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GREEN-KUBO FORMULA FOR WEAKLY COUPLED
SYSTEM WITH DYNAMICAL NOISE.

C.BERNARDIN, F.HUVENEERS, J.L.LEBOWITZ, C.LIVERANI AND S.OLLA

ABSTRACT. We consider an infinite system of cells coupled into a
chain by a smooth nearest neighbor potential eV. The uncoupled
system (cells) evolve according to Hamiltonian dynamics perturbed
stochastically with an energy conserving noise of strenght ¢. We
study the Green-Kubo (GK) formula k(e,s) for the heat conduc-
tivity of this system which exists and is finite for ¢ > 0, by formally
expanding k(e,¢) in a power series in €, k(e,¢) = Y, <" k().
We show that k2(s) is the same as the conductivity obtained in
the weak coupling (van Hove) limit where time is rescaled as ¢ ~2t.

k2(¢) is conjectured to approach as ¢ — 0 a value proportional to
that obtained for the weak coupling limit of the purely Hamiltonian
chain.We also show that the k2 (<) from the GK formula, is the same
as the one obtained from the flux of an open system in contact with
Langevin reservoirs. Finally we show that the limit ¢ — 0 of k2(<)
is finite for the pinned anharmonic oscillators due to phase mixing
caused by the non-resonating frequencies of the neighboring cells.
This limit is bounded for coupled rotors and vanishes for harmonic
chain with random pinning.

1. INTRODUCTION

Energy transport in nonequilibrium macroscopic systems is described
phenomenologically by Fourier’s law. This relates the energy flux J,
at the position r in the system, to the temperature gradient at r, via
J = —krVT. The computation of the thermal conductivity x, which
depends on the temperature and the constitution of the system, from
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the underlying microscopic dynamics is one of the central mathemati-
cal problems in nonequilibrium statistical mechanics (see [5][21][9] and
references therein).

The Green-Kubo (GK) formula gives a linear response expression for
the thermal conductivity. It is defined as the asymptotic space-time
variance for the energy currents in an infinite system in equilibrium at
temperature 7' = 37!, evolving according to the appropriate dynamics.
For purely Hamiltonian (or quantum) dynamics, there is no proof of
convergence of the GK formula (and consequently no proof of Fourier
law). One way to overcome this problem is to add a dash of random-
ness (noise) to the dynamics [3]. In the present work we explore the
resulting GK formula and start an investigation of what happens when
the strength of the noise, ¢, goes to zero.

Our basic setup is a chain of coupled systems. Each uncoupled sys-
tem (to which we will refer as a cell) evolves according to Hamiltonian
dynamics (like a billiard, a geodesic flow on a manifold of negative
curvature, or an anharmonic oscillator...) perturbed by a dynamical
energy preserving noise, with intensity ¢. We will consider cases where
the only conserved quantity for the dynamics with ¢ > 0, is the energy.
The cells are coupled by a smooth nearest neighbor potential eV'. We
assume that the resulting infinite volume Gibbs measure has a conver-
gent expansion in € for small . We are interested in the behaviour
of the resulting GK formula for k(e,s) given explicitly by equation
(2.4) below, for small ¢ and ¢ keeping the temperature 37! and other
parameters fixed.

We start in Section 2 by noting that for ¢ > 0, the GK formula
is well defined and has a finite upper bound [3]. We do not however
have a strictly positive lower bound on k(g,¢) except in some special
cases [3]. We believe however that x(e,¢) > 0 whenever € > 0,¢ > 0,
i.e. there are no (stable) heat insulators. The fact that x(e,¢) > 0
follows from the definition of the GK formula. The situation is different
when we let ¢ — 0. In that case we have examples where k(g,¢) — 0
(disordered harmonic chains [2]), and where k(e,¢) — oo (periodic
harmonic systems).

To make progress in elucidating the properties of k(e,<), when ¢ —
0, we carry out in Section 3 a purely formal expansion of k(e,¢) in
powers of €: k(eg,5) = D> <o kn(s)e”. This is formal because space-
time correlations entering in the GK formula are non-local function
and depends themselves on €.

We then investigate in Section 4 the structure of the term ra(s),
which we believe, but do not prove, coincides with the lim._,q k(g <) /&2
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We show that ks(<) is finite and strictly positive for ¢ > 0 by proving
that it is equal to the conductivity obtained from a weak coupling limit
in which there is a rescaling of time as e 72t (cf. [22, 23]). We argue
further that the lim¢ o ko(s) exists and is closely related to the weak
coupling macroscopic conductivity obtained for the purely Hamiltonian
dynamics ¢ = 0 from the beginning. The latter is computed for a
geodesic flow on a surface of negative curvature, and is strictly positive
[12]. A proof, in the latter case, would require the extension to random
perturbations for the theory developed for deterministic perturbations
in [7][6]. This should be possible by arguing as in the discrete time
case [18].

Nevertheless the identification of k(<) with the weak coupling limit
conductivity (suggested by H. Spohn [25]) gives some hope that the
higher order terms, can also be shown to be well defined and studied in
the limit ¢ — 0. This could then lead (if nature and mathematics are
kind) to a proof of the convergence and positivity of the GK formula
for a Hamiltonian system.

We next show in Section 5 that we obtain the same rq(<) for the
thermal conductivity of an open system: N coupled cells in which
cell 1 and cell N are in contact with Langevin reservoirs at different
temperatures, when we let N — oo and the two reservoir temperatures
approach to 1.

Section 6 is devoted to a detailed study of ra(<) for 3 examples:
the isolated cell hamiltonian is 1) a pinned anharmonic oscillator, 2) a
rotor; 3) the system at ¢ = 0 is a random (positively) pinned harmonic
chain. In all cases we can prove that, generically, limsup__, ka(s) <
+00, as contrasted with the regular harmonic chain when ks(¢) — oo
when ¢ — 0 [1][10]. In case 1 and 2 we have no lower bound for
this limit, but we believe that it will be strictly positive. In case 3
we prove that the limit is 0, as in the harmonic chain for ¢ — 0,
with random pinning springs. Phase mixing, due to lack of resonances
between frequencies of different cells at different energies, is the relevant
ingredient for the finiteness of k9(s) when ¢ — 0.

2. GREEN-KUBO FORMULA (RANDOM DYNAMICS)

We define first the dynamics of a single uncoupled cell. This will be
given by a Hamiltonian dynamics generated by

H=1p*/2+W(q)

where the position ¢ has values in some d-dimensional manifold, ¢ € M,
and the momentum p € R?. We generally assume that W > 0, and its
minimum value is 0. In the case of the dynamics of a billiard, W =0
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and M C R? is the corresponding compact set of allowed position with
reflecting condition on the boundary. Another chaotic example is given
by M a manifold with negative curvature and W = 0 (cf [12]). We will
also consider cases where d = 1, that are completely integrable.

The Hamiltonian flow in a cell is perturbed by a noise that typically
acts on the velocity, conserving the kinetic and the internal energy of
each cell (asin [3][22]). Noises that exchanges energy betweens different
cells will not be considered here. Consequently the energy current will
be due entirely to the deterministic interaction between the cells.

The time evolved {q(t),p(t)} is given by a Markov process on the
state space 0 = M x R?, generated by

L=A+c¢cS

where A is the Liouville operator associated to the Hamiltonian flow
and S is the generator of the stochastic perturbation. We assume that
S acts only on the momentum p and is such that S|p|> = 0. For d > 2,
we just take for S the Laplacian on the sphere |p|?> = constant. In
dimension 1, we take an S that generates at random exponential times
a flip on the sign of the velocity:

Sf(q,p) = fla,—p) — f(q,p).

In all cases p is an eigenfunction of S for some negative eigenvalue:
Sp = —=Ap.

Consider now the dynamics on Q% constituted by infinitely many
processes {q.(t), p.(t)}zez as above, but coupled by a smooth nearest
neighbor potential €V. The dynamics is then generated by’

Lo=> [¢5"+ Ap +eVV (g — ¢oa1)(Dp,_, — Op,)] = Lo + G (2.1)
TEL
where Ly = Ay +¢S, Ay =) A}, S=>, 5%
The energy of each cell, which is the sum of the internal energy and
of the interaction energy, is defined by

c £

To simplify notation we write e, for €2, the energy of the isolated
system x.

This dynamics conserves the total energy. The corresponding energy
currents €j, »11, defined by the local conservation law

L5€; =€ (j:c—l,:c - j:c,:c—i—l)

Note that, in general, we should write V(qs,¢e—1) as ¢ might not belong to a
vector space. We avoid it to simplify notation, see [12] for details.
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are antisymmetric functions of the p’s such that

. 1
Jzz+1 = _5 (p:c + px-i—l) ’ VV(Qx-i-l - Qx) (23)

Let us denote by pg. = (-)g. the canonical Gibbs measure at tem-
perature 3~ > 0 defined by the Dobrushin-Lanford-Ruelle equations,
which of course depends on the interaction €V. we shall assume in all
the cases considered that pg. is analytical in ¢ for sufficiently small
¢ (when applied to local functions). In particular we assume that the
potentials V' and W are such that the Gibbs state is unique and has
spatial exponential decay of correlations. Technical assumptions on V'
and W for this to hold can for example be found in [1]. Also we assume
that the infinite dynamics is well defined for a set of initial conditions
which has probability measure one with respect to pg. (we refer the
interested reader to [14, 15, 16] and references therein).

The argument of Section 5 in [3] applies here, and gives the conver-
gence of the thermal conductivity defined by the Green-Kubo formula

Ke) =2 [ 3 Ba Gaan (0a(0) dr (2.4
0 zez
Here Eg . indicates the expectation of the infinite dynamics in equilib-
rium at temperature 37!, The convergence of the integral in (2.4) is
in fact defined as

lim < jo.1, (v — L) oa >pe (2.5)
for v > 0, where < -, >3 is the inner product

L [g>pe= Y [<Tof.g>pe — < [ >p:<9>s.].
TEZ

By the same argument as in [3], we have the bound

Sli%) < jor, (V= Le) Vo1 >p. < % (2.6)
where C' is independent of . The convergence in (2.5) and the bound
(2.6) are based on the fact that jo; being a linear function on the
momentum p, is an eigenfunction of the generator of the noise S. It
then fluctuates fast in time making the integral in the GK formula
convergent.

3. FORMAL EXPANSION OF k(g,¢)

It follows from (2.6) that (g,<) is of order €2, i.e.
lim sup 2
e—0

ke, ) = Ra(s) < 400, (3.1)
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We conjecture that the limit exists and it is given by ko(<), the lowest
term in the formal expansion of k(g,<) in powers of &:

ke, o) = Y "knls). (3.2)

It turns out that it is convenient for calculating the terms in this
expansion to choose v = &2) in (2.6), for a A > 0, and solve the
resolvent equation

()\82 — Le)u)\,e = 8j071 (33)
for the unknown function uy.. The reason for considering A > 0 is to
have well defined solutions also for the infinite system. The factor 2

is the natural scaling in view of the subsequent computations.
Next, define e = {e,,x € Z}. For any function f € L*(uz,),

(ILf)(e) = ppo(fle), @ =T —IL
We will look for solutions of (3.3) of the form
Uxne = Z(UA,n + w)\,n>5n7 (34)
n>0

where Ilvy ,, = Quwy, = 0. Observe that Low, , = 0 and that IIGII =
0, where G is defined by (2.1). Accordingly

Uxo0 = 0
— Lovy1 — Gwyo = Jou

AN =2 + Ax 2 — LovUrn — GUA 1 — Gy o1 = 0, n > 2.
(3.5)

It follows from the last equation, since IILgvy, = 0, that IIGv) ,—1 =
AWy p—2. In addition,

Guag = G(—Lo) " (Gwrp + o)
Guyp = G(—Lo)™! [—AUAn—2 + Gwy 1 + QGV) 1] -
It is then natural to consider the operator
L =1IG(—Ly) 'GIL (3.6)
Using £, we can write the equations for vy, and wy, in the form
wyo = (A= L) [IG(—Lo) o]
un1 = (—Lo) " [joq + Gwx )
Wy, = (A — L) TG (=Lo) ' [-Man_1 + QGur,], n>1
Unnt1 = (—Lo)™* [—AUAn—1 + Gy, + QGup L) n > 1.

(3.7)
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Of course, the above expressions are at present only formal. To
begin with the term (—Lg)~! is a priori ill defined since the space K
composed of functions of the internal energies {e,; x € Z} alone is in
the kernel of Ly. However, in (3.7), the operator (—Lg)~! is always
applied to a function f that satisfies [If = 0, i.e. to a function which is
orthogonal to KCy. Therefore, if we assume that Ky coincides with the
kernel of Ly, which should be a consequence of the ergodic properties
of the internal dynamics, including the noise ¢ > 0, then the function
g := (—=Lo)~f, where f is orthogonal to Ky, is well defined. We in fact
take g to be the unique solution such that IIg = 0. We will show in
proposition 3.1 below that the operator L is a generator of a Markov
process so that (A — £)~! is well defined.

3.1. The operator L. Let us denote by psz(de) the distribution of the
internal energies e = {e,; v € Z} under the Gibbs measure pg0. It
can be written in the form

dps(e) = H Zﬁ_1 exp(—pfe, — Ul(e,))de,

TEZ

for a suitable function U. We denote the formal sum ) Uf(e,) by
U :=U(e). We denote also, for a given value of the internal energy é,
in the cell x, by v the microcanonical probability measure in the cell
x. i.e. the uniform probability measure on the manifold

Eéz = {(qgcvpx) c Q; ew(vapx) - ém}

Proposition 3.1. The operator L, when restricted to the range of 11,
15 given by

L= Z 6u(a€z+1 —0e,) [6_u72(6xa e:c-i-l)} (Ocais — Oe, ), (3.8)

where

’)/2(60,61) = / dt / jO,l (6tL0j071> dVeodVel (39)
0 YegXTeq

and e'* denotes the semigroup of the uncoupled dynamics generated by
Lo. In addition, setting a(ey, €x41) = HG(—Lo) ™' jypt1, we have

a(eg, ep1) = MO0, —0.,) [e‘u(e)y(em,eﬁl)ﬂ . (3.10)
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Proof. Let us start by noting that, for each local function f depending
only on the energies,

Gf =- ZW Go — Go1) - (PoBe, — Po—10e, ) f

= S a0~ 0 O = 5 S LV (e~ o) @, + 00 )]

T

= o100, — 0, ) f — L0< ZV e = Qo1)(Oe, + e, _ 1)f>
’ (3.11)

Note that the above expression is linear in p. Next, note that the
adjoint of G in L?(ug) is given by

G =—-G—BY VV(4—Ge—1) (Pa—Pa—1) = —G—BLoV = —G+BL;V.

(3.12)
Thus, if f, g are smooth local functions of the energies only then, re-
membering that the measure is symmetric in p,

(9L f)po=(Gg- (—Lo)"'Gf)po=—(Gg- (—Lo)"'Gf)s0o— B(Vg-Gf)so
= = Z(jy_l,y(gey - aey71>g : (_LO)_ljw—l,w<aez - 8ex,1)f>5,0-

Next, note that
<jy,y—1(_L0)_1jx,x—1‘e>ﬁ,0 = 5my72<6m—17 ew)u

and consequently

(9L1)50 == (1*(€s-1,€:)(0e,9 = 0o, 19)(Oe, f — Oers )50

xT

Thus, for each local smooth function g of the energies only,
(9G(—Lo)"jo1)s0 = —(Gg - (—Lo) " Jo)go — B9V o)
= _Z Jy1(0e, = e, 1)g - (—Lo) " do)p0

= —((051 — ey)g - (€0, €1)%) 50
<g eZ/{(e (861 - aeo) [e_u(e)72(607 61)] >5,0
from which the Lemma follows. O

We conclude this section by noting that the operator L is the genera-
tor of a Ginzburg-Landau dynamics which is reversible with respect to
pg, for any § > 0[22, 12, 23]. It is conservative in the energy > e, and
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the microscopic current corresponding to this conservation law is given
by a(es, ez+1). The corresponding finite dynamics appears in [22, 12]
as the weak coupling limit of a finite number N (fixed) of cells weakly
coupled by a potential €V in the limit ¢ — 0 when time ¢ is rescaled as
te=2. Moreover, the hydrodynamic limit of the Ginzburg-Landau dy-
namics is then given (in the diffusive scale tN?, N — +00), by a heat
equation with diffusion coefficient which coincides with ko as given by
(4.12) given below ([26],[23]).

4. THE LOWEST ORDER TERM Ks()

To simplify notation, we denote y(e,, e 1) (resp. a(es, ez41)) by
Vozt1 (T€SP. Qg py1). Define the operator Dy o1 = Vo 041(0c,y — Oe,),
then the adjoint, with respect to pg, is given by

* o U —-Uu
Dx,x-i—l = —¢€ (aecv+1 - aex)e Yo, z+1

and consequently £ =% Dy 1D, 1. First note that for any A > 0,
we have by (3.7)

Awy — Lwy = ag1 = Dg170,1- (4.1)

This resolvent equation, which involves only functions of the energies,
has a well defined solution wy € L?(pg) for A > 0.

For any function f of the energies, denote by I'y = >~ 7, f (intended
as a formal sum). Observe moreover that by the definition of pg, since f
depends only on the energies, we have (f)so0 = ps(f). In the following
we will denote by (-) g the integration with respect to pg. Then we have
the relations

< £ =Lg 35 = (721 (O — 0.)T1) (D01 — D)T)),
= ((Dol's)(Doaly)) 5, (4.2)
< fra>p=—{(v0,1D01ls)g.
So from (4.1) we have
A K wy, wy >p + <(D0,1ka)2>5 = — (70,1 D01 w, )5 (4.3)
thus by the Schwarz inequality

A\ K Wy, Wy >3 + <(D071Fuu)2>5 < <78,1>1/2 <(D0,1ka)2 ;/2

and this gives the bounds

A <L wy, wy >5.0< <7§,1>B ) <(D071wa)2>5 < <7§71>5‘
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The standard Kipnis-Varadhan argument ([19], [20] chapter 1) then
gives

lim A < wy, wy >p= 0.
A—=0

It also follows form the same argument ([19], [20] chapter 1) that
Dy 1T, converges strongly in L?*(pg) to a limit that we denote with
7 and satisfies the relation

<772>5 70 177

We now return to the formal expansion of k(e,¢) in powers of ¢
given by (3.2). By (2.5), (3.4) and the expansion of the canonical
Gibbs measure pg. in €, we have, at least formally, that

/{(5’ g) = }\li% < UN,e, €j071 >>B,€: g En—i-l }\1_{% < jO,la Uxn >>67€
n>1 (4.4)
=2 lim <« Jo,1,Ua1 e + 0(52)-
A—0

We now compute
<K Jo,1, Va1 g =< Jo1, (—LO)_ljo,l >ge + < Jog, (—Lo)"' Gy > B,
=< jo1,(—=Lo) " jo1 >p.

+ Z < Jo1,(—Lo)” jy—l,y(aey — O,y )W\ >3

+ Z < o, V(@ey = ey 1) (e, + Doy )0x 5.

(4.5)
where we have used formula (3.11) and we have assumed that (0., +
e, )wy and (9., — O.,_,)wy exists and are bounded in L* of (-)a..
In fact we only have existence of (0., — 0., ,)wx. By a smoothing
argument one can handle (0., + 0., ,)wx. Then last term in (4.5) is
zero by the symmetry in p of the Gibbs measure. Let us compute the

first term. By the symmetry in p again we have
< Joxs (=Lo) Vo1 >pe= Y (et (—Lo) o) (4.6)
lz|<1
To compute it is convenient to use the following little Lemma.

Lemma 4.1. For each integrable function g of the energies {e,} we
have

(=10, (—Lo) "jo19)s. = O(e). (4.7)
and
(Gois (—Lo) " 019) g = <7§,19>67a + O(e). (4.8)
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Proof. Note that the adjoint of Ly with respect to (). is given by

Lé)f L f - 552 Pz+1 _pw)vv((h—l—l - qgc)f

where Lf is the adjoint with respect to (-)0. Then, observing that

<p—1 : VV(QO - Q—l)a (—Lo)_ljo,19>ﬁ,€ =0

we have
. . 1 .
<]—1,07(_L0> 1]0,19>ﬁ,e = §<(p0 —p—l) : VV(QO - Q—1)7 (—Lo) 1]0,19>B,e
1 )
= §<L3V(CI0 —q-1), (—Lo) " jo,19) p.e

1 "
~(LyV(go — q-1), (—Lo) " jor9)p.e

"2
5 e = )PV (a1 = @)V = 0-0) (=) i)
= O(e).

Proof of (4.8) follows a similar line. O

Applying the above Lemma with ¢ = 1 to the terms z = —1 and
x =11n (4.6) it follows

< jO,lv (_LO)_leJ >>B,€: <7§,1>B70 + 0(6)

We are left with the second term in (4.5). Using again Lemma 4.1 we
have

Z < Jo1, (—Lo) jy—l,y(aey — O,y )W 3¢
= Z ]x 1 acu LO .]y—l,y(aey - 83y71)w)\>675

- Z jgc 1 aca LO ]m—l,m(gez - aex,1>w)\>ﬁ,s + O(5>

= <]0,17 (—Lo) " j0,1(0e; — Oey)Tuy)p.e + O(e)
= (151(0e; = O )T )pe + O(e) = (0,1 D01 T, ) e + O(€)

Even though DI, is not a local function it is reasonable to assume
that

(701D01Tw, ) ge = (V0,1 D011 w, ) g0 + 0:(1) (4.9)
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with 0.(1) — 0 as € — 0 uniformly in \.? In the particular case when
the local potential W = 0, (4.9) can actually be proven, because in this
case functions g of the only energies are functions only of the modulus
of the velocities, and then we have (g)s. = (g9)s.0-

Hence,

. . 2 .
}\li% < Jo,1,Ux1 >>B75 = <’}/071>5,0 + }\1_{% <’}/071D071ka>5’0 + Oa(l)
- <7§,1>5,0 - <n2>5,0 + 05(1)
= <,}/g,1>5,0 + <772>570 +2 <70,177>570 + OE(]‘)
= <(f)/0,1 _'_ 77)2>ﬁ70 _'_ 06(1>’

(4.10)

Hence
’%(87 §) = 62 <(f>/0,1 + 77)2>ﬁ70 + 0(62)'
We conclude that

ra(S) = (o1 +m)?) 5, = 0. (4.11)

It follows from the above calculation that

02 = (81050~ X [ [0 (<0 ] dpsfe): (112)

TEL
The right hand side of (4.12) is exactly the macroscopic diffusion of
the energyin the autonomous stochastic dynamics describing the evolu-
tion of e, obtained in the weak coupling limit [12, 22, 23]. Thus even if
(4.12) is obtained from a formal expansion it is a mathematically well
defined object and we expect it to coincide with the lim._,0 e %k(g, ).

4.1. Lower bounds on k(). Notice that (g 1n)s =0, so

1= (oi(oa +1) < (D5 (o +m)2y

In particular using the last line of (4.11

)
<%‘,f>;1 < a(S) < (M01), (4.13)

In [22], a single particle Hamiltonian of the form H = p*/2 + W(q)
is considered in dimension d = 2. It is shown there under suitable
assumptions on the potentials V' and W that the bound v2(eg, ;) >
c_(<)eger holds, for small energies and c_(¢) > 0 for ¢ > 0. It follows
that the lower bound (4.13) is strictly positive as soon as ¢ > 0 for

2This would follow, for example, from a uniform bound on the L? norm, with
respect to (-)g,e, of Do 1y, . Unfortunately, we can prove such a bound only with
respect to (-)3,0-
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that system. We conjecture that this holds in general for ¢ > 0 and we
prove it for the examples of sections 6.

When the Hamiltonian part of the cell dynamics is given by a ge-
odesic flow on a manifold of negative curvature, the lower bound in

(4.13) is strictly positive even without the noise (¢ = 0), in dimension
d >3 ([12)).

5. THE NON-EQUILIBRIUM STATIONARY STATE

A different more direct way than the GK formula to study the energy
flux in a macroscopic system is to consider the stationary state in a
finite open system with Langevin thermostats at the boundary with
temperature 7" and 7"+ 07 [3]. The generator of the dynamics is then

N
Lensr = Z(Ag +78%) +eG + Biryor + Byr

=1

where By rys7, By,r are the generators of the corresponding Langevin
dynamics at the boundaries:

T
=05 — POy,

Bw’T = 2 Pz

and

N
G = Z vv(% - qu—l)(&pz - 8pm71) :
=2

Our goal is to compute the thermal conductivity of the stationary state,
e.g. the stationary current divided by the temperature gradient §7'/N:

. N .
KN, Te = 51%%0 5T € <]0,1>N,5T75, (5.1)

where < - >y,7. is the expectation with respect to the stationary
measure. To this end we are going to expand the stationary measure
in € and 07

As a preliminary step, we use as a reference measure the inhomo-
geneous Gibbs distribution with linear profile of inverse temperature
{Bs}2=1.. ., interpolating between the two inverse temperatures by
setting Byi1 — By ~ —%. We will call E the expectation with respect

to such a measure, that is

E(f) = Z‘l/6‘25—16“63f(q,p)dqdp, (5.2)
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where as before €5 = 1p2 + 2e[V(gy — ¢o-1) + V(qoy1 — @), for z =
2,...,N—=Tland ¢f = 3pi+3eV (g2 —q1), e = 305 +3¢V (v —an-1).?
To keep consistency with previous notations, we will use e, to designate
Y, the internal energy of the isolated cell.

The corresponding adjoint operator is

N N-1
e N.ST = Z(—AS—}—*}/S:B)—gG—l—g Z(ﬁx+1—ﬁx)jm,m+1+Bl,T+5T+BN,T-
=1 =1

We assume that there exists a unique stationary probability distribu-
tion with smooth density. The existence and uniqueness of such a
probability measure still remains an open problem for most of the dy-
namics that appear in this work, though for some models, proofs can be
found in [3] (see also [24]). For certain choice of the local dynamics Lg
and interaction V', the smoothness of the density follows by applying
results of [13], [3].

Let f. ysr be the density of this stationary measure with respect to
this inhomogeneous Gibbs measure, i.e. the solution of

*
L norfensr =0, fenor 2 0.

If e = {ey,...,en_1}, then it is convenient to define the projector?,
since it integrates with respect to a gaussian the variable at the bound-
ary.

Hf(62a - 'aeN—l) = E(f | e) :
Also let B = Byp + Byyp and J = ﬁ Zivz_ll Jzat+1- We expand the
stationary measure as follows

fe,N,(ST =1+ orT wo + Z ('Un + wn) e"” + O((CST)2) (53)

n>1

where I[lw,, = w, and Ilv, = 0. Next, it is convenient to set

N
Lp = Z(Ag +75%) + B = Lo nyo-
=1
Note that’
N
Ly = (A +795%) + B = Lj x 0
=1

3Since we will compute a correction of order one, the correction to the local energies
does not matter.

“Note that this projector is different from the one used in section 3

Here the adjoint is taken with respect to all the measures E(- | e).
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and that LIl = IILy = 0. Since Lf y 571 = JOT + O((6T)?), if we
compute at the first order in 07" we have
—eJ — eGug + Z e"{Lyv, — G, —eGuw,} = 0.
n>1
From the above it follows
L*Bvl =J -+ Gwo
Ly = Gu, + Guy,.
Since IIGII = 0 it must be 1IGv,, = 0. It is then natural to define
Lp =TG(LE)'GIL (5.4)
We then obtain
wy = LG TG (=Ly)" T (55)
Un41 = (L*B)_l [Gwn + Gvn] .

with vy = 0.
Next, we want to compute how Lp acts on the space of function

{5 1f =f}.

N
Gf = Z VV(QJC - qufc—l)(p:caex - pSC—laezfl)f

r=2
N L
= ;]x,x—l(aex - aez—l)f - 5 ;[L*Bv(qgc - qx_1)](0ex + ae:z;—])f'
Thus, given two function of the energies f(es,...,en_1) and g(es, ..., en_1),
we have®

Es(9Lpf) = Eg(gTIG (L) GTIf)
N | (5.6)
= Z EB(QG(L*B)_ljx,x—l(aex - aezfl)f)’
r=2

where we have used the antisymmetry in p of the measure. Also, taking
the adjoint with respect to Eg yields

G*==G+BY> VV(¢ — Geo1)(pr — Po—1) = =G + BLV.  (5.7)

Inserting the above in (5.6) and using again the antisymmetry in p we
have
N

_Eﬁ(gﬁBf) - i Z <(jy,y—1(aey - 8ey71)9 : (_L*B)_ljw,x—l(aez - 86x71)f>‘

z,y=2

“By Es we mean the measure (5.2) with 67 = 0.
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Finally, we have
”Y(ew—la em)zéry = Eﬁ(jy,y—l(_L*B)_ljm,m—l ‘ e) r#2,N
7(617 €2>25y72 = Eﬁ(jy,y—l(_L*B)_ljZl | e)
Y(en—1,en)*6yn = Es(jyy-1(—Ly) "jnn-1]€)

Thus
1 N
—Es(9Lsf) = 1 ZEﬁ(Vz(ew—la €2)(Oc, — O, )9 (Oe, — Oe, 1) f)
r=2
1 N—-1
= 4 EB(’V2(‘3:U—1> 6x)(aeac - 86171)9 : (8% - 06171)]0)
r=3
1
+ ZEB(72(62)8629 : ae1,ezf)
1
+ iEﬁ(fyz(eN—lv eN)aeNﬂg ’ a61\@1 f)

Which shows that L£p is the operator that one would expect in [22, 12]
when adding the appropriate boundary terms.
We can, at last, compute the current:

E(f-nsrd) = STE({wo + e(vy +w1)}J) + O(*5T + (6T)?).
Thus, setting
fe,N,éTJ)

) 1
Jon = 51%130 ﬁE(

we have
jon = eEg(v1J) + O(?)
€ o
~ N2 ZEB(V(%—l, ex)?) + eBs(J - (L) 'Guwp) + O(e?)

g
= No72 > Es(v(er-1,e2))

+ 57 2 Eslafer, e)[(~Lp) alen. e1)]) + On ()

Formally the limit
: A S
1 g Mo
yields the formula for xy in agreement with the Green-Kubo formula
expansion of Section 4.
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6. BEHAVIOR OF ks(s) IN THE LIMIT ¢ — 0 FOR SOME MODEL
SYSTEMS

We now study the behavior of k(<) in the deterministic limit ¢ — 0.
This limit is singular, since the operator £ = IIG(—Lg) ' GII formally
vanishes at ¢ = 0 for the whole class of systems considered in this work':
both operators (—Ly) ™! and G exchange symmetric and antisymmetric
functions under the operation p — —p, while II annihilates antisym-
metric functions. It is therefore important to analyze some particular
cases in more detail. Here we consider three such examples. In all these
cases, the uncoupled cells are one-dimensional and the stochasticity is
the random velocity flip with rate ¢=*.

1. Anharmonic oscillators. It is a common belief, based on exten-
sive numerical simulation, that transport of energy in anharmonic one-
dimensional pinned chains is diffusive [21][9] (see also [17] for physical
approaches passing through a kinetic limit). However, to our knowl-
edge, there are no rigorous mathematical arguments supporting this.
We show here that lim sup__,( k2(s) < oo for one-dimensional oscillators
with rather generic pinning potentials W and interaction V.

We consider the Hamiltonian (6.1) below which allows for an explicit
description. The fact that as ¢ — 0, ka(s) does not diverge results
from averaging oscillations in the uncoupled cells, and not from decay
of correlations as it would be the case for a chaotic dynamics. The
control of the time integrated current-current correlations in the limit
¢ — 0 is possible if resonances between near atoms occur with small
probability in the Gibbs state. This condition is violated if the pinning
W is harmonic, but is otherwise typically satisfied.

2. Disordered oscillators and rotor. We next consider in more de-
tails two examples of chains of one dimensional systems that display a
similar structure: the disordered harmonic chain and the rotor model.
In each case, the atoms are one-dimensional systems, so that, when
both noise and coupling are removed, the full dynamics becomes again
integrable. Moreover, then, neighboring particles typically oscillate at
different frequencies. For these two examples, we are able to give ex-
plicit formulas for the weak coupling operator £ (see Proposition 6.3
and Proposition 6.5).

In the absence of noise (¢ = 0), the disordered chain is well known
to be a perfect insulator: k£ = 0 [2], while it is conjectured that the
conductivity of the rotor chain is finite and positive [21], but decays

"When the dynamics of individual cells is chaotic, the operator (—Lo)~ 1! is actually
not even well defined at ¢ = 0. In this Section, we will only be concerend with
integrable isolated dynamics.
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faster than any power law in € as € — 0 [11]. Thus in these two cases
it is expected that the conductivity of the deterministic system r(e, <)
has no expansion in power of e. What we are actually able to prove is
that

11_:()% Ka(s) = 0.

We also show in Subsection 6.3 that for the rotor chain lim sup_,  s2(s) <
+00, extending the conclusions of Proposition 6.1 to this case.

6.1. Upper bound on the conductivity for pinned anharmonic
oscillators. Let

2
Hig.p) = Y5+ W(a) + V(o — a:)

= Z HO(Qxap:c) + EV(Q:H-l - qgc)

with (g, p.) € R?. The potential W is assumed to be smooth, strictly
convex, except possibly at the origin, and symmetric. The potential
V' is also taken smooth, symmetric, bounded below, and of polynomial
growth, always satisfying the requirement that pg. is analytic in ¢ for
small . To make things simple and concrete, we will actually focus on
W given by

W(q) = “i'r, rs 2 (6.2)

Proposition 6.1. Let W be given by (6.2) for some r > 2. Then, with
the assumptions on V' given after (6.1), lim sup ro(s) < +00.

Proof. Because of its length, the proof as well as the needed introduc-
tory material are deferred to Appendix A. O

Remark. In Proposition 6.1, we have limited ourselves to a case lead-
ing to rather clean computations. A closer look at the proof in appendix
A shows that our hypotheses are too restrictive: what is important is
that the map w([/), giving the frequency of oscillation as a function of
the action, can be inverted. The main advantage of taking the W given
by (6.2), is that this can be done explicitely.

It then arises as a natural question whether the proof could be further
generalized to cases where w([) is invertible everywhere but on a finite
or countable number of points. This would for example be the case
if we consider the pinning potential W(q) = ¢ + acos(q) for some
small enough constant a > 0. This is unfortunatly not the case, as
some logarithmic divergence in ¢ shows up in the limit ¢ — 0, if one
just tries to mimic the proof of Proposition 6.1. Unless the system
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posseses some hidden symmetry, this in fact means that (v*(eo, €1))s.0
diverges logarithmically in the deterministic limit. This however does
not necessarily imply that kg itself will diverge in this limit, as the term
(n*)5,0 in (4.11) can compensate this divergence. This is in fact what
is expected to happen.

6.2. The disordered harmonic chain. The hamiltonian part of the
generator is now given by

AO = praqm_wiqu’capm G = Z(Qx—l_QQI+QI+1)apx’ (63)

xT

where w? are random, independent and identically distributed squared

frequencies, that satisfy the bound ¢! < w? < ¢, for some constant
¢ > 0. The internal energy is given by e, = p2/2 + w?q?/2, while for
e > 0 the energy flux €7, .41 between two adjacent oscillators is given
by

Dz + Pz+1

€ Joatl = —€ T(Qw—%l — ).
Lemma 6.2. Let x,y € Z. A solution 1., to the equation
_Lowx,y = (qzPy
s given by
oy = 4¢ (Wg%Q:vpy - W;Qypw) + (w?c - w§>p$py + ((w:% B ws B 8g2)w§) Gz Ay
N Alz,y)
with
Dy = 8wy +wy) + (w — wy)™.
Proof. This follows by a direct computation. O

This lemma allows us to give an explicit form of the operator £ =
[IG(Ly) 'GTI. We know that L is the generator of a Ginzburg-Landau
dynamics.

Proposition 6.3. Let L =TIG(Ly) 'GII. Then
poe) = TT (8e7), (6.4)

T

4¢

’)/2(695, e:c-i-l) - ﬁewexﬁ-la (6'5)
T, T+
8¢

a(eg, €r41) = A 1(696 — €z11) (6.6)
T, r+
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Proof. To obtain the expression for the invariant measure, let us take
an f that depends only on e, = (p? + w?q?)/2, and let us compute

- T WG Bt
(Fao = Z:(B) / (B ottt g, ap,

2
/ f(e)e Pede

from which the expression for pg follows.
Next we have that

72(€x,6m+1) - H(jx,+1(_L0>_1jx,x+1)

1
= ZH<Qw+1pm — QxDa+1 T Qu+1Pz+1 — qxpm)

<wm+1,m - ¢x,x+1 + 7px—l—l,x—l—l - wm,m)

20 2 2 9

= A H( x+1qx+1px+wmqmpx+1>
r,x+1

where we have used the fact that odd powers of q,,p., qui1, pri1 are
annihilated by the projection II. Using then polar coordinates

Wr(x

Pz
= Je,cosb,, — = /e,sinb,,
V2 V2

it is computed that both

1 21
(p?) = M(w¢?) = o /0 2esin?6,df, =

This yields the announced expression for v2(e,, €,11).
The current a(e,, e,41) follows using (3.10). O

Corollary 6.4. For ¢ > 0, we have that a.s. in w

8¢
Ko(¢) = ——>0

(Ao1(9))+

where (), represents the average with respect to the realizations of the
disorder. In particular, a.s. in w,

lim ka(s) = 0.

s—0

Proof. The proof is given in Appendix B. O
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6.3. The rotor chain. The Hamiltonian part of the dynamics is given
by

Ay = praqw G = Z [Sin(qsc—l - qac) - Sin((h - Qx-i-l)] apm

(6.7)
with ¢, € R/27Z. The individual energy for the uncoupled dynamics
(e =0)is e, = p2/2. If € > 0, there is a flux of energy which is given
by €Jgz2+1 Where

. 1 )
Jzx+1 = _E(px ""pm—l—l) Sln(%ﬂ—H - qgc)

Proposition 6.5. For this system

ole) = H<e—(U(ez>+Bez>,/5/ﬁ> with  Ule,) = %logem

T

(6.8)
26 eze
2 zCx+1
z €z = 0 6.9
V(e o) Aer; €xt1) (69)
Sz — €
Oé(em, €x+1) = W (A(ema €x+1) + 86m6m+1) (610)
with
A(ema €x+1) = 4§2(6m + €x+1> + (€x+1 - em>2-
Proof. The proof is given in Appendix C. O

It is seen from the above expressions that as noted earlier the gener-
ator £ formally vanishes as ¢ — 0. However, for ¢ small but positive,
the coefficient v2(e,, e,41) can become of order 1/¢ in case a resonance
occurs, such that |e, 11 —e;| < . We have unfortunately not been able
to decide whether, despite of this phenomenon, the value of ks(<) still
vanishes as ¢ — 0, as suggested by the results in [11].

We have however a result analogous to that of Proposition 6.1:

Proposition 6.6. For any ¢ > 0, ko(3,5) is strictly positive and

lim sup k2 (<) < +o00.
s—0

Proof. By (4.13) and the explicit form of v we have that
Ra(s, B) > (Y2 (eo, 1)) > 5
for a positive constant ¢ independent of . By (4.13) it holds also that

Ko < (7(eo, €1))p0-
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The function (v*(eq, €1))s,0 has the behavior

) S €p€r —B(eo+e1) deo_del
€, €1))p0 ~ ¢
<’7 ( 0 1))50 /Ri 4§2(60 + 61) + (61 — 60)2 v €0€1
2,2
STy —B(x*+y?)/2
~ e dxd
/RzSg x2+y)+(y2—$2)2 !

s7r3 cos? fsin 0 2
d o /2,
/ T/ 862 4 12(cos? § — sin? #)?2 ¢
In the limit ¢ — 0, only the values of § such that cos?6 — sin®6 ~ 0
contribute (6 ~ +7/4 and 6§ ~ £37/4), so that, by a Taylor expansion,

~ —ﬁTz/2
<fy 60761 ﬁo / d’/’/ du 55— 8§2+7’2U2

~ /0 r2e P2 ( /0 1 e /;)/T+u2 du) dr

~ 1 as ¢—0.

This proves the claim. U

APPENDIX A. PROOF OF PROPOSITION 6.1
To study the system at hand, it is convenient to pass to action-angle
variables. Let I: R, — R, be defined by
1

(E) = - / dgdp with A(E) = {(¢.p) € B : Holq,p) < E}
27 Jae)

Our assumptions on W ensure that I'(E) = dI/dE (E) > 0 for any
E > 0. Given E > 0, we also set

¢"(F) = max{q € R: Hy(q,p) = E for some p € R}.
Then we define the action-angle variables by

b Q(q p) N —sgn(px) /q*(Ho(qz,pz)) dg’ |
v m i I'(Ho(Gz,02)) J,, V2(Ho(qz, p2) — W ()

It is checked that (I,,0,) € Ry x T with T = R/(27Z). The potential
W is such that this change of variable is invertible, except at origin.
We denote by () and P the inverse maps:

Qe = Q(Imaex)a Pz = P(Ixa‘gm>

The change of variables (q., p.) <> (I, 0,) is known to be a canonical
change of variables.
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Let Hyp : Ry — Ry be the inverse function of I: Hyo I[(F) = E for
any F € ]R+ In the action-angle variables, the Hamiltonian (6.1) reads
2y 0

ZHO + EV (]m+179x+1> m))

Defining
w(l,) = Hy(l,) = dHy/dL,,
Hamilton equations read

. 0
]m = _68933 (Q(Im+179x+1> - Q([xaem»v
b, = wr + 2V (QUasnsbonr) — QUL 6,))-

oI,
The current, given by (2.3), has the form

et = g (P 02) & P(Lsr, 8es))V (QLain i) — QU 62)
(A.1)
with V’(z) = dV/dz.
Since we are in dimension d = 1, the noise written in the action-angle
coordinates is given by

Sf([>9) = Z(f(laew)_f(Le))a (A2)

with 67 is obtained from 6 by changing 60, to —6, (—0, is the inverse
of 6, for the the addition on T). The symmetry of the potential W
implies

P(I,,—0,) = —P(l,,0,) and Q(l,,—0,) = QI,,0,).

This implies that the noise S, as defined by (A.2), preserves the total
energy, and that the relation

ij,x—l—l = _4jx,x+1
holds.

A.1. The special case W given by (6.2). Let us now assume that
Wiq) = lql"/r, ie.
Ho(g.p) = 2

The following scaling relation is checked thanks to Hamilton’s equa-
tions: if (q(t), p(t))e>o is a solution to the equations of motion, then so

is (qa(t), pa(t))i=0 with
Ga(t) = " Pg(at),  pa(t) = /" Pplat)  for  a>0.

\ql

r> 2. (A.3)
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This first allows to deduce that
Ho(I) = Ho(1)-7*/0*2  and  w(I) = w(1)- 102042 (A 4)
Next, writing
= > QU k™, P(1,0) = > P(Ik)e™  (A5)
kez keZ
we obtain
QU 0) = PN "Q(1L k)™, P(1,0) = IS " P(1 ke,
kez keZ
(A.6)
It follows from the theory of ordinary differential equations that Q(1, 6)

and P(1,6) are smooth, so that the Fourier coefficients Q(1, k), P(1, k),
with k£ € Z, have good decay property as |k| — oo.

A.2. Poisson equation for the uncoupled dynamics. In this sub-
section, we consider functions on R3 x T?, that depend on two actions
(Ip, I) and two angles (g, ;). The actions play the role of a parame-
ter, and, for clarity, will be dropped from several notations. A function
f € C*(T?) is expanded in Fourier series as
fo, I, 600,60) = > f(Io, I, ko, y)eiFofo o)
(ko,k1)€Z

with
P 1

Iy, I, ko, k1) = —
flo, I, ko, k1) (27)?
It is seen that the current satisfies 50,1(]0, [,,0,0) =0 for all (I, ) €
RZ. We introduce the notations

Oé(k‘(), k‘l) = l(k’QW(I()) + k‘lw([l)) — 2§

/ f(IO> Il, 90, Hl)e_i(koeoﬂ-klel).
[—m,7]?

1661
a(=ko, k1)a(ko, —k1)
Lemma A.1. Let f be a function on R: x T? such that f(Iy, I, -,-) is
smooth and satisfies f(I, 1,,0,0) = 0, for any (Io, I,) € R%. Writing
f(ko, k1) for f(Io, 11, ko, k1), we define

f(—ko, k1) f(ko,—h1)
<a(—k0,k1) T g, —F ))

D(/foJﬁ) = a(k07k1)a(_k07 _kl) -

g(Io, It ko, k1) = flko k1) — <

2

S 1 1 p .
" a(—ko, —k1) <a(—k0, k1) - a(ko, —k1)> (f (o, =k1) = f (ko, k1))
(A7)
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A solution u to the equation —Lou = f is given, in the Fourier vari-
ables, by

'&(I(),Il,o,()) = Oa
Oé(—]{?(],—]fl)

(1o, Iy, ko, k1) = —Wg(lo,fl,k‘o,k‘l) for (ks  ky) # (0,0).
0, vl

Proof. In the Fourier variables, the equation —Lgyu = f reads

ko, kn)it(ko, k1) + <il(—ko, k1) + si(ko, —k1) = —f(ko, k1)
where we have written @(ko, k1) for @(Iy, I, ko, k1). The result is then
checked by means of a direct computation. O

Remarks. 1. All other solutions are obtained by taking for @ (1, I3, 0, 0)
an arbitrary function of the actions Iy, [;. This choice is irrelevant for

the sequel.
2. Since [¢/a(kg, k1)| < 1 for all (ko, k1) € Z?, we have the bound

9(1o, I, ko, k1)| < 5max{|f(ko, £k1)], | f(—ko, £k1)|}-

3. For ¢ = 0, the solution simply becomes

~

f(ko, k1)
]{Zow(](]) -+ ]ﬁw(fl)

?l([o,[l,ko,]ﬁ) =i for (kxaky) % (0,0)

A.3. Proof of Proposition 6.1. By (4.13) we have

koS, B) < (v*(eo,e1))po = (oa(=Lo) " Jor)so;
with ()0 the uncoupled Gibbs state. Writing u = (—Lg) 'jo1 we

have thus

<j0,1(_L0)_1j0,1>ﬁ,0 -~ / e—B(Ho(Io)—i—Ho(h)) dIydl,

2
R+

X / u(lo, I+, 00, 01)jo,1 (1o, 11,600, 61) dBodby
’]I‘Q

N/ e—B(HO(Io)-i-Ho(Il)) d[od[l

=2
X Z ﬁ(IOallakOakl)jO,l(]Oa[1>k0akl)~
ko,k1€72

Writing
h([07 Il> kOa kl) = _g(IOa [la kOa kl)j(l(% [1a kOa kl)a (A8)
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with ¢g as defined in (A.7), we obtain by Lemma A.1,
(Joa(=Lo)Joa)so ~

/ al=ko, —k1) h(Io, I, ko, ky) e # (B0 +H0() qp i,
R?

(ko,k1)#(0,0) D(ko’ kl)
(A.9)
In this expression,
a(=ko, k1) 2¢ + i (kow(lo) + kiw(l1))
D(ko, k B 2 (kow(Io)—k1w(I1))?
(Ko, k1) (kow(lo) + kiw(11))” + ¢ lotintus)l
(A.10)

We now come to the crux of the argument, and start using the specific
form of Hy. In view of (A.10), it looks desirable to change integration
variables in (A.9) from (Iy, ;) to (wo,w1) = (w(ly),w(l1)). The an-
harmonicity of W, specifically expressed in this case by relation (A.4),
makes this possible, giving

<J01 Lo J01>50N

—ko, —k1) 5 4
Z / ko ) ) h(wo, w1, ko, k1) (%M)TEZ pp(wo, wi) dwodwy
(ko,k1)#(0,0) 0, k1)

(A11)
with
- r4+2 r4+2
h’(w(b Wi, k07 kl) = h(C(T)W672 9 C(T)er72 ) kO’ kl)? C(T) > 07
2r 2r
palwo,wy) = e OB HT () > 0,

To proceed, we need some more technical informations on the func-
tion h(wo, w1, ko, k1). The potential W is not strictly convex at the
origin, implying that w(/) vanishes as I — 0. For this reason, we need
a relatively detailed knowledge on h(wo, wy, ko, k1) for (wg,w:) near the
origin, in a order to exclude any divergence at small frequencies.

Using the general expression (A.1) for the current jy i, the specific
expression (A.6) for Q(I,0) and P(I,0), the definition (A.7) of g, and
the definition (A.8) of h, we conclude that h is of the form

2r r_ _r_
h(Io, Iy, ko, k1) = I hoo(Lo, 11, ko k1) + I 17 ho 1 (Lo, 11, Ko, K1)
+ ]Tth,l(IOa[lakkal)v
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so that in turn h takes the form

71((4)0, W, k07 kl) = wgr/(r_z)ilo,(](w(]u W, k07 kl)

+ Wy TG R 1 (wo, w1, ko k1) F WU Ry (wo, wi, Ko, k),

(A.12)

where h; ; satisfies the following bounds: there exists a < +oco and, for
any b > 0, there exists a constant C, < 400, such that

z (lwo| + fwn| + 1)

hi i (wo, wi, ko, k1) < C . (4,9) = (0,0),(0,1), (1,1).
e k) £ CAEEEREG) — (0,0),(0,0), (1,1

(A.13)
Moreover, by symmetry, we have P(I,0) = 0 for all 7 > 0, with P(/,0)

defined by (A.5). It follows that
ﬁO,O(w07w1707k1> = ilo,1(w0,w1707 k1)

= ho(wo,wr, ko, 0) = hy 1 (wo,wi, ko, 0) = 0.
(A.14)

We now move back to the evalution of (A.11). We distinguish three
cases, according to the values of kg and kq; resonances appear in case
3. The sum over (ko, k1) € Z?/{0,0} can then be controlled thanks to
the decay in (A.13) with b large enough.

Case 1: kok; = 0. Let us, as an example, consider the case ky =
0, k1 # 0. The integral (A.11) has a possible divergence only for k; — 0.
We have

Oé(—k‘(), —k‘l)

< Cwi? <1
D(k‘o,k‘l) ~ Wi or Wo, W1 >

Thanks to (A.14), only the term in Ay, survives in (A.12), and we
conclude that the integrand behaves as

wi‘/(r_2)wfr/(r_2)w1_2 - wf/(r_” as wy — 0,

so that there is in fact no singularity.
Case 2: kok; > 0. The only possible divergence of the integral (A.11)
is at the origin. We have the bounds

O{(—ko, _k1>
D(ko, k1)
allowing to check, as in the previous case, that there is no singularity.

Case 3: kok; < 0. The integrand now becomes truly singular (reso-
nances). Let us assume, for example, that kg > 0 and k; < 0. We split

< Cuwy?, Cwytwpt, Cwp? for wo, w1 < 1,
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the integral (A.11) as

/R2(...) = /kowﬁkl'wl«(...) + /kowowng(...). (A.15)

For the first integral, we are satisfied by the rough bound

‘a(_k07 _kl) C
D(ko, k1) 2 (kowo + [k1|wr)?”

As in the cases treated previousely, it is seen that there is no singularity.
Moreover, the intgration domain is of size ¢2, so that the intgral is of
order 1 at most.

We move to the second integral. We find it convenient to change
again variables. With

r = kowo + |k1|wr, y = kowo — |k1|wr,

the second integral in the right hand side of (A.15) becomes

/ ()
kowo+|k1|wi>s

26 +1i }
/ dl’/ ny ¢($,y, ko’kl) pﬁ(xaya kOakl)

2 _|_4 2x2+4g

with

rhy -y ) (@)@ —p Y
2ky 2k 0! Ako| ey |

Tty r—y
oko " 2k

(b(xuyuk(]vkl) = h’(

ﬁﬁ(x7y7k07kl) = pﬁ(

We observe that, in the domain of integration x > ¢:
2

T 4

4 2 - > 2

° 2 +4¢2 5g

Therefore, the integral converges to a finite value as ¢ — 0. [

APPENDIX B. PROOF OF COROLLARY 6.4
Consider the quenched space-time correlations of the energy:
S(z,t,w) = (ex(t)eo(0)),, — B~

where {e,(t)} is the time evolved energy generated by the Ginzburg-
Landau dynamics £ with the coefficients 42 and o computed above,
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starting with the equilibrium distribution at temperature 5~!. Then
computing the time derivative we have
0S(x,t,w) = 8¢AZL L, [S(z + 1, tw) — S(a,t,w)]

—8¢A ! [S(z,t,w) — S(z—1,t,w)]

z,x—1,w

ie. S(z,t,w) = Eou,(6:(X(t))), the transition probability of a 1-
dimensional random walk on random bonds X (¢) (so called bond dif-
fusion). It is well known and easy to compute the asymptotic variance
of this bond diffusion, it is given by the harmonic average of the bonds

variables ([20]):

' ] ‘ 1 8¢ I\t
fim § 32t = Jim GE0X 0 = ((5,,5) )
8¢

(A0,1(9))+
(B.1)

almost surely in w.
By the Green-Kubo formula for the diffusivity for £, this is equal to

K'2(§> 5) and

B 8¢
w20 = TR

which gives the claims. [

— 0 as ¢ — 0, (B.2)

APPENDIX C. PROOF OF PROPOSITION 6.5

We start by the following lemma.

Lemma C.1. Let x,y € Z. A solution 1, to the equation
— Lotay = sin(qz — qy)pe (C.1)

s given by

1

¢$7y - A;,ly {[4§2 + (696 - ey)]el‘ + 5(61‘ - 6y)pxpy} COS(Q:{: - Qy)

+ A:;,ly {2§(eypx + e:cpy)} Sin((h - Qy)
(C.2)
with
Ay = Aleg,ey) = 4(2(61, +e,)+ (ey — ex)z. (C.3)
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Proof. We compute
Ao¢x7y = 2§A;,z(6ypx + e:cpy)(p:c - py) COS(Q:{: - Qy)

1
— A;z{ (46° + (€2 — €y))ex + =

5 (ex — ey)pxpy}(p:c — py) sin(q; — qy)

and
Stgy = —4gA;é(eypx+empy) sin(qm—qy)—2A;,1y(ex—ey)pmpy cos(qz—qy)-

Remembering that p? = 2e, and p) = 2e,, the terms in cos(q, — ¢,)
cancel in (Ap + ¢S)1y 4, so that

[Ao + S|ty = A;,lyew,y sin(q, — q,)

with
9 1
9507?/ = {(4§ + (696 - ey))el‘ + 5(61‘ - 6y)pxpy}(px - py)
- 4g2(€ypm + eacpy)
- _pmAgc,y-
This proves the claim. U

We now move to the proof of Proposition 6.5. The Gibbs measure at
inverse temperature  is readily computed. For a function f depending
only on the uncoupled energy e, = p?/2, it holds that

{(Fpo = \/%/Rf(piﬂ)e‘ﬁ”i/? dp, = \/g/ooo f(e)e—ﬁe%

from which (6.8) follows.
Next, y2(€s, €x41) is computed by means of Lemma C.1:

72(6m7€x+1) = ngc,x+1(_L0>_1jm,m+1

1 1. 1.

= §H.]m,m+1 [(_LO) ! Sln(qm—l—l - qgc)pm—l—l - (_LO) ! Sll’l(qw - qm—l—l)px}
1.

= §er,r+1 [wm—l—l,m - ¢w,w+1]-

The terms in cos(q; — ¢z+1) 0 Yypq1. and ¢, ;41 will vanish due to the
projection II, so that we are left with

4g(€x+1pm + eacpm—l—l) Sin(%c+1 - Qm)

1 .
72(‘3% 6x+1) - EH(px_‘_p:c—i-l) SIH(Qx+1—Qx)

Since ﬁ f[0727r]2 sin?(z — y) doedy = 1/2, and since the projection of
expressions containing uneven powers of p, or p,,1 vanishes, we obtain
(6.9).

Aw,x—l—l



GREEN-KUBO FORMULA 31

The current a(e,,e,11) can be computed in two possible ways: di-
rectly by the definition a(e,, 2,41) = IIG(—Lg) " jz 241, or by means
of the expression

— Mlen) o) (g

aleg, epr1) €x, €rt1)

with ¢(z) = 1logz. Both computations lead to (6.10). O

€xt1

8, e Ulen Hlenia)) 2
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