such that C'a,, < b, < Ca,, for all n > 1.



3. PERIODIC STATIONARY ENERGY TRANSPORT

3.1. Asymptotics of the time average of the mean current. Our first result
gives an explicit formula for the asymptotics of the time average of the mean
current. In what follows we shall also be concerned with the functional

a On
1= [T g, 0F@ e (3.)
h JO
therefore we give its exact asymptotics, as n - +oo.

Theorem 3.1. Suppose that ¥, (2| F({)|? < +co and

b—az%, a<0 and b20. (3.2)
Then,
lim nJob = Job = -( ) 200 (0), (3.3)

noteo teZ

with Q©(0) given by, cf (2.8),

e sz [ (5) [t () - (5] (82}

and

~ 1 T2 T2 -2
Qb_l/Q’b(E) = 49| F(0))? f cos? (7) [4 sin? (7) + w%] dz, when b>0. (3.5)
0
Furthermore, we have

]—g,a—l/Q = gealf2p2e 4 o(p2e), (3.6)

§0.-1/2 . QZV:(E |2f cos (7722){4sin2(7rz)+[w§_(2%€)2]}
x{l4sin2(%)+W8_(2%g)] +(4%M)2} =

and for b>0

=
N - ‘ o (T2
Ab-1/2b . QZU:(E |2[ Cos ( > ){4sln2 (72) +wi} {451n2 (7) +w§} dz.

where
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The proof of the results is given in Section 4.1.

Remark 3.2. Calculations made in Appendix D show that

~1/2,0 —0|f(£)|2m 2 +1 +)\(wo) N / . 4 -
o = 2t I ({)\(Wo) 1 +4/X(wo) 2}{1 2 (1 ! )\(wo))} )’
with
o (270\® (4wl
)\((UO) ZZWO—(T) +Z(’YT).

- 2 F(O))P(4 +})
b-1/2,b( ) — 0
Q () (wi + 4dw? +8)3/2

Furthermore,

From Theorem 3.1 and the definition of j_; o, see (1.12), we immediately con-
clude the following.

Corollary 3.3. We have

] (37)

3.2. Asymptotic profile of the periodic averages of the means of the
energy function. The following result holds.

Theorem 3.4. Under the assumptions of Theorem 3.1 we have

i~ S () (2=t - e (S)Eh = [ ewrean, G

n—ooq 47 \ n—oo 1 &
with ]
Tu)=T. - VD“, we [0,1], (3.9)
for any ¢ € C[0,1]. Here J is given by (3.3) and D is defined by, cf (2.15),
D = 1= wh(Gu(0) + Gy (1)) (3.10)

We present the proof of the theorem in Section 8.
A simple calculation, using (2.15), yields an explicit formula for the coefficient
D, cf [5, (4.18)],

2
D= .
2+ wk +wo/wi +4

(3.11)
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Therefore,
lim D(wp) =0, lir% D(wp) = 1.
wo—>U+

wp—>+00
In the case a = -1/2,b =0 and 6 constant, we can improve the statement of the
theorem (3.4) as we do not neet the time average over the period, more precisely
we prove in Section 9 that

gg(r)lonZgo( )fog(p_;(t)—T(%))tho. (3.12)

4. THE FIRST MOMENTS OF POSITIONS AND MOMENTA

4.1. Proof of Theorem 3.1. We only show (3.3). The proof of (3.6) follows
from analogous calculations. Using (1.17), the Plancherel identity and then the
first equation of (2.7) we get

Job = —nc Zf(f)wr

2“” RO CLACE S G AN .
Thanks to (2.10) we can further write E
Job @ IHWACANAD
= ZEZ{W%W E (297:@) |mor}-2(F) £esmor
(4.2)
Using the parity of [V, ()2 + [wf - (22£)°] [Z(0) we get

Job = —27( ) WA (4.3)
From (2.10) we have

N F(0)dpn = L7 o (), x=0,...,m. (4.4)
Hence, by (2.12),
n'F(OG2 o (r,n) =7, (0), z=0,...,n. (4.5)
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It follows, by (2.13),

n " 2| F (043 (n)
2 2a 2 J
; |Qx(£)| =n |~7:(£)| ;:0[ w0,0n, Z(x n JZ(:) )\ " WO (271'@(9,;1)2]2 + (4’}/71'6«951)2.

(4.6)
A straightforward calculation, using formula (2.13), yields

" eos (2( - )){4Sin2(2(ﬁ1))wg_(29_7j)2+MHZM}_
+O(ﬁ)=0(1)-

Therefore, we conclude that

Y EOF - 2F O [ o (5)

272 2
s () - 2] (52)
3.
z

(
Job = 473( ) Z€2|.7:(€ |2f cos (7;)

fl ) - ] (5] el

and Theorem 3.1 follows. O

,(0,m)

wo On,

From (4.3) and (4.7) we get that for a,b satisfying

-1 (4.7)
} dz +o(n*).
2)

4.2. L? norms of the position and momentum averages. Denote

2= [ B - TP,
IR AR O AT

(4.8)

Using (2.7) we get
Sor=(5) Lo (49)
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By virtue of (4.7) we get

ya2 ) (4.10)
.o T2 o (27l 4yl 1
x1[4sin® | — ) +wy - —— +|{—— dz+ol|—].
2 0, 0, n
We have shown therefore the following.
Proposition 4.1. Under the assumptions of Theorem 5.1 we have
n n 1
L@~ and Y ()~ ~, m> 1 (4.11)
z=0 =0

5. THE SECOND MOMENTS FOR THE MOMENTUM AND POSITION VARIABLES

5.1. Fluctuation-dissipation relations. Define

1 1 )
z = 7 \Gz+1 —qx z T Dz + = (lQz+1 —4qz) :Oa---a _17
f 47(q+1 Qz) (Do + Pas1) 4(q+1 ) T n 6.1
%m:pi+(Q:v+1_Qm)(qg:_q;c—l)—wgq:%, .TZO,...,H,

with the convention that ¢_1 = qo, ¢n = gns1. Then

1 : Ozn-1
gtf:v = v%m"‘jx,:ﬁl"’ , 177, f(t/en) (qn_Qn71)7 SU:O,...,TL_ L. (52)
4y 4y

After performing the expectation and time averaging we get

-1

((82)) = ((So)) + 2 {{VSy)) = (o)) — 4y Juz (5-3)

y=0
O nn®

. foen}"(t/en)(qn1(t)—§n(t))dt, =1, . .n

Remark 5.1. Note that the expectation of §, with respect to the Gibbs Gaussian
measure on the lattice Z, with the Hamiltonian . ., £, and the inverse temper-
ature 771, is given by

T[1= Gy (1) = Gy (0) +2Guy (1) - wi Gy (0)]. (5.4)
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Since G, is the Green’s function for w2 — A, where A is the free lattice laplacian,

we have

1= Gl (2) = Gug(0) + 26y (1) = WGy (0) = 1= wB( Gy (0) + Gy (1)) = D (5.5)

and the expression in (5.4) equals DT

6. THE COVARIANCE MATRIX OF THE PERIODIC STATE

6.1. Dynamics of fluctuations. Denote
(1) = qo(t) =7, (¢) and  p(f) = pa(t) =D, (1)
for x=0,...,n. From (1.3)-(1.4) and (2.2) we get

q,(t) = p,(1), ze{0,...,n},

dp,(t) = (Aq, - wiq,,) dt = 2ypl,()dt - 2p, (t-)dN, (yt), e {L,.

and at the left boundary
dpp(t) = (Agh - wigy) At = 29py(£)dE +\/4yT-d@_(t).
Here N,(t) := N,(t) —t. Let
_( a() <t - [ a®)
xo=( 3 ) x0-(56)

and X’(t) = X(t) - X(t). Furthermore, we define

JETT 0 0
00 0 -2p O
_ n+1 n+1 . _ B
E(p) - l Ot D(p) :|, with D(p) = O 0 2:]92
0 0 0

The symbol 0,, denotes the null n xn matrix. The solution of (6.2)—

(6.1)

o (6.2)
(6.3)

0

0

0 |. (6.4)

“2p,

(6.3) satisfies

X' (1) = e AX/(0) + fo te_A(t‘S)Z(p(s—))dM(s), t30. (6.5)
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Here A is defined by (2.3) and (M (%)), is 2(n+1)-dimensional vector martingale
0

0
dM(s) = da(s)
dNi(vs)

d]’\vfn.(vs)

Suppose that X is a random vector that is independent of the noise and dis-
tributed according to pf’. Denote by X the vector of its means and by X’ = X -X.
For any ¢ > 0 define X,(t), t > —(6 - the solution of (6.2)—(6.3) that satisfies
X(—08) = X. We call such solutions 6-periodic. Note that

t
X/ (t) = e A f eAIN(py(s-) )AM(s), t>-l0.  (6.6)
200

Obviously, (Xg(t + 9)) has the same law as (Xg(t))

t>—00 t>-t0

6.2. The covariance matrix. Suppose that X(t) is a f-periodic solution of
(1.3)-(1.4). Define the vector valued function

_ Ep3(t)
p2(t) = ( i )
Ep, (1)

and the covariance matrix

S(a) S(a.p)
S(t) = [ S(p,q)(ft)) S(P)((tt)) ]’ (67)
where
S@ (1) = [E[q;(t)q;(t)]]%yzo ..... ) S(ap)(¢) = [E[q;(t)p;(t)]]wzo 77777 5
(6.8)

S (1) = | Bl (0)p} (1)]] and - 509 (1) = [5609(1)]

Obviously both p2(t), S@(t), S®(t) are f-periodic and the matrices are sym-
metric.

z,y=0,..., n
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We shall also consider {(p2)) and ((S®)), a € {q,p, (p,q), (g, p)} the respecive
vector and matrices of time averages.

Given a vector 9y = (yo,y1,---,Yn), define also the matrix valued function
T 0 0 ... O
Dy(n)=4v[0 0 yo ... 0. (6.9)
0 0 0 ... yn

Let 35(p) be the 2 x 2 block matrix
0n+1 0n+1
by = . 6.10
-0t o | (6.10)
Proposition 6.1. The following identities hold
S(t) = f ey, (p2(t - 5))e AT ds, 130 (6.11)
0

and
((S)) = fo e, (((92)))e A o ds. (6.12)

Proof. Formula (6.12) is an obvious consequence of (6.11), so we only prove the
latter. From (6.6) we conclude that

S(t) = e‘A(““)E{X’(O) ® (X’(O))T}G—AT(HZG)

t B (6.13)
+ f e’A(t’S)Zz(p2(s))e’AT(t’s)ds, t>-10.
09
Letting ¢ - +o00 and using Proposition 2.1 we obtain
¢ e T
S(t) = f AR (p2(s) )e A s, teR. (6.14)
Changing variables s’ := ¢t — s we conclude (6.11). O

17



6.3. Structure of the covariance matrix of the periodic averages. By
(6.12) and partial integration in time, we have

AS(t) = - '/Ooo (%e‘AS) ZQ(p_Q(t - s))e‘ATsds

= [T ) AT s+ (2 (0) - [T A (- ) s
0

= -S(H) AT + Sa(p2(1)) - S (1)
(6.15)

Integrating the above relation over the period we conclude that the matrix ((S))
satisfies the equation

A((S)) + ((SHAT = Za(((p*))). (6.16)

It leads to the following equations on the blocks defined in (6.7) (see (2.3) and
(6.9)):

(5@ =[(gs@0n] = ~((50)),

(SO (Wi - Ax) +29{{S17)) - ((SP)) =0,

(W = AN{{SD)) + 29{(SPV)) - {(S®))) = 0

(2 = A ((SP)) - ((SEP)) (w2 = Ax) = Do({{#®))) - 43{(SP)).
From here we conclude

(547)) = ~{(5)),

(59)) = L {HSDN(d - Ax) + (@3 - ASDN),

1((S4P)) = (&5 - ANUSDN) - (SDN) (A - Aw), (617)
(8 = A)US )~ ((S42)) (3 - A = Da(((B2) ~ 471D,

Denote

3O = S (SN () ()

z,x’=0

and analogously define gj(l;), and §]<§), The eigenvalues of w? — Ay are given by

: ) .
”j=w§+)\j=w8+4sm2(m), jZO,...,TL. (618)

18



Then we have the inverse relations

(S22 = zos@w](xm (@),

With this notation we can rewrite (6.17) as follows

§(‘q;,p) S(p ,q)

73"
1
S(,p) 5 (1 + e )Sa(qj)
478D = 59 (1 o),
(4 = 1) SS57 = 4y Fy jo - 4950,

where

By = 2 s () + (T- = () 5 (0)¢0).

By eliminating gj(?,p ) from the above equations we get

(p) U S(a)
Siar = Fi WSH
Thus,
go__2 7 o o) e

!

Py T 8y ()

It follows that

872 (s + pyr

-1
g /JL_/J[” 2
SJ('vp) @('LLJ’/”LJ) 4.3" @(/ijmuj’):[lJr(j—j))‘l )

and

_ 20(us 157) 5

pitny

7. ENERGY BOUNDS

(6.19)

(6.20)

(6.21)

(6.22)

(6.23)

(6.24)

(6.25)

Throughout the remainder of the paper we shall always assume that the as-

sumptions of Theorem 3.1 are in force. From (6.24) and (6.21) we have

((SED) = 2 Oz, 1) Fi iy ()b () = 3 Moy {(p2)) + (T2 = ((03))) Moo (7.1

3J'
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where

Myyi= S O i)y (2)y (2)65 ()b (u). (7.2)

From (6.1) we have
((p2)) = (((22)*)) + ((B2))-

We can further write

((p2)) = 3 Moy () = G5, where (7.3)

7.1. A lower bound on matrix [, ,]. The main result of the present section
is the following.

Proposition 7.1. There exists ¢, >0 such that
n n—1
Z Oy = Myy) fyfe 2 Ca Z(fo)Q, for any (f.) eR™ n=1,2,.... (7.4)

z,y=0 =0

Proof. For any sequence (f,) € R**! we can write

n

S Gy = Mag)fofe= 30 S (1= Oty 1)) 5 (@) oy (2)y (05 () fo

z,y=0 z,y=04,5'=0
(7.5)

n n 2

= 32 (-0 (S 6@ 0)

4.57=0 2=0

An elementary argument (cf (6.24)) shows that there exists C, > 0, such that
L=0(uj157) > Oty = p1y)* = Cu (g = Ap)”

20



Therefore, see (2.14),

Zn: (Ouy = May) fyfo 2 Cs Z (Aj = Ajr) (i}%(ﬂf)fm%'(fc))

z,y=0 7,4'=0

=C. ZOZJA )y () ()0 ()i (9) fu

=20, 3 {3 R0 = 3 Ay (@ )y ()}
Ty= 7=0 7,9'=

20 Y f, Fo{ 0 (264,8,) = (Axds, 0,)2 .

z,y=0

As before, here Ay is the Neumann laplacian. A careful calculation shows that

5$,y<A2N5967 5y> - (AN5m> 5y>2 = <AN5$7 5y>

Therefore
n—1
Z (53:3/ my fyfm 20* Z(vfr)Q (76)
z,y=0 z=0
and the conclusion of the proposition follows. O

Proposition 7.2. There exists C >0 such that
n, . C
sup|G§)|<—, n=12,.... (7.7)
T n

Proof. The result is a straightforward consequence of Corollary 3.3 and Proposi-
tion 4.1. O
From Propositions 7.1 and 7.2 we immediately conclude the following.

Corollary 7.3. There exists C >0 such that

SN - (2l < 5 S, 0120 (09

Proof. Using (7.4) and then (7.3) we get
ni[((}?i)) — (L) <! Z (0zy = Moy ){(P)){(P2))

=0 - x,y=0 i (79)

= — 2 G(R) € C*(m (2

Cx =0 21



and the conclusion of the corollary follows. U

7.2. Upper bound on energy. The main objective of the present section is the
following.

Theorem 7.4. Under assumptions of Theorem 3.1, there exists C' >0 such that

! N io((é’m)KC, n=1,2,.... (7.10)

Before presenting the proof of Theorem 7.4 in Section 7.3 we show some aux-
iliary results.

Proposition 7.5. As n - +o00 we have

n n " 1/2
1) = (6 0)+o0) S0+ o) (St02) w0

Proof. Since ((7;)) is of order n?*, see (4.11), and a < 0 (cf (3.2)) we only need to
prove (5.1) for ¥,((S{%)). Using (6.25) and then (6.21) we obtain
(0)?
SUSN = 25 - By - £ 3 U ) « (- i) 3 A
j M] i H
- ZG (v, y) (py)) + (T- = {{p o>>) n,wo(()?O)a

(7.12)

where G7 is the Green’s function of wg — Ay, see Section 2.3. The second term
on the utmost right hand side of (7.12) is of order 1. Concerning the first term,
thanks to Lemma B.2, it equals

(G (0) +0(1)) i((pi)ﬂ i}ﬁ("’(y)((pi))a (7.13)

y=0

where |H (™ (y)| satisfies estimate (B.3). Hence,

Z|H(">|(z| - )

n

o)) 2 [H™ ().

o¥=0

Z H<")(y

(7.14)



Thanks to (B.3) we have

H, =sup Z |H™ (y)] < +00.

nxl y=0

Thus, using (3.7) we conclude that the second term on the right hand side of
(7.14) stays bounded, as N — +oco. The first term can be rewritten by changing
order of summation and then estimated using the Cauchy-Schwarz inequality and

bound (7.8)

Stz -l 35 1)

y=x+1

{i ( > Ff§">|)2}1/2 { SR - <<pi>>]2}1/2 (7.15)

IN

=0 \y=z+1 z=0

vl Stotan-wine] <o(Som)

and the conclusion of the proposition follows.

O
Similarly we obtain
Proposition 7.6. As n - +oo we have
:0 GoGo-1)) = (Guy(1) +0(1)) g +O(1)(§)(<Pi)))m+0(1),
i((qmqm)F (GWO(1)+0(1))§%< +O(1)(mi0 )1/2+0(1), (7.16)
io Qo1 o) (GWO(Q)+0(1))§((pi>>+0(1)(§ ) +0(1).
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Proof. We only prove the first formula of (7.16). The second and third ones follow
analogously. Using (6.21) and (6.25) we obtain

Z (S ZZS%@)% (z-1)

-3 Pl LT“ W5 s ) r.17)

5 2@(%7Mj')Tj,j'(l)wj(O)%'(O)
ig Mg+ e .

+ (T ((03)))
Here, we have used the convention ((Séq)l)) ((Séqo) )) and the notation

T;(1):= Z [0 (@) (= 1) + by ()b (= - 1)],
| w0 (7.18)

T, (2) = Z[zpj(x Dpjr(x+ 1) + by (z + )y (z - 1)].

[\DI»—A

A simple application of trigonometric identities leads to the following formulas.

Lemma 7.7. For{=1,2
To’j’(f) =0, j’= 1,...,TL,

1 (-1 z '
Tj,j’(g): ( ) COS( ﬂ-jg )COS( ﬂ-jg )7 j?j,:17"'7n7j?éj,

n+1 2(n+1) 2(n+1)
(7.19)
AN
Tj,j(é)—cos(nJrl), j=0,...,n.

This result implies that the second term on the right hand side of (7.17) is of
order O(1/n). The first term equals

5 Las @) 5~ 202 + Ry, where

J J

R, =) pn(y){(p;)) and

> 20 (py, 1) L5 (1)
i M+ By

Pn(y) = Vi (Y)Y (y).
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Using formula for ¢;(y), see (2.14), and for T, ; we can rewrite the above expres-
sion in the form

gn(1) Z((PZ)) + R+ Ry +0(1) 3o((p}),  where

Y Y

7 ,u] n+1
En :an(y) py and
y

Pn(y) = 2 > icos(ﬁ.l)cos(m) :

n+15 p, n+ n+1

A simple calculation shows that §,(1) is the Riemann sum approximation of
order 1/n of the integral defining G, (1), see (2.15). An application of Lemma
B.1 yields that both |p,(y)| and |p,(y)| satisfy the bound (B.3). Repeating the
estimates done in (7.14) and (7.15) we conclude that

Ryl +|Fo < c(i«pz»)l/g,

y=0

where the constant C' is independent of n. The conclusion of the lemma follows.

U

7.3. Proof of Theorem 7.4. Using (5.1), (7.16) and (5.5) we obtain

n

i((ﬁm)) =2 [ + ({gedee)) + ({0000-1)) = ((ge-10e01)) = (1 + ) {(a2))]

z=0 z=0

n n 1/2
=<D+o<1>)go<<pz>>+o<1>(z::0<<pz>>) o).

(7.20)
On the other hand, from (5.3) and (3.6), we conclude Corr.
Z%“Sx» = (n+1){{(Fo)) - 2yJun(n+1),
(7.21)

2 [ 18 @) -7, 0)
< (n+ D{{p2) - 2m%h, + O(n*) < ' + 1)



that gives the bound

1 i((pi)KC, n=12,.... (7.22)

n+1:=

The conclusion of the theorem then follows from the above estimate and Propo-
sition 7.5. O

7.4. H' bound on the energy density. As a direct consequence of (7.22) and
Corollary 7.3 we have

Corollary 7.8. There exists C' >0 such that

§[<<pi>> CEaNE<C (7.23)
and
sup ((p3))a < Cn*?, n=1,2,... (7.24)

y=1
n 1/2
<VA{ S - (0L NF] (< OV (i,
by
O
The following result stregthens the above estimates.
Proposition 7.9. There exists C' >0 such that

Sra 2 2. C

LUz~ (e < — n=12,..,

2=0 n+ (7.25)
sup ({p3)) < C
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Proof. From (7.3) and Propositions 7.1 and 4.1 there exists C' > 0 such that
_ 5 n
Z ( p:):Jrl) ) < C
=0 =0

c§<<m>>2<<pi>> (7.26)

U C C

2
< — +Csup p2) Z n+ T 1 sgp((px», (7.27)

&)

Q +

Using the Cauchy-Schwarz inequality we conclude

sgp((pgﬁ Z: | Px+1)>|

n—-1

172
<{aR) + v {Z (- w.n)’} (7.29)

z=0

2
Denote D,, := Y0~ (((px» - ((p? +1))) . We can summarize the inequalities ob-
tained as follows: there exists C' > 0 such that

C 2
7.29
n+1+n+1sgp((px>>, (7.29)

sup((p2)) < ((p8)) + v+ 1DV < (o)) + €+ Csup(p2)) 2,

D, <

n X

for all n = 1,2,.... Thus the second estimate of (7.25) follows, which in turn
implies the first estimate of (7.25) as well. O

8. CONVERGENCE OF THE ENERGY DENSITY

8.1. Identification of the macroscopic energy density limit. Proof of
Theorem 3.4. Let

en() = ((2), ue|

By Proposition 7.9 and Corollary 7.4 we have

f n(u)du<(sup P2) )(

27

* x+1) x=0,...,n.

n+l1' n+1/’

[ o) <

J::O



Let €,(u) be piecewise linear function obtained by the linear interpolation
between the nodal points P, := (n+1, ((px))), x=0,...,n+1 (here p,s1 =p,). By
Proposition 7.9

[ EPde- oD 3 (1) - (20) <C n-12

Therefore (€, (u)) is relatively compact in both L2(0,1) and C[0,1]. Since

[ol['é'n(U) — e (u)]?du < n}- 1 Zn: (<<p326+1>> - ((pi)))Q < (n fl)Q

z=0

also (e, (u)) is relatively compact in L2(0,1).
For some subsequence n’ - +oco (which we still denote by n) we have therefore

lim e, (u) = emm(u), in the L? sense
n—+oo

and e € C[0,1]. In order to show the convergence of 2 ¥ ¢ (£) ((p?)) in (3.8)
it suffices therefore to prove the following.

Theorem 8.1. We have
etnm(u) =T(u), wel0,1], (8.1)
where T is given by (3.9).

Proof. Since ((p2)) — T-, compactness of (¢, (u)) in C[0, 1] implies that lim, ¢ €mm(u) =
T_. It follows that we only have to verify that

D ri
Je() = [ " (@eam(u)du, (8.2)

v Jo
for any ¢ € C?[0,1] such that suppy c (0,1] and ¢’(1) = 0. Here and below, for

abbreviation sake, we let J := Jo-1/20 J := JIY2P (see (1.17) and (3.3)).
The left hand side of (8.2) is given by

1
gim nJ,e (1 - E) =Jo(1). (8.3)
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D.

2)
o(52) -4 (3)] W

On the other hand, from

—~

, for n sufficiently large so p(1/n) =

-85
1 2 r+1 x
14—71 Zn[w( n+2w(n)]<ivsx>> o
= In ;nz [@(xn ) + @(%) - 2@(%)] ((T2))
TN (AR
with
Rl < 5 SIS =20 (85)
following from (7.10). )
Then we are left to prove that
i 257 () (61 - L) -0 (5.5

This will follows directly if we prove the following

Proposition 8.2. For any test function p € C?([0,1]) such that supp ¢ c (0,1]
and ¢'(1) =0 we have

lim ~ Zs@( ) (o)) - Gn(O(GEN) =0, =012 (87

n—-oo n

Proof. By virtue of (4.11) we have

lim —290( ) (@, = (8.8)

n—+oo n,

It suffices therefore to prove that

Jim =3 () [ {() - GaOEn s =0 (89
We first prove (8.9) for £ =0. By (6.25) we have
(60D = B8 x0() = Hae) +0( ) (5.10)
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with

()= 3. Y, 0 (- )wmmwmmmm»

n+1’
Y= 0]]1 (I)(O 0 (8.11)
_ gyl 2(
=H,(z) t lH 1) 2 Z
Hmﬂmadﬁ%@wwmwah@%mwmmm
., . , .
Kl(n)(lf,y): Z ( J )[COS(—WJ(y x))+cos(—ﬂj(y+x+ ))]
+1)2”,O n+l' n+1 n+1 n+1
X [cos(iﬂj (gi_lx)) +cos(—7r‘] (y :ler 1))],
n n
n R J mj(y - x) mj(y+x+1)
KQ( )(x,y):z 12@(—n+1,0)[cos(7n+1 )+COS(—n+1 )]
=0
(8.12)

Using Lemma B.1 we obtain that
1 . 1
xa((z-9)/2)  xi((z+y)/[2)

|K](n)(l"y)|<0( )7 z,y=0,...,n,n=12 ...

(8.13)
for 7 =1,2. In particular the above estimate implies that
K, :=sup zn: |K}")(:p,y)| <+oo0, j=1,2. (8.14)
zn y=0
In consequence, by virtue of (7.25),
HI@1 € DI @) < Kot = He < voe (819

and the term corresponding to H2(x) is negligible, as n — +oo.
Choose 6§ € (0,1) sufficiently small, so that ¢(u) = 0, when u € (0,6). Then,

there exist C' > 0 and ng > 1 such that
1 14 xz ! 14 xz 1
@ (—)(((%)2)) ¢ (—) (IHn(x)l +0(—))
n n n

<C’|(p””°°5’ n=ng+1l,ng+2,....

1

<y

N re((1=8)n,n)

TV 2¢(0,6n)U((1-8)n,n)
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For én <z < (1 -9)n inequality (8.13) implies that there exists C' > 0 such that
K£"><x,y> =T," (@.) + O(1/n?), where

IR infp(L’ 7Y oos (T2 20) 5 (1L =20

4(n+1)%, n+l' n+1 n+1 n+1
(8.16)
and, by Lemma B.1, there exists C' > 0 such that
—=(n) C
1K, ($7y)|<ma y=0,....n,ze(dn,(1-4d)n) (8.17)

forn=1,2,.... To prove (8.7) it suffices therefore to show that for any ¢ € (0,1/2)
we have

Y (5 (M) - Gu ) 0. (513)

neeen on<e<(1-6)n

where F;(x) = ZZzofgn)(x,y)«p;)). Using Cauchy-Schwarz inequality, esti-
mates (8.17) and (7.25) we conclude, that

_ 1/2
S —(n) 4 el o) —
> \<<p§>> (PR @)l < D ly- a2 [ ()~ (20| K @)
y=0 2=0
CI
nl/? Z |y ':L‘|1/2|K ( y)| 1/2
(8.19)
Therefore
! S ()
NEK
n+15n<x;<1_5)n (n+1)z py 1 (:L‘ay)
1 " —=(n) 1
- () Wi SR w0 (2).
n+1 énéx;(lé)n n+1 yz:% ' \/ﬁ
Another application of Lemma B.1 allows us to conclude that
no_ n T+n n C
YR - Y K )(y,a:)|<—2, on<z<(1-8)n, (8.20)
y=0 y=r-n-1 n

Using elementary trigonometric identities we conclude that

n w2
2 Z COS( )COS(#) = (n+1)(5j7_j/+5jvj/).

z=—n-1
31




Hence, by virtue of Lemma B.2, we get

K - Y
yxznl (4.7) n+1j§0 ntl n+l
O (8.21)
- =G, (0)+0(1),
Y - Ga o)

for én <z < (1-4§)n. We have shown therefore that
1 AT 1 o
- O HEORETR O Y] ) IO RREEY

n on<z<(1-0)n ongz<(1-6)n

and (8.18) follows. This ends the proof of (8.7) for ¢ =0.

Proof for £ # 0. . The proof is similar to the previously considered case, so we
only sketch it. As before, by (6.25) we have

({02020)) = Z Sy @)y (@ +0) + O(1/n) = Hyo(w) + O(1/n), (8.22)

with
Hoo(w) = 305 220 ) i )+ 0)((62)
W fat i (8.23)
Z:: K" (2,9)( py>>+0(n)
Here
—(n,0) 1 d i 7 mj(y - ) mj'(y -z - 1)
K (x’y)'_4(n+1)2j,j,nlq)(n+1’n+1)cos( n+1 )COS( n+1
(8.24)

Using Lemma B.1, in a manner similar to what we have done in the argument
leading up to (8.18), we conclude that it suffices to show that for any § € (0,1/2)
we have

ity (D@ -cuowin = E2)
In<e<(1-0)n
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with H,¢(z) = ¥, K" D(:U,g)((pi)). Furthermore, thanks to estimates analo-
gous to those leadlng up to (8.26), we get

|ZK(M)( -y K(M) )|<%’ dn<z<(1-0)n. (8.26)
y=r-n-1

Using elementary trigonometric identities we conclude that

n Tjz wj'(z-1) gl
2 Zn: 1005( )COS (—) =(n+1)cos (n+ 1) (5j,_j, + 5j7j,).

. n+1 n+1
Hence,
T+n n . g
> K()(y, Z(I)( J )COS( J )
y=a-n-1 T+l n+1'n+1 n+1 (8.27)
=G, (0) +0(1),

for on <z < (1-3§)n. We have shown therefore that

1

LY ) E@ =60 T (S o)

" sn<a<(1-6)n sn<a<(1-6)n

and (8.25) follows. This ends the proof of (8.7) for ¢ # 0.
Finally, to finish the proof of Theorem 3.4 we show the following result, that
is a form of the equipartition property of the energy.

Lemma 8.3. Suppose that ¢ € C*[0,1]. Then,

i, () (2D - (2 -wh@n) 0. 829)

n%+oon+1$zo n+1
Herery:=qy —qu-1, x=1,...,n and ro:= 0.
Proof. After a simple calculation we obtain

Oy nn®

(120 = Wi~ (Baae) - 22 [T F@on (520
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for x =0,...,n. Therefore, by (3.6) (see also (3.1))
() (4 - (02 - bt

Zw( +1) Toe)) - 1;:1@(
n+1290(n+1) e (nla)

Since rg = 0 the last expression equals

n+1 Zn:[ (n+1) w(zli)]«%qm_l»JrO(nll“):O(%)’

by virtue of (7.10). This ends the proof of (8.28).

) (Faonr)) (8.30)

OO

9. VANISHING TIME VARIANCE OF THE KINETIC ENERGY

A natural question is about the time averaging of the energy functional. We
prove that the time variance of the average kinetic energy vanishes as n - oo. We
consider only the case when b =0 and a~'/2 in the dynamics described by (1.3) —
(1.5).

Theorem 9.1. Under the assumption stated above there exists a constant C' >0
such that

;%fog(p_;(t)—«pi))fdts%, n=12... (9.1)
Proof. From (A.14) we get
P2(t) = T- M, + il [ e )5 720, 9.2)
where g, ,+(s) is defined in (A.13_). Averaging over the t variable we get
(2 =T Mo+ 3 [ (sl 2) + (777) (9.3

Then, denoting
V(1) = p2(t) — ((p3)),
ve(t) =27 (t) = ((B27)),
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we can write
n 9
AOEDS f Goar(8)Var (£ = 5)ds + 02 (8). (9.4)
= Jo
For m € Z define

0 .
Mx,y(m) = '/0 gx7y(3)€_27mm8/6d8

oo ) (9.5)
-2mims/0 -As
= 4’}/‘/0 € ([6 ]m+n+1,y+n+1) ds

(cf (A.13)) and

~ 1 r¢ . 1 o .
Ve(m) = 5/(; e 2mmt0y (At and  T,(m) = 7 fo e 2mimt/0q (1)dt.

Note that obviously V,,(0) = 0 and M, ,,(0) = M,.,, see (A.16). From (9.4) we get

Vom) = 3 Moo (m) P (m) + (). (9.6)

z'=1
Multiplying both sides by V*(m) and summing over = we get
D AVe(m)P =30 Y0 Myar(m)Var(m)Vy (m) + 3 0 (m) V7 (m). (9.7)
=0 z=02'=1 z=0

Hence,

n

> (0 = My (m) ) Vir(m) V7 ()

z,x’=0

) ) (9.8)
= T(m) 32 Meg(m) T (m) + 32T lm)T; ().

We have the following.

Lemma 9.2. There exists a constant € >0, such that

|32 (B = May ()3

z,y=0

>¢i0|f$|2, (forr o F)eC™ (9.9)

form#0 andn=1,2,....

The lemma is shown in Appendix C, where we also prove the following
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Lemma 9.3. We have

m

n 1/2
M := sup{z |Mx,0(m)|2} < +00. (9.10)

Lemma 9.4. There exists a constant v, >0 such that

n 1/2 0
{ZW))} <=, n=12... (9.11)

z=0

Lemma 9.5. There exists a constant 0, > 0 such that

. 1/4
N < {3~ (9.12

The lemmas are shown in Appendix C.

We show how to apply these to finish the proof of the theorem.
From (9.8), (9.9) and the Cauchy-Schwarz inequality we conclude that

no _ n 1/2 n 1/2 no 1/2
SNAGIE |vo<m>|{z::0|Mx,o<m>|2} +{gom<m>|2} {§0|w<m>|2} |

(9.13)

1.e.

¢? Z |Vx(m)|2
=0

n 1/27? B n
< ml%(m)H{Zol’ﬁx(m)lz} ] <29ﬁ?|%(m)|2+2§|’%(m)l2-

(9.14)
Summing over m and using (9.12) together with (9.11) we obtain
n n 2 2 n 1/2 2
Z ) <22 (( Z (fm:] <) {Z“Vf»} N 2;
20 20 20 (9.15)
(DJT‘IY )4 Z": 02
€2n2 z=0
and (9.1) follows.
U
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10. CONCLUDING REMARKS

In this article we studied the energy transport in the periodic state of a pinned
harmonic chain with bulk dynamics perturbed by a random flip of the signs of
the velocities. Work was done on the system by a periodic forcing acting on the
right hand side of the chain and the heat was absorbed by a heat bath coupled
to the system via a Langevin stochastic thermostat at temperature 7_ on the
left. The asymptotic temperature profile (3.9) should be seen as the stationary
solution of the heat equation:

oI (t,u) = %é’iT(t,u) ue(0,1)
(10.1)

T(t,0)=T., auT(m):—%, T(0,u) = Ty(u),

where J is given by (3.3). In a companion work [9] we prove that, under proper
conditions on the initial distribution, for any compactly supported test function

v € C([0,+00) x [0,1]),

+00 1
lim — Z;]f (t,%)gw(th)dtzfo '[0 o(t,u)T(t,u)dtdu, in probability,

n—oo

(10.2)
with T'(t,u) the solution of (10.1). Notice the diffusive rescaling of space and
time.

The diffusion coefficient appearing in (10.1) (defined in (1.10)) has been com-
puted in a different way in [1, Theorem formula (74)] and [7, Theorem 3.2, formula
(3.21)]. Tt turns out that it equals to the diffusivity of a phonon performing a
random walk on the integer lattice with random scattering generated by the noise.

As a result
D- 2]( w'() ) (10.3)

where w'(k)/(27) is a group velocity of a phonon of frequency k belonging to the
one dimensional unit torus T, that is the interval [-1/2,1/2] with identified end-
points. Here w(k) = \/w?2 + 4sin®(7k) is the dispersion relation of the harmonic
lattice considered in the present paper. In fact, if we consider a more general
type of noise that allows to scatter the phonons of given frequency k, with the
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total scattering kernel R(k) (in the case of the flip noise R(k) = 1) we would have

p-2 (5 sy

As noted before the velocity reversals introduced in the dynamics serve the
purpose of making the heat conductivity finite. In their absence the harmonic
crystal has an infinite conductivity [16]. The velocity reversals are thus an ideal-
ized substitute for the anharmonicities, impurities and other defects which scatter
phonons and produce a finite conductivity and establishes the validity of Fourier’s
law in real solids.

An alternative way of modeling anharmonicity for achieving a finite conduc-
tivity is the introduction of ”self consistent” reservoirs. This was introduced in
[4, 15] and fully analyzed in [5] for describing the heat flow in a harmonic crys-
tal in contact with two heat reservoirs at different temperatures and no external
force. In that model one introduces, in addition to the external reservoirs, also
"internal” Langevin reservoirs for each particle. Letting T, be the temperature of
the reservoir at position z =0,...,n, with the same coupling v as used here, Eq.
(2.2) remains unchanged while Eq. (1.11) will have an extra term, 2v(7,-p2), on
its right hand side. Solving for the periodic first and second moments of the sys-
tem the internal T),,x =1,...,n—1, are then determined by the requirement that
the time average of the internal heat flux, given by the term in the square bracket
above, vanishes in the stationary state. As a result, there is no contribution to
the average current from these internal reservoirs and the limiting macroscopic
behavior is the same as in a corresponding velocity flip model. This approach can
be modified by considering a periodic, instead of a constant, self-consistent tem-
perature profile. This will make the dynamics of the first and second moments
of the position and momenta variables identical with that of the flip model. An
important property of the self consistent reservoir model is that the periodic mea-
sure is Gaussian, consequently it is determined by the first and second moments
already computed here.

Various possible extension of the present model are presented in the review
article [10]: forcing acting on a particle in the bulk, unpinned dynamics, higher
dimensional lattice, anharmonic interactions.

38



APPENDIX A. THE PROOF OF THEOREM 1.1

Since the result does not depend on the scaling factor n?, standing by the
force F(t), and the period size 6, we assume that a = 0 and 6,, = 6. Given a
Borel probability measure p on R2(**1) (see (1.1)) we denote by (q,(t),p.(t))
the solution of (1.3)—(1.4)) such that (qM(O),pM(O)) is distributed according to

. Denote then by (qu(t),ﬁu(t)) and C,,(t) the vector of averages and matrix of
the mixed second moments of the solution, correspondingly. They are defined by
formulas (2.1) and a 2 x 2 block matrix

Céq)()t) Céq,)p)(t)

U (t) G (1)

Each block is an (n+1) x (n + 1) matrix

Cu(t) =

and CP?(¢) = [CS7P)(#)]T, where the initial state is taken to be .
By similar calculation as done in (6.15), their evolution is described by the
system of linear differential equations with periodic forcing

i( 4, (1) ): —A( q,(1) )+ F(t/0)epns,

TARHO PL(1) "
%Cu(t) = AC() - Cu() AT + Sa(ea(t)) + F(HO)E(2),
where
C (1)
Co,u(t) = : (A.2)
Ci ()
and
0 ﬁu(t) ® €pn+1
F(t) = (A.3)

€pn+1 ® (_l,u(t) €pn+1 ® ﬁ,u(t) + ﬁ,u(t) ® €pn+1
Here e, 11 and 35 are defined in (2.4) and (6.10) respectively. Suppose that we are

given a vector X € R2("*1) and a symmetric non-negative definite 2(n+1)x2(n+1)
matrix S > X ® X. Then, equations (A.1) describe the evolution of the first two
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moments of the solution of (1.3)—(1.4)) whose initial distribution is a random
vector with the first two moments given by X and S, respectively.

A.1. The existence and uniqueness of the periodic mean and second
moment. In the first step we show the existence of a periodic solution of (A.1)
that corresponds to the mean and covariance of a certain probability evolution.

Proposition A.1. There exists a unique vector Xper = (Apers Pper) € R2HD and a
non-negative symmetric matric Cpey > Xper ®Xper such that the solution of (A.1)

with
(@(0),5(0)),C(0)) = ((@pers Byer): Crer
satisfies
(@(0),B(0)),C(0)) = ((@(8),B(6)),C(©)). (A4)
In addition, we have
cPW)>T., x=0,...,n (A.5)

The remaining part of this section is devoted to the proof of this results.

A.1.1. The existence of the periodic first moment. Let

a)._ [° As
( 5 )._ [w F(s]0)e* ey pniads. (A.6)

Thanks to Proposition 2.1 the vector (q,p) is well defined. One can easily check
that the solution of the first equation of (A.1) starting from the vector is given
by

p(?)
and is therefore f-periodic. In fact, thanks to Proposition 2.1 the periodic solution
has to be unique. Since the coordinates of X(#) satisfy the first equation of (A.1)
we conclude that the matrix Xo(t) := X(t) ® X(¢) satisfies

%m(t) = ~AXa(t) - Xo() AT + F(t/0)F (1),

X(t) =( at) ):: [ " F(s/0)e A ds. (A7)

and it is given by the formula

— t .
X (1) = f F(s/0)e A F(s)e A -9 ds, 1 eR. (A.8)
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A.1.2. The existence of the periodic second moment. Now we are going to estab-
lish the existence of a periodic second moment. Suppose that C(t) is a periodic
solution of the second equation of (A.1). Using the argument made in the proof
of Proposition 6.1 we can conclude that it satisfies the equation

C(t) = [; e—A(t—s) (ZQ(CQ(S)) + f’(s/g)F(s)) e_AT(t—s)dS

t —
= f e‘A(t_S)ZQ(CQ(s))e‘AT(t_S)ds+X2(t)

= f e’ASEg(CQ(t - s))e’ATSds + X,(1) (A.9)
0
oo 0 - o
= fo e’A(S*w)EQ(cg(t —s))e (+0) 45 + X, (1)
=0
, telR,

where the matrix ¥, is defined by (6.10), ca(s) relates to C'(s) via (A.2) and
F(s) is defined by (A.3), using (q(t),p(t)) instead of (q,(t),p,(t)). Conversely,
any periodic symmetric matrix valued function C'(¢) satisfying (A.9) is a periodic
solution to the second equation of (A.1).

For z,2",y =0,...,n define
+00
_ _A<s+ze)] [ —AT<s+£0)] A.10
. S): e e . .
9z, ,y( ) ZZ(:]I: z+n+1l,y+n+1 y+n+1l,x’+n+1 ( )

Consider the following linear mapping: L : [C(Ty)]"*t — [C(Ty)]"*t, where Ty :=
0T is the torus of size 6, that assigns to a given vector of #-periodic functions
T(s) =[To(s),...,Tn(s)] a vector valued function

LT := (&T,...,,T), (A.11)
where
n o
&, T(t) =Y f &, ,(s)T, (t - 5) ds. (A.12)
y=070
Here
G,y(5) =4v9504(s), y=0,...,n. (A.13)

Obviously, from (A.10), we have &, ,(s) > 0. Note also that although g, . ,(+)
need not be @-periodic the functions &,T(t), x = 0,...,n are @-periodic. In
addition, if C'(t) satisfies (A.9), then

co(t) = LT (c2)(t) +BA(D), (A.14)
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where for a given T7 = (T, ..., T,) € R**!

1. —
Po(t)
T =| . 5%)-( s )
T Pa(t)

Conversely, by finding a solution ¢y of (A.14) one can define then a #-periodic
function C'(t) by the right hand side of (A.9). The entries of the function cor-
responding to C,,, * = n+1,...,2n + 1 coincide with the coordinates of the
vector cg, by virtue of (A.14). Thus, the function C'(¢) solves equation (A.9). We
have reduced therefore the problem of finding a periodic solution to the second
equation of (A.1) to solving equation (A.14).

A.1.3. Solution of (A.14). Let
C,=[T=(Ty, T1,....,T,): T, € C(Tp)and T, >T_, . =0,...,n].
n+1
It is a closed subset of (C (Tg)) , equipped with the norm
IT] = max{| T2 ]o, 2 = 0,... 0}
Consider the mapping
n+l
T=(%o,...,%,):Cy —> (C(Tg)) , where IT:=LT(T)+p> (A.15)

Using the notation of (A.12) and (A.14) we have
0 n. o
T, (T)(t) =T f Goo(s)ds+ Y f B (8)T0r (t—8)ds+P2(1), =0,...,n.
0 2=1 <0

Comparing (6.12) with (A.9), after time averaging over a period, it is easy to
identify

%
f ®,.,(s)ds = M, (A.16)
0

defined by (7.2). The matrix [M,,]7 _, is symmetric, bi-stochastic (as can be
easily seen from (7.2)).. It also follows immediately that

n 0
1= Z/ &, ,(s)ds, z=0,1,...,n (A.17)
y=00
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and, as a consequence, rS(C+) c C.. Furthermore, we claim that M, , > 0 for all
z,y =0,...,n. Indeed, a simple calculation, using (2.3) and (2.5), yields

2 M ()1 (y)

-1 —
[(A + A) ]m+n+1,y+n+1 - ]Z:(:] A2 + 2/}/)\ + ,uj’

_ s Yi(@)ei(y)
zy+n+l Z m7 <A18)

[()\+A) ] _Zﬂg%(ﬂf ’l/}J(y)

A2+ 29N +
[()\+A ]m y+n+l N Z

[()\+A)’1]

¢5($)¢@(y)
A2+ 29N +

The poles of the meromorphic functions appearing in (A.18) are given by

Ajs = —(7 =/ - uj)- (A.19)

Suppose that M, , =0 for some z,y. From (A.16) we conclude then that

0=M,, = f ®my(s)d5—4fy[ ds,  (A.20)

:v+n+1 ,y+n+1

which in turn would implies that [e*AS] =0 for all s >0, thus also
z+n+1,y+n+1

AY; ()5 (y)

0= I:()‘ + A) ]x+n+1 Jy+n+1 - Z )\2 + 27)\ + ,u]

As a result, we conclude that ¢;(z)y;(y) =0, for all j =0, ...,n, which is impos-
sible.

We shall show that the mapping ¥ has a unique fixed point in C, by proving that
the mapping is a contraction in the norm ||-[|. Tndeed, for TT = [T}, Tj1,. .., Tjnl,
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J=1,2, we have

:v,:v’(s)[Tl,:v’ (t—5)=To (t-5) ]ds|
zn:f B 0r()| T (£ = 5) = T (£ - 5) [ds
<3 (0 0s) 171 = Ta

< (1-/ (’5:,3,0(5)ds) IT:i-Tafl, =0,...,n.
0
Therefore
I(Ty) = T(T2) || < pl| Ty = Tl
where
9
pi= max[l - f G,0(s)ds, = 0,...,n] <1.
0

We have shown that |T(T;) - T(T2)[w < p|Ti - Tafe and the existence of a
unique fixed point follows. This ends the proof of Proposition A.1. O

A.2. The end of the proof of Theorem 1.1. Suppose now that v is a prob-
ability law whose first and second moments are #-periodic, e.g. it could be a
Gaussian distribution with the mean and the second moment given by P, and
Cper, respectively. Denote by

P F(a,p) = fw(nﬂ) F(d',p")Ps(q,p;dq’,dp’)

the evolution family of transition probability operators corresponding to the dy-
namics described by (1.3)—(1.4). Consider the event E := [N,(0) =0, z=1,...,n].
We have P[E] > 0. Suppose that the dynamics starts at (q,p). Then, for any
F >0 we can write

PooF(a,p) > E|[F(a(0).p(8), E| =P[E]QueF(a.p),  (A21)

where O, is the evolution family of transition probability operators for the non-
homogeneous Ornstein-Uhlenbeck process V' (t) that corresponds to the generator

@) = A, +2v5_, see (1.7) and (1.8). Using the hypoellipticity of the time ho-
mogeneous Ornstein-Uhlenbeck process U(t) that corresponds to the generator
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G := A+2vS_, where
A= Zp:vaqz + Z(AN% - Wng)apza
z=0 =0

see Section A.3 below, we can prove that there exist strictly positive transition
probability density kernels ps, corresponding to Q ;. Suppose that the time
homogeneous Ornstein-Uhlenbeck process U(t;u) satisfies the S.D.E.

AU (t;u) = —AgU(t;w)dt + /AyT-XdW (t), U(0;u) =u

where Ap and ¥ are given by 2x2 block matrices, whose entries are (n+1)x(n+1)
matrices

) 0 ~Idu (0 0
AE_(—ANﬂug I E ) and E—(O E)’ (A.22)

with
E = . (A.23)

Here
dw(q)(s)
dw'?(s)

W g s

| a0 (5

is a 2(n+1)-dimensional standard Wiener process. Due to the hypoellipticity, the
probability distribution of U(¢;u) have densities that are given by C'* smooth
Gaussians.

The non-homogeneous Ornstein-Uhlenbeck process V' (¢;v) that corresponds to

the gt(g) and satisfies V' (0;v) = v, can be described by (cf (2.4)) the solution of
AV (t:0) = | = ApV (t;0) + F(D)epna |dt+ AW (), V(0;0) =v.
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Hence

t t
V(t;v) = e 4By + f e~ A=) BA () + f e 23 F(s)ey ni1ds
0 0

t
=U(t;v) + f e’AE(t’S)f(s)epdes.
0

Thus the distribution of V(¢;v) has a density that is also given by a C'* smooth
Gaussian.
Thanks to (A.21) we conclude that

Poo(a,p;dd’,dp’) > c.poo(q,p;d’,p’),d'dp’, (A.24)

where ¢, := P[E]. Then, vy, = vPy; describes the law of (q(t),p(t)) with the
prescribed initial data. Thanks to Proposition A.1 we can see that the total energy
H(t) =20 o E(t) (see (1.2)) is a Lyapunov function for the above system, since
E#H(t) is 6-periodic. The above implies that the family of laws {vo,, ¢ > 0} is tight
in R2("*1)  Thus, also the family uy = N1 fON9 vp,sds is tight. Suppose that pie
is its limiting measure, i.e. there exists a sequence N’ — +oo such that puy: = e,
in the topology of weak convergence. Since P;; has the Feller property one can
easily conclude that fiePog = pteo. Hence pf = pewPos , s € [0,+00) is a periodic
stationary state.

Suppose that p(dq,dp) = f(q,p)dqdp, where f is a C* smooth probability
density. One can show, using the regularity theory of stochastic differential equa-
tions, that pPye is absolutely continuous w.r.t. the Lebesgue measure and its
density is also C'*® smooth, see e.g. [6, Corollary I11.3.4, p. 303]. This allows us
to conclude further that pPy g is absolutely continuous, provided that p is abso-
lutely continuous. We shall denote by Py ¢ the corresponding operator induced on
LY(R*+1)). The operator Qg corresponding to the Gaussian dynamics trans-
forms ji., into an absolutely continuous measure. Thanks to (A.24) we conclude
that

oo (dq’,dP") = e Pop(dq’,dp’) > ciftoo Qo(q’, p')dq’dp’. (A.25)

Therefore the singular part of yio is of at most mass 1 —c,. Since Py transforms
the space of abolutely continuous measures into itself, both the singular and
absolutely continuous parts of .., after normalization, become invariant under
Pog. Iterating this procedure we conclude, after m steps, that the singular part
can be of at most mass (1 - ¢,)™, which eventually leads to the conclusion that
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the measure ji., is absolutely continuous. The respective density is positive, due
0 (A.24). This ends the proof of Theorem 1.1. O

A.3. Hypoellipticity of G(9). We show that the operator (Q(g)) -0 is hypoel-
liptic in R x R2(»*1)  Here

(69) -0 =X+ x2+29, (A.26)
where

XO = —(325 - A+ 27p0(3p0 and Xl =/ 2’)/T,(’/3ZO.
Let Xl(o) =&y = /271_0p,. Since
[ X0, Oy | = Og = 2770,

the commutator

250 = [, X0 = 2T Ko, 0y | = V2T {0y — 270y }-

Next, we have
[Xo, 000 = =(1 + )y + 0.
Hence,
X = [ X, X0 = AT {[ X0, 041 - 29[ X0, By ]}
= 2T 0y, + V0, +d 0y

for some constants c((]o) and d((]o). Note that, [XO, apl] = 0,4, - Therefore,

X80 = [ X0, 0] = V2T [ Xy, 0py ] + e [ Ko, 02 ] + A5V [ X0, ]

=\/291_0,, + cll)apl + c(()l)ﬁpo + d(()l)&qo.
for some constants c(() ), cgl) and dél)

we get that

m-1
2 = (X, V] = 2T, + Y M0, + Z d\™a,,
. Z

. Continuing calculations along those lines

m— m-1
XQ(m) =X X(m 1)] V210, + el )5pm Z cg.m)(t)é’zj + dg.m)&qj.
=0 =0
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for some constants cgm),dgm). In conclusion, we can see that A, Xl(m) and X;m),

0 < m < n generate the tangent space to R x R2("*1) 5o the operator (Q(g)) -0
is hypoelliptic in R x R2(»*+1) by virtue of the Hormander theorem.

APPENDIX B. GREEN FUNCTIONS CONVERGENCE

Recall that G, and G are the Green’s functions corresponding to wg — A
and w? — Ay, where A is the free lattice laplacian on Z and Ay is the Neumann
discrete laplacian on {0,1,...,n}, see Sections 2.3 and 2.4, respectively.

B.1. Estimates on oscillating sums. Define y,(z) as the n + 1-periodic ex-
tension of x,(z):=(1+z)A(n+2-x), z€[0,n+1]. Suppose that ®:R? - C is
a 0, 0'-periodic function in each variable respectively. Denote

O q)( 0j 0 )eXp{Qiﬂjx}eXp{inj’x’}
e (n+1)? 52 \n+1"n+1 n+1 n+1

for x, 2" € Z.

Lemma B.1. Suppose that ® is of C*-class for some k > 1. Then, there exists
C such that

|H(")

z,x’

C
<ﬁ, SL’,SL”EZ,’N,Z1,€,€,>O,£+£lgk. (Bl)
X (@) x5 (27)
Proof. To simplify the notation we suppose that 6 = 6’ = 1. Summation by parts
yields

. 1 n . -y ex Nmx _1 2 . 2 oy
H™ - Z <I>( J ’ J ) P ntl exp{ rm]x}exp{ 1] x}
T (1) 5 \n+ 1 n+ 1) exp {2z} -1 n+1 n+1

1 n _1 / /
_ A > [q)(J L )_ ( ] _J )]
(n+1)2[exp {Z2} - 1] ;5L \n+1'n+1 n+1 n+1

n+1
{Ziﬂjx} {Ziﬂj’x}
X ex ex
P n+1 P n+1
Since @ is of C1 class
1 . ) . C
|¢(J ’J )_q)( J ’ J )|<
n+1l n+1 n+1l n+1 n+1
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for some constant C' > 0. In addition, there exists ¢ > 0 such that

o2} 2
n n

for x,2’ € Z, n > 1. Thus, there exists C' > 0 such that

1H™)| <

x, 2’ €.

n( )’

Iterating this argument in the regularity degree k of ® we conclude (B.1). O

B.2. Application. An application concerns the approximation of the Green’s
function G, by G, along the diagonal.

Lemma B.2. We have

~ 1
Gl (:9) = Gy (0) + B () + O(). y=0.omm>1 (B2)
n
Here for some constant C' >0 we have
O < ——) y=0,...m 031, (B.3)
X2(y)

Proof. Using the definition of the Green’s function (2.13) (with ¢ = 0) and formu-

las (2.14) we obtain
n_ (o 7rj(2y+1))] 1
Zu(n+1)[1+cos( n+1 +O(n)’

]=0

=(u) = {lein2 (%) +w§}_1.

As a result we write G7 (y,y) in the form (B.2), with

ﬁ;") 2(n+1) Z (W]Sgiil))E(nil)

j=—n-1

Gy (y,y) =

where

Estimate (B.3) is then a consequence of Lemma B.1. O
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APPENDIX C. PROOFS OF LEMMAS 9.2, 9.3 AND 9.5

C.1. Proof of Lemma 9.2. For meZ and g = (go, ..., 9,) € R**! define

+o0 54(m)  S®(m)
S(m) . f 6_2mm8/06_A82(g)6_AT8d8 — ’
’ sra(m)  SP(m)

where ¥ is defined in (6.10). Note that

> M., (m)g, =S, (m). (C.1)
y=0
Arguing similarly as in the proof of (6.16) we get
2
AS(m) + S(m)AT + W”S(m) S (9). (C.2)

Denote
qu Z qu (m) 1/1](1‘)1/1] (z')
z,x’=0

Following the same manipulations as those leading to (6.20) we obtain

gﬂpvj’(m) _Sq (m)[ﬂj' + [+ (27 + 2m’m)mm]’

953" 0 0
Sl )5 oo 3505,

and FJ»/ = Yro¥i(x)Y;(2)g,. Determine Sv]qg, from the second equation. It
equals

5, = 122+ VI -+ T (2 )

Substituting into the third equation we get

S = (47 * Qng)_l{Fj’j’ - g;”;(/ig - /M’) QW;qu /W}

= (47 + #)_1{54" 515 {[2(27 + %;m)]l(uj — fu)* + %(M + W)}
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Hence
~ 2mimy - _ Tim -1
81, ={12(2v+ 7 )7 (g = pgr)? + —5 (s + i} Fiy (C.4)
~ 2mm 2TIm N\, _ mm -
-5 (4 + 7 NI2(2v+ 5 )] l(uj—ujf)2+7(uj+uj')}

On the other hand, from the first equation of (C.3) we conclude that

Therefore, comparing (C.4) with (C.5), we get

(C.5)

2§£j,[,ujf + i+ (27 + 27?;’771)%]—1

= {[2(27 + 27r0im)]1(,uj - /~Lj’)2 + %(Ni + /ij’)}_lFJ}j’

=301 Y {12(20+ TN s -+ T G )

-1

and

25?]”[#]" + i+ (27 + 271'07;771)%]—1

X {[2(27 + 27m.m)]fl(/ij — )+ %(“J + “j’)} * §§j,(47 "

This leads to

= Fjj

27Tim)

5 = S Oty 113 )05 (1) 9505 (1),
Yy

with

om0 oo 20 e o 2

-1
2mimy\,_, Ny M ,
x{[2(2”y+ 7 )] (c-C) +T(c+c)}+1} (C.6)
From (C.1) we conclude that

Myy(m) =S ©pnag. 1)ty (1) ()05 ()5 (1) (1)

3,3'=0
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Note that ©g(c,c’) = O(c,c’) defined in (6.24). As in (7.5), for any sequence
(fz) € C™*1 we can write

2

3 (e = May(m) i o= 3 (1= 001t 1)) |3 50 oty (o)
We have
1-0,(c,c") (C.8)

= {% + [c+c' + 2(7 + %)%]Ti(er %)1(0— )+ %(chc')]}

X {[Hm(fy+ i L T T ) (2 T

It is easy to see from (C.6) that

lim (1 - O, (c, c')) =1 (C.9)

m—+oo

uniformly in ¢, ¢ € [0, w? +4].
To prove (9.9) it suffices to show that there exists €, > 0 such that

1-0,(c,d)| 2 €., |m|>1, ¢ €[0,wi+4]. (C.10)
In light of (C.9) to show (C.10) it suffices therefore to prove that
11-0,,(c,)|#0, |m|>1,¢c €[0,w+4]. (C.11)

Suppose that m # 0 and 1 - ©,,(c,¢") = 0 for some ¢, ¢’ € [0,w? +4]. Then, (C.8)

implies that
_ A1)2
0= 2ai[c+ '+ (y+ az’)ai] + u,
4(7 4 z’a)

where o = mm/6. Hence,
0= 804@'{7(0 +c)=2va? +i[a(c+d) -a® + 7204]} +(c-c)%

This leads to

c+c =202
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and
0=-8%*(c+c —a?+~%) +(c- ).
The second equation yields
8%(0? +4%) = (¢ ),
which implies that for a # 0 we have
lc— | = 2v2{a*(a? + ) }'? > 2v/20% = V2(c+ ),

which is a contradiction. This ends the proof of (C.11) and therefore the demon-
stration of (9.9). O

C.2. Proof of Lemma 9.3. Using (C.7) we obtain
4

S = 3 00 )Onr ) [T 0) 10 o). (€2

.7 7777
Applying elementary trigonometric identities we conclude that

Bt e {le-aw} S flen(E)
1 1/2 . 4 |
25(n +1) {H(2 50%)} . L4€{ X 1} (2(n 1) A 1Lk]k) 12(n+1)z(k;%jk)

Therefore we can write

5;)|Mm70(m)|2 f du/ du/ dulf dui B, (u, u" ) U7, (uy,uy)

LL1€{ 1,1} 0 e{ 1,1}
(C.13)

X exXp {iﬁ(m +ou + ug + L’lu’l)} > 5q(Lu + U+ ug + L’lu’l) + O, (%) , (C.14)
qeZ

where O,, (Tll) < % for some constant C' > 0, independent of n and m, and

. ™ . mu/ U mu'
B, (u,u’) = @m(w§+4sm?(7),w§+4sm2( 5 ))COS(T)COS( 5 )

We claim that there exists C' > 0, independent of n and m, such that 0., (u,u’) < C
for all u,u’ € [0,w? + 4]. Indeed, as can be seen directly from (C.6), we have
limy; 00 O (e, ¢’) = 0 uniformly in ¢,¢’ € [0,w2 +4]. On the other hand the
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function R x [0,w? +4]% 5 (m,¢,¢') = O,,(¢, ') is bounded on compact set. If
otherwise, this would imply that there exist (m,c,¢’) € R x [0,w? + 4]? such that

0=[(2y+ Z) (e ¢ +2(y+ T ZE)]

0 0 0
X [i(er %)1(0—0’)2 + %(C-&-C')] +1.

An easy calculation gives ¢ + ¢ = 72 = 2a? and (¢ - ¢’)? = 8(a? + 7?)2, where
a =7mm/6. This leads to a contradiction, as then |c—c'| > c¢+¢’ (but both ¢, ¢’ > 0).
Thus the conclusion of the lemma follows. U

C.3. Proof of Lemma 9.4. From (A.18) we obtain
[eiAt]:v+n+1,:v’+n+1 = Z Ej(t)w](x)wj(x,)u
=0

where (cf (6.18))
_
2\/7% — 1

In the case pj =~2 (then \; . =7, cf (A.19)) we have E;(t) := (1 —~t)e. Using
(A.6) we obtain therefore

E;(t) = [ —Ajrexp{Aj it + A _exp{\;_t} ], if p; # 2.

_ 1 n +00 As
PAO= 1Y [, FE= Ol emranads (C.15)
1 n +00
NN REA(GRIDEIOMN
iz
From (C.15) we conclude that there exists p, > 0 such that

_ P
sup  [p,(D| <7, n=12, (C.16)

Estimate (9.11) is then a straightforward consequence of (C.16) and (4.11). O
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C.4. Proof of Lemma 9.5. Multiplying both sides of (9.4) by V,(¢) and aver-
aging over time we get

<<‘/$2>> = zn: /O\eg:v,x’(s)<<vx(‘)vx/(—S)>>d5+<<‘/jrvm>>
W (C.17)
€ 3 ML AV (VA (Vo).

Summing up over x we obtain

n

Z:ZO (51711 - MLm,)((Vx2>>1/2<<vx2’>>1/2 " <<%2>>1/2 Zn;]Mx,o((Vf))l/z

< ((Vive)).

z=0

Using (7.4) and the Cauchy-Schwarz inequality we obtain in particular that
n 12 ¢y 1/2 C (o 1/2
waon<{ s [ << S

for some C' > 0 independent of n. The last estimate follows from (9.11). To finish
the proof note that from (7.2) we have

4 n mj T
Myg=— 1= 80.:)(1 = 6o 1) cos? 2
0,0 (TL+ 1) j,;;o( 50,])( 507] )@(:u]hu] )COS (2(7’L+ 1))COS (2(’/’L+ 1))

v [ /0172E

where the equality holds up to a term of order O(1/n). O

w? +2sin?(7u/2) + 251n2(7ru’/2)] cos?(mu/2) cos?(mu' [2)dudu’

w? +2sin?(7u/2) + 2sin2(7ru’/2)) + (sinZ(ﬂu/Q) - si112(7ru’/2)))27

ApPPENDIX D. CALCULATION OF Q%%({)

Consider the Green’s function of —A + w2 given by (2.15). We can write

=
1 A 1
Gor(2) = lim ———— 11+ 2141 /14~ z. (D1
400 = 1+4/A{ 3l +A)} - .

|A=w2+in
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Here the square root denotes the branch of the inverse of z ~ 22 such that
Rev/A >0, when A e C (—o00,0]. By the analytic continuation we have therefore

L cos(2mux)du

Gr(2) = (A + A) " (2) = f

0 4sin®(ru) + A

||
1 A [, 4
:m{1+§(1+ 1+X)} , TEeZ (D.2)

for Ae C~[-4,0].
Recall that Q*°(¢) is given by (3.4) and (3.5) with a+b=1/2. Let

O120(0) = 44| F (0)? (277%)2 '/01(3052 (%) {l4sin2 (%) +wp - (277%)2]2 " (47%6

) (D.3)
an
~ ~ 2 1 -2
QU120 (0) = 4| F(0)? (277%) f cos? (%’Z) [lein2 (%Z) + w%] dz, when b>0.
0

(D.4)

Let
2
AMwp) := wg - (277%) +1 (—47;6) .

We have

= 19000 _ _27T€|ﬁ(€)|2 1 [1+ cos(272)]dz
QD) = 6 Im(/é 4 sin? (7rz)+)\(w0))

Using (D.2) we can write

@—1/270(£) = Im (G)\(WO)(O) +G>\(wo)(1))

__27Tf|7?(€)|2]m 2 LSS IR C U S )
i i ({)\(WO) 1+4/A(wo) 2}{1 2 (1 1 )\(MO))} )
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Next, for b > 0, we have

QU120 (1) = 4| F () (275)2 _/01 [ cos? (rz) dz

4 4sin® (1z) + wS]Q

-ror (%) ] i Lol 7 e (20 7,

0 2+wi —2cos (272)] 0
where .
Ti= o [ £(0)d D.5
o [ 70 (05)
is the integral over the circle C := [|¢| = 1], oriented counter-clockwise and
C+1 ’
1€)== (1 + (2+w§)§—§2)

The poles of f({) occur at

1
(o= 5[2+w3i\/w§+4w8+8].

We have |(-| <1<, and

A . A, )2
(¢ ¢(-GJ7
C_+1 G +1
= A, = .
-G G = ¢

Hence, after performing the contour integration, we get

£ =

with
A_:

1 1 dC Y\ 244, 2C+1)(G+1)
T=2A_A,— . = =
(2mfc<—<+ <—<) C-CG (G0
Since
CC=1, C+¢=2+wd, (- =vwi+4w?+8

we obtain

~ 2(4+w?)

(Wi + 4w +8)32°
and

27?6)2 29| F ()2 (4 + w?)

Ab-1/2,b /) = (_ )
¢ © 0 ] (wj+4w?+8)3/2
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