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Chain of oscillators: infinite model
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px(t) = V(e (1)) = VI(r(t))
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gx = Px V,(rerl) — Px-1 V,(rx)
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F(t) = px(t) = px-1(t), xeZ
px(t) = V(e (1)) = VI(r(t))
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gx = Px V,(rerl) — Px-1 V,(rx)

We are interested in the macroscopic evolution of

(rx(t)7px(t)>gx(t))'
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Gibbs measures and Thermodynamic Entropy

Gibbs measure at temperature 571, tension 7 and momentum p
are:
dNB p = 1—[ efﬁ(gx*ppx*Trx)fg(BaTyp) dpxdrx
X
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Gibbs measures and Thermodynamic Entropy

Gibbs measure at temperature 571, tension 7 and momentum p
are:
dNB p = 1—[ efﬁ(gx*ppx*Trx)fg(BaTyp) dpxdrx
X

Thermodynamic entropy is

S(u,r) = in,; {-Brr+pBu-G(B,7,0)}

B(u,r)=0,S(u,r), T(u,r)z—B_IG,S(u, r).
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Ergodicity (of the infinite system)

Theorem

(Fritz, Funaki, Lebowitz, PTRF 1994) Assume that probability v is
translation invariant, stationary, finite entropy density, and the
conditional measure v(dp|r) is exchangeable.

Then v is a convex combination of Gibbs measures dug ;.
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Ergodicity (of the infinite system)

Theorem

(Fritz, Funaki, Lebowitz, PTRF 1994) Assume that probability v is
translation invariant, stationary, finite entropy density, and the
conditional measure v(dp|r) is exchangeable.

Then v is a convex combination of Gibbs measures dug ;.

» Chaoticity of the dynamics, due to the non-linearity of V,
should give such ergodic property
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Ergodicity (of the infinite system)

Theorem

(Fritz, Funaki, Lebowitz, PTRF 1994) Assume that probability v is
translation invariant, stationary, finite entropy density, and the
conditional measure v(dp|r) is exchangeable.

Then v is a convex combination of Gibbs measures dug ;.

» Chaoticity of the dynamics, due to the non-linearity of V,
should give such ergodic property

» Adding conservative noise (stochastic collisions) to the
dynamics one obtain ergodicity.
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Hyperbolic Scaling, Euler equations

Local equilibrium: we expect the weak convergence to the
hyperbolic system of PDE

r[Ny](Nt)7p[Ny](Nt)vg[Ny](Nt) - (r(y7 t)7p(y7 t)7 e(yv t))

Oer(t,y) = Oyp(t,y)

9ep(t,y) = Oyru(t,y), r(t,y)]

Oee(t,y) = Oy ([u(t,y), r(t,y)]p(t.y))
u=ce- p2/2 . internal energy.
For smooth solutions this is proven with conservative noise in the
dynamics:

» N. Even, 5.0., ARMA (2014)
» 5.0., SRS Varadhan, HT Yau, CMP (1993)
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Harmonic Oscillators Chain

This is an example of a non-ergodic dynamics:
V(r)=r?/2

in fact it is a completely integrable dynamics:

Adx = Px, ,bx = Aqx =Qgx+1 1t qx-1 — qx,
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Harmonic Oscillators Chain

This is an example of a non-ergodic dynamics:
V(r)=r?/2
in fact it is a completely integrable dynamics:

Adx = Px, ,bx = Aqx =Qgx+1 1t qx-1 — qx,

f(k)=> fie®™  keN~[0,1]
w(k) =|sin(mk)| dispersion relation:

H= 8= 5 [ [wt0Mator + (o) d
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Harmonic Oscillators Chain

This is an example of a non-ergodic dynamics:
V(r)=r?/2

in fact it is a completely integrable dynamics:

Adx = Px, ,bx = Aqx =Qgx+1 1t qx-1 — qx,

f(k)=> fie®™  keN~[0,1]
w(k) =|sin(mk)| dispersion relation:

H= 8= 5 [ [wt0Mator + (o) d

D(t, k) ==w(k)g(t, k) +ip(t, k).
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Harmonic Oscillators Chain

This is an example of a non-ergodic dynamics:
V(r)=r?/2

in fact it is a completely integrable dynamics:

ax = Px, ,bx = Aqx = Qgx+1 t gx-1 — qGx;
f(k)=> fie®™  keN~[0,1]
w(k) =|sin(mk)| dispersion relation:
1 N .
M= &= [ [w(0laMoP +15(k)P] de
D(t, k) = w(k)§ (¢, k) +ip (t, k).

d - o ) Ve
(k) = —iw(K)(t, k) (2, k) = 0900, k)



Harmonic Chain: Thermal Equilibrium

Consider the chain in thermal equilibrium: initial distribution with
covariances

( rX(O); rX’(O) ) = ( Px(O)iPx’(O) ) = /Bilfsx,x’y ( dx; Px’ ) = 07

for some inverse temperature 3, while in mechanical local
equilibrium:

(r[Ny](O))_>r(07y)a (p[Ny](O)>_)p(Ovy)'
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Harmonic Chain: Thermal Equilibrium

thermal equilibrium is conserved by the dynamics: for any t >0
()i ra(8) ) = (px()ipar(8) ) = B0, {ax()ipar(t) ) =0,

Proof.

Thermal equilibrium is Fourier space is:

(D(k,0)" (K, 0)) =287 6(k=K'),  (4(k,0);(K,0))

0.
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Harmonic Chain: Thermal Equilibrium

thermal equilibrium is conserved by the dynamics: for any t >0
()i ra(8) ) = (px()ipar(8) ) = B0, {ax()ipar(t) ) =0,

Proof.

Thermal equilibrium is Fourier space is:

(d(k,0)" (K, 0)) =267 5(k=K'),  (4(k,0);d(K',0))=0.

Consequently
(DK, t)"D(K 1) ) = NGk 0)*4h(k,0) ) =287 6(k - k'
(D(k,t); DK t) ) = e @R KDE Gk 0);4(k',0) ) = 0.

]
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Harmonic Chain: Thermal Equilibrium implies Euler

Equation limit

rny](Nt) and ppyy,1(Nt) converge weakly to the solution of the
linear wave equation

8tr(y’t):ayp(y7t)7 atp(y)t):ayr(y’t)'

This is the Euler equation for this system since here 7(u,r) =r.
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Harmonic Chain: Thermal Equilibrium implies Euler

Equation limit

rny](Nt) and ppyy,1(Nt) converge weakly to the solution of the
linear wave equation

8tr(y’t):ayp(y7t)7 atp(y)t):ayr(y’t)'

This is the Euler equation for this system since here 7(u,r) =r.
For the energy, because of the thermal equilibrium, for any t >0 :

(E(t)) =574 5 ((pe(®) 2+ { () )

(Epm) (V) ) — ey, 1) = 5744 2 (B2, 1) + (v, 1),

ate(yvt):8y(p(y7t)r(y’t))‘
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Harmonic Chain: Local Thermal Equilibrium is not

conserved

The argument fails dramatically if the system is not in thermal
equilibrium, even local thermal Gibbs

(5 (0 10(0)) = pr(0)iper(0) ) =57 (%) Brs (x(0)ip(0)) =0
(1)

is not conserved, and correlations between p,(t) and rc(t) build

up in time.

No autonomous macroscopic equation for the energy!

There are infinite many conservation laws.
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Wigner distribution

€eR, ke[0,1],
Wh(€, k. t) = %(@*(Nt,k—%)lﬁ(Nt,k+%))
Waly.kit) = [ Wt k)e™ dn, y <R,
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Wigner distribution

€eR, ke[0,1],

Wi (k. t) = (z/z (Nt k——)w(Nt k+%))

WN(y,k,t)=/WN(t,n,k)e_"2ﬂfy dn, yeR,

In the limit it decompose in a thermal and a mechanical part:

Jim Wi (&, k,t) = Wep(€, k1) + Wi (€, 1) do(dk) — (2)

The mechanical part Wm(f, t) is the Fourier transform of the
mechanical energy

Fate.0- [ 1(20.0+70.0) 7 o
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Wigner distribution

For the thermal Wigner distribution it holds the transport equation:

w'(k)
27

atVVth(y7ka t)+ athh(yak) t)ZO.

S. Olla - CEREMADE thermal boundaries



Wigner distribution

For the thermal Wigner distribution it holds the transport equation:

w'(k)
27

atVVth(y7ka t)+ athh(yak) t)ZO.

in fact for k£ 0

WN(& k1) = ei[w(k—%)—w(kJr%)]NtWN(g? k,0)

e mtyz, (0,7, k)

N—oco
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Wigner distribution

For the thermal Wigner distribution it holds the transport equation:

w'(k)
27

atVVth(y7ka t)+ athh(yak) t)ZO.

in fact for k£ 0

WN(& k1) = ei[w(k—%)—w(kJr%)]NtWN(g? k,0)

e mtyz, (0,7, k)

N—oco

w'(k
Wity k) = w(o,y - 1 1
W' (k)

Phonon of wave number k moves freely with velocity —5~.
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Wigner distribution

Consequently the thermal energy é(y, t) (i.e. temperature) evolves
non autonomously following the equation

0:8(y, t) +8,J(y, ) = 0, J(y,t)=fw'(k)Wth(y,k, t) dk.

We say that the system is in local equilibrium if

Win(y, k) = B~2(y) constant in k.

Starting in thermal equilibrium means W;,(y, k,0) = 871 and
trivially Wiy (y, k, t) = 871 for any t > 0.

But starting with local equilibrium, i.e. W(y,k,0) = 871(y)
constant in k, we have a non autonomous evolution of é(y, t).
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Harmonic Chain with Random Masses

The problem with the harmonic chain is that thermal waves of
wavenumber k move with speed w’(k), if they are not uniformed
distributed (i.e. the system is not in thermal equilibrium), the
temperature profile will not remain constant, as it should be
following the Euler equations.
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Harmonic Chain with Random Masses

The problem with the harmonic chain is that thermal waves of
wavenumber k move with speed w’(k), if they are not uniformed
distributed (i.e. the system is not in thermal equilibrium), the
temperature profile will not remain constant, as it should be
following the Euler equations.

If the masses are random, the thermal modes remains localized
(frozen), by Anderson localization. This allows to close the energy
equation, without local equilibrium.
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Harmonic Chain with Random Masses

(F. Huveneers, C. Bernardin, S.Olla, 2017)

{my} i.i.d. with absolutely continuous distribution,
O<m_<my<my,
m=E(my).

myxqx(t) = px(t), Px(t) = Agx(t), x=1,...,N

with go = g1 and gn.1 = gy as boundary conditions.
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Gibbs States, Local Gibbs States

The Gibbs states are characterized by three parameters: 5> 0 and
p,r € R. Its probability density writes
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Gibbs States, Local Gibbs States

The Gibbs states are characterized by three parameters: 5> 0 and
p,r € R. Its probability density writes

We start with a local Gibbs state:

2
B(x/N)mx (x/N) B(x/N)
Bttt (e BI B (1w

myx m

e
XH:1 Z(B(x/N), p(x/N), r(x/N), my)
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Harmonic Chain with Random Masses: hydrodynamic limit

Almost surely with respect to {my}:

< r[Ny](Nt) >, < p[Ny](Nt) >, < S[Ny](Nt) > = (I‘(_y, t)7p(y7 t)7e(y7 t))

1
8t‘r(tay) == yp(taY)
m
atp(tay) = 8yr(t»}’)
1
Bte(tay) = %8}/ (r(tay)p(tay))
with initial conditions:

L Py, rW)
Bly) 2m 2

r(y,0)=r(y),  p(,0)=p(y), e(y,0)=
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Random Masses: Localization of Thermal Modes

Equation of motion can be written as
Bo=—(V'M7'Vr), (1<x<N-1),  po=(AMp)  (1<x<N),

where M, v = 0y xrmy.
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Random Masses: Localization of Thermal Modes

Equation of motion can be written as
Bo=—(V'M7'Vr), (1<x<N-1),  po=(AMp)  (1<x<N),

where M, v = 0y xrmy.

MY2(-AYMMk =2 ok k=0,... N-1.

Ph= M2k M Ak = Wiy
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Random Masses: Localization of Thermal Modes

Equation of motion can be written as
=—(V'M'Vr), (1<x<N-1),  pe=(AMTp)  (1<x<N),

where M, v = 0y xrmy.

MY2(-AYMMk =2 ok k=0,... N-1.

Ph= M2k M Ak = Wiy

=

-1 k r k
r(t): (<V¢ ( )) k . ﬂ’
k

coswyt + (", p(0))sin wkt)
Wk w

EM

p(t) = (<¢k,p(0))coswkt—Msinwkt)l\/hbk.

0 Wk
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Localization of Thermal Modes

Localization length &, diverges with N:
k 2
-1 2 K
S~ Wi (N) ;

only the modes k > /N are localized.
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Localization of Thermal Modes

Localization length &, diverges with N:

k 2
-1 2 k
Ek Wi (N) ;

only the modes k > /N are localized.

More precisely: for 0 <a < 3

=N1l-«a

N-1 —2a ’
E( Y |okuk|]| < CeeV .
k

This estimate is enough to prove that thermal modes remains
localized and do not move macroscopically.
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