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Abstract

This paper is devoted to the derivation of a macroscopic diffusion
equation (Fourier’s law) describing the transport of energy in an anhar-
monic chain. More precisely, we study here the so-called FPU-£ chain,
which is a very simple model for a one-dimensional crystal in which
atoms are coupled to their nearest neighbors by a harmonic potential,
weakly perturbed by a quartic potential. The starting point of our
mathematical analysis is a kinetic equation: Lattice vibrations, respon-
sible for heat transport, are modeled by an interacting gas of phonons
whose evolution is described by the Boltzmann Phonon Equation. Our
main result is the derivation of an anomalous diffusion equation for the
temperature.

1 Introduction

In this paper, we investigate some aspects of the transport of energy in one
dimensional chains of oscillators. The goal is to derive Fourier’s law, which
is at the core of the heat equation and states that the heat flux j behaves
as

j=—kV,T (1)

where T' is the temperature and x is a positive constant that may depend
on the temperature itself. This law has been observed experimentally, but
there is no rigorous mathematical justification describing how it arises from
the atomic laws of the solid (see [10] for a review of this very challenging
problem).

At the microscopic level, solids can be modeled as lattices, were each
node represents an atom. For insulating crystals, where heat is transported
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by lattice vibrations (see [13]), one possible approach to derive Fourier’s law
relies on the introduction of the Boltzmann phonon equation, a kinetic equa-
tion that can play the role of an intermediate step between the microscopic
atomic level and the macroscopic scale. It is this approach, first suggested
by Peierls [20], that we try to make rigorous in this paper in a very particular
setting.

The particular framework we are considering was made popular by a
famous numerical experiment performed by Fermi, Pasta and Ulam in the
1950’s at Los Alamos National Laboratories. The goal of their experiment
was to investigate numerically the dynamic (and relaxation toward equilib-
rium) of the simplest model for a crystal: a chain of oscillators coupled to
their nearest neighbors by non-linear forces described by an Hamiltonian of
the form )

H=§Z[ 2+ V(g — )] -
i€z
When V is purely harmonic, the system has quasi-periodic solutions and
does not relax to an equilibrium (see [9]). Fermi, Pasta and Ulam thus
considered the next two simplest cases by adding a cubic potential V (r) =
72 + ar® (this model is now referred to as the FPU-a chain) or a quartic
potential V(r) = r?2 + pr (the FPU-f chain).

These models have been widely studied since that original experiment
(see Lepri, Livi, Politi [14] for a recent review of the work devoted to these
models). Our goal in this paper is to derive Fourier’s law for the FPU-
§ chain (we will see later why we do not consider the FPU-« chain). To
achieve this, we rely on an idea of Peierls [20], who describes lattice vibra-
tions, responsible for heat transport, as an interacting gas of phonons whose
density distribution function (denoted W below) solves a Boltzmann phonon
equation (also known as Peierls equation in this context). The mathematical
derivation of this Boltzmann phonon equation starting from the microscopic
equations for the motion of the atoms (Hamiltonian dynamic) has been made
more rigorous recently by H. Spohn in [24]. We will thus not focus on this
step, though we will spend some time in this paper discussing the results
of [24]. Our focus instead will be on the rigorous derivation of Fourier’s
law from the Boltzmann phonon equation. The most remarkable aspect of
our result is that we will not recover , but instead a non-local Fourier
law corresponding to an anomalous diffusion equation (in place of the usual
heat equation). This was not unexpected, since anomalous heat diffusion
phenomena in the FPU-£ framework has actually been observed numerically
in dimension one and two (while normal diffusion is observed in the three



dimensional case), see in particular [22], [13], [14], and also [3] for a study
at the level of the kinetic equation. In fact, by using Peierls equation, it has
previously been proved that the energy current correlation has a slow decay
in time as ¢~%/% indicating anomalous diffusive behavior (see [211 [15]).

Let us now describe our main result. As mentioned above, the starting
point of our analysis is the Boltzmann phonon equation given by:

AW + ' (k)0,W = C(W)

where the unknown W (¢, z, k) is a function of the time ¢ > 0, the position
x € R and the wave vector k € T := R/Z. This function is introduced
in [24] as the Wigner transform of the displacement field of the atoms,
but it can be interpreted as a density distribution function for a gas of
interacting phonons (describing the chain vibrations). The function w(k)
is the dispersion relation for the lattice and the operator C describes the
interactions between the phonons.

We will discuss in Sections [2| and [3| the particular form of w and C
corresponding to our microscopic models. For the FPU-{ chain, the operator
C will be the so-called four phonon collision operator, which is an integral
operator of Boltzmann type but cubic instead of quadratic (see ([19)).

As explained above, our goal is to derive a macroscopic equation for the
temperature. This is, at least in spirit, similar to the derivation of Navier-
Stokes equations from the Boltzmann equation for diluted gas (see [4] and
references therein). We will consider a perturbation of a thermodynamical
equilibrium W (k) = % (note that the temperature is classically defined
by the relation E = kgT where E = [{w(k)W (k) dk and kp denotes Boltz-
mann’s constant - here, we choose temperature units so that kg = 1):

W (t,2,k) = W (k) (1 + ef<(t,, k).
The function f€ then solves
Ouf* +w'(k)0a f* = L(f7) + O(e)
where L is the linearized operator
1 o
L(f) = ==DC(W)(V )

As usual a macroscopic equation is derived after an appropriate rescaling
of the time and space variable. More precisely, we will show (see Theorem
4.1]) that the solution of

e30Lf° + e (k)Duf = L(f°)



converges to a function T'(t, z) solution of

R
70/5

S

thus giving the anomalous Fourier’s law (of order 3/5)
j=—r(T)V(-A)5T.

The derivation of such a fractional diffusion equation from a kinetic
equation is now classical (see [17], [16], [8], [1], [I2]). As in previous results
(see in particular [§]), the order of the limiting diffusion process is determined
by the degeneracy of the collision frequency of the operator L. Our work is
thus greatly indebted to the work of J. Lukkarinen and H. Spohn [15] who
carefully study the properties of the operator L and show in particular that
the collision frequency behaves as |k|%/3 as k — 0.

The main novelty here, compared with the results mentioned above, is
the fact that the kernel of the collision operator L is 2 dimensional. The
reason for that will be discussed in the next sections and it appears to
be a mathematical artifact rather than being related to some physical phe-
nomenon. It does, however, indicate some weakness in the mixing properties
of the collision process (this will be even more obvious for the FPU-« chain,
for which the collision operator vanishes altogether). And while the macro-
scopic behavior of f¢ is completely determined by the function T'(¢,z), the
other component of the projection of f¢ onto the kernel of L will play a role
in reducing the value of the diffusion coefficient .

We point out that we will not attempt here to derive a nonlinear Fourier
law by working with the nonlinear operator C' (rather than the linearized
operator L). Such a derivation is developed in [11] by Bricmont and Kupi-
ainen, but under assumptions that ensure that regular diffusion, rather than
anomalous diffusion, takes place (non degeneracy of the collision frequency).

We conclude this introduction by mentioning that diffusive and superdif-
fusive heat transport has also been derived for FPU-type chains in a differ-
ent mathematical setting using a probabilistic approach: in this setting the
hamiltonian dynamics of the microscopic system are considered to have only
an harmonic potential and the dynamics are perturbed by a stochastic noise
conserving momentum and energy (see [5], [6], [7] and the review paper [19].)

This paper is organized as follows: In the next section, we describe the
original problem (chains of coupled harmonic oscillators) and its relation to
the Boltzmann phonon equation. We then introduce the collision operators



C that appears in the context of FPU chains. In that section, we will see in
particular that this kinetic description cannot be used to study the FPU-«
chain because the collision operator C' vanishes in that case. This section is
mostly based on the paper of H. Spohn [24].

In Section [3] we investigate the properties of the four phonon collision
operators, appearing in the context of the FPU-§ chain as well as its lin-
earization around an equilibrium (this section is largely based on the work
of J. Lukkarinen and H. Spohn [I5]). The main result of our paper is finally
stated in Section [4] and its proof is divided between Sections [5| and [6]
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2 Crystal vibrations: A kinetic description

In this section, we recall the results from the paper of H. Spohn [24] that
are relevant to our present study. Our goal is to detail the relation between
the Boltzmann phonon equation that we are considering in this paper and
the microscopic models. At the microscopic level, we consider an infinite
lattice Z™ describing the equilibrium positions of the atoms of a crystal (we
briefly introduce the model in general dimension, though starting in the next
section, we will focus solely on the one-dimensional case). The deviation of
the atom ¢ € Z™ from its equilibrium position is denoted by ¢;, and the
conjugate momentum variable is denoted by p;. We consider the dynamics



associated to the Hamiltonian

H(q,p) = %Zp? + Va(g) + VAV (q)
i€Z

where V}, is a harmonic potential (quadratic) and VAV is a small anharmonic
perturbation (the kinetic equation is obtained in the limit A — 0). The
general form of the harmonic potential is

w2
Vilq) = % > ali—j)ags + 70 > a, (2)

i,jEZn iezn

while V' is typically a cubic or quartic potential of the form

V=Y g o V= > g —a)
ez i,j€Z"
li—jl=1

In order to understand how energy is being transported by the vibration
of the atoms in the lattice, we will replace this very large system of ODE by a
kinetic equation (the so-called Botzmann phonon equation) whose unknown
W (x, k,t) will be interpreted as a density distribution function for a gas
of interacting phonons. The idea of describing the lattice vibrations by
interacting phonons, whose evolution would be described by a Boltzmann
type equation first appeared in a paper of Peierls [20]. This derivation
was made more rigorous by H. Spohn [24] using Wigner transforms and
asymptotic analysis.

We will not give any details concerning this derivation (we refer the inter-
ested reader to the work of H. Spohn [24]). We just claim that (formally at
least) an appropriately rescaled Wigner transform of the displacement field
g converges when A — 0 to a function W (¢, z, k) solution of the Boltzmann
phonon equation

W + Viw(k) - V. W = C(W). (3)

The function W depends on the time ¢t > 0, the position x € R™ and a wave
vector k which lies in the Torus T" = R"/Z". The function w(k) is the
dispersion relation of the lattice. It is determined by the harmonic part of
the potential. For general potential given by , we have:

w(k) = (@ +a(k)"? (4)



where a(k) is the Fourier transform of «, defined by

a(k) =Y e P™a(j).

jezn

The operator C' in the right hand side of is an integral collision operator
which depends on the anharmonic potential V' (g). Of course this operator
C is crucial in determining the long time behavior of the solutions of this
equation, so we will spend a bit of time discussing its properties in this
introduction.

Note that while the relation between W (t, z, k) and the microscopic vari-
able ¢; and p; is rather complicated, the total energy of the system is given
by

/n/nw(k;)W(t,x,k) dk dx = ;/|ﬁ(k)|2 + w(k)?|q(k)|? dk

=3 7 V). 5)
ieZn

2.1 The FPU framework

As explained in the introduction, we now focus on the FPU chain model.
For this model, we have n = 1 (we denote by T the torus T = R/Z) and
the potential describes only nearest neighbors interactions. The harmonic
potential is thus given by:

Vila) = éZ(QHI — ),

i€Z

and the anharmonic potential V' is either cubic (FPU-«a chain) or quartic

(FPU-f chain):

1 1
Vi) =D g —a),  v(0)=35¢° orv(g) = 74",
iezn

The corresponding microscopic dynamics is given by
Lat) = it (©
dt q'L - pl
d 1 1 1 . .
api(t) = Zﬂhﬂ(t) - 5%’(’5) + Zﬂh’fl(t) - \5\[7 (@ — qi-1) — 7' (¢i+1 — @)



2.2 The dispersion relation

When V}, is given by

and so

1/2
w(k) = (wg + %(1 - cos(27rk:))> L keT. (8)

For the FPU model, we have wy = 0, and so the dispersion relation is given
by

w(k) = \/;(1 — cos(27k)) = | sin(7k)|.

2.3 The interaction operator C

The operator C' in the right hand side of is determined by the non-
harmonic perturbation of the potential V.

Cubic potentials: Three phonons operator When the anharmonic
potential is cubic, that is

1 3
VZngZ‘a (9)
i€z
or 1
V=2 (61— @) 10
3;((1+1 ) (10)

(the latter one corresponds to the FPU-a chain), the collision operator is
given by

C(W) :477//F(k:, k1, ko)?
x [25(k b Ey = ko)8(w + wi — wo) (Wi Wa + WWa — WWY)

+ 5(]{3 - k‘l - k‘g)é(w — w1 — (JJ2)(W1W2 - WW1 — WWQ) dk‘ldk‘g
(11)
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Figure 1: Three phonons interactions

where we used the notation w; = w(k;) and W; = W (k;).
The formula for the collision rate F'(k, ki, k2) can be found in [24]. In
particular, when V' is given by @ (on-site potential) then

F(k, ki, k2)2 = (8ww1w2)71

When V is the nearest neighbor interaction potential and wp = 0 (that
is for the FPU-« chain), the collision rate becomes

F(k, k1, k2)? = (S8wwiws) Y [exp(i27k) — 1][exp(i27k; ) — 1] [exp(i27ks) — 1]|2.
Using the fact that
|exp(i2nk) — 1)? = 4sin®(nk),

we find

. sin?(7k) sin? (7ky ) sin? (ko)
WWiwW9 '

Going back to , we note that the first term can be interpreted as
describing a wave vector k£ merging with a wave vector k; and leading to
a new wave vector ka (k + k1 — ko), while the second term describes the
splitting of wave vector k into k; and ke (k — k1 + k2). See Figure
These interactions conserve the energy (w-+w; = wa), but the momentum is
conserved only modulo integers: the d-function in the first term yields the
constraint k + k1 = ko +n, n € Z, k, ki,ko € T (one talks of normal process
when n = 0, and umklapp process when n # 0).

This quadratic operator is reminiscent of the Boltzmann operator for the
theory of dilute gas. There is however an essential difference: The kinetic
energy %vz is replaced here by the dispersion relation w(k). In order to
further study this integral operator, it is thus essential to characterize the

F(k, k1, k2)? =



set of (k, k1, k) such that the d-functions are not zero, that is:

{ k+ ki =k
w(kz) + w(kl) = w(kg)

or

w(k) + w(k1) = w(k + k1), (k,k1) €T, (12)

This is much more delicate than for the usual Bolzmann operator and for
general dispersion relation w, it is not obvious that has any solutions.

In our framework, that is when w is given by (nearest neighbor har-
monic coupling) we actually can prove that

w(k) + w(ky) — w(k + k1) > ?
SO has no solutions when wg > 0 and only the trivial solution k; = 0
when wg = 0.

It follows [24]:

Theorem 2.1. When w is given by with wg > 0, then the three phonon
collision operator satisfies C(W) =0 for all W.

In particular, this implies that for the FPU-« chain, the collision operator
vanishes, and the corresponding Boltzmann phonon equation reduces to pure
transport. This suggests poor relaxation to equilibrium for the microscopic
model, and it means that this kinetic approach is of no use in studying the
long time behavior of the hamiltonian system. This is of course the reason
why we focus in this paper on the FPU-S chain.

Remarks 2.2. As noted in [2])], equation might have non trivial solu-
tions for other dispersion relations (for instance w(k) = wo+2(1—cos(27k)) ),
so this three phonon operator is of interest in other framework (different har-
monic potential V).

Quartic potentials: Four phonons operator. We now consider the
quartic potential given by

Vig) = % > (13)

1€Z

10



Figure 2: Four phonons interactions

or
1 4
V= 1 EGZ(%‘H —qi)". (14)

The corresponding collision operator then reads

covy=12r Y ///F(k:,kl,kz,k3)2

01,09,03=%1
X 0(k + o1k1 + o2ka + 03ks3)d(w + o1w1 + oows + o3W3)
X (W1W2W3 + W(01WQW3 + WiooW3 + W1W203)) dkq dko dks

(15)
with
F(k, ki, ks, k‘g)Q = (16&)&)1&)2&)3)71
for on-site potential and
3 )
2sin”(7k;)
F(k ki, ko, k3)? = || ———~ 1
(k, k1, k2, k3) il_!) () (16)

for nearest neighbor coupling .

The term proportional to W is the loss term, while the gain term is
W1WyWs (which is always positive). Again, we can interpret the differ-
ent terms as pair collisions or merging/splitting of phonons (see Figure .
In order to understand the collision rule, we note that for pair collisions
(k,k1) — (ko,k3) (which correspond to the terms such that 25:1 oj =—1
in the integral), we need to solve

wk) + w(kr) = w(ks) + w(k + k1 — ko) (17)
while for three phonons mergers (or splitting) (k, k1, k2) — ks we have

w(k) + w(ky) +w(ks) = w(k + k1 + ko). (18)

11



In general, it is not possible to solve these equations explicitly, and it
is not obvious that either of these equations should be satisfied on a set of
positive measure. In fact, when w is given by (nearest neighbor cou-
plings), it can be shown (see [25]) that has no solution (so collision
processes in which three phonons are merged into one, or one phonon splits
into three are impossible). As a consequence, the only interactions that are
allowed are pair collisions, which, in particular, preserve the total number
of phonons. This preservation of the number of phonons, reminiscent of
the preservation of the number of particles in gas dynamics, does not follow
here from a fundamental physical principle, but is instead a mathematical
artifact. This property is however stable under small perturbation of w, and
it also holds for the nonlinear wave equation for which w(k) = |k| (k € R3).

As a consequence, the operator C' can be rewritten as

C(W) = 367r///F(k, ki, ko, k3)20(k + ki — ko — k3)d(w + wy — wa — w3)
[(WiWoWs + WWoWs — WW W3 — WW,Ws| dky dks dks. (19)

When w is given by , we will see later on that has non trivial
solutions on a set of full measure, that is

/r/ré(w(k) + w(kzl) - w(kiz) — w(k + k?l - kg)) dkjl de 75 0.

In particular this operator C' is non trivial.

3 FPU-j3 chain: The four phonon collision opera-
tor

In this section, we briefly summarize the properties of the four phonon col-
lision operator ([19) which arises in the modeling of the FPU-£ chain.

3.1 Conserved quantities

All the collision operators C' mentioned above conserve the energy. This can
be expressed by the following condition:

/ w(k)C(W) (k) dk = 0
.

for all functions W.

12



The four phonon collision operator , corresponding to the quartic

potential, also satisfies
/C(W)(k:) dk =0
T

which can be interpreted as the conservation of the number of phonons
fT W dk. However, this quantity has no microscopic equivalent, and does
not correspond to any physical principle. Rather it is a consequence of the
symmetry of the operator, which follows from the fact that 3 phonon merger
cannot take place ( has no solutions). In particular, this equality does
not hold for the three phonon operator.

Note that the first moment k is preserved in the wave kinetic equation
case (where k € R™). However, this conservation is broken here by umklapp
processes.

3.2 Entropy

The Boltzmann phonon operators satisfy an entropy inequality, similar to
Boltzmann H-Theorem in gas dynamic. In particular, for the four phonon
operator we can rewrite as follows:

C = 367T/// k?—i—kl kQ—k3)5(w+w1—WQ—W3)
WW i WoWs W+ Wt — Wyt — Wyt dky dks dks

and we then see that (assuming all integrals are well defined):

/ W (k)C(W) (k) dk (20)
Tl

—97r////F S(k+ k1 — ko — k3)d(w + w1 — wo — w3)

WWWoWa W=+ Wit — Wyt — Wit 2dky dis dks
> 0.

3.3 Stationary solutions

It is easy to check that the distributions

1

Wy(k) = b (k)

for any b > 0 satisfy C(W}) = 0 for all the operators C' considered above.
This fact is in accordance with equilibrium statistical mechanics (see [24]).

13



It is more delicate to check that these are the only solutions. In fact it is
not always true.

For the four phonon collision operator , we can check that

1

Wap(k) = @t bk

(21)
is an equilibrium for all a, b > 0.

Conversely, the entropy inequality implies that if C(WW) = 0 then
(k) = W(k)~!is a collision invariant, that is

Y(k) + (k1) = (k2) + (ks3)
for all k, k1, ko, k3 such that
k+ ki = ko + ks, and  w(k) +w(k1) = w(k2) + w(ks).

An obvious candidate is (k) = a + bw(k). Under general conditions
on w, Spohn proved that these are indeed the only collision invariants in
dimension N > 2 [23]. The same result is proved by Lukkarinen and Spohn
[15] in our framework (dimension 1).

As a conclusion, are the only solutions of C(W) = 0 for the four
phonon collision operator . Note that the fact that we can take a #
0 is a consequence of the conservation of the number of phonons for the
four phonon collision operator (which, as explained above, follows from the
fact that equation describing merging and splitting of phonons has no
solutions).

3.4 The linearized operator

As mentioned in the introduction, we will be interested in the behavior of
the solutions of the Boltzmann phonon equation in the neighborhood of a
thermodynamical equilibrium. Given W (k) = ﬁ, we thus introduce the
linearized operator

L(f) = — DCW)( )

(where DC' denotes the derivative of the operator C).
By differentiating the equation C'(Wg3) = 0 with respect to a and b, we
get:
L(1)=0 and L(w™!) =0,

14



which suggests (as will be proved later) that the kernel of L is two dimen-
sional and spanned by 1 and w™!. In our framework, the later mode, w™! is
singular (not integrable) for k& = 0. Because of natural a priori bounds on
the solutions of the Boltzmann Phonon equation, it will be easy to see that
this mode is not present in the macroscopic limit. It will however play an
important role in the derivation of a macroscopic model. Note that it comes
from the derivation with respect to the spurious coefficient a.

Similarly, differentiating the conservation equations
/wC(W+ tW f)dk = 0 and /C(W—i— tWf)dk =0
with respect to ¢, we deduce that

/L(f) dk =0, and /w‘lL(f) dk = 0.

The properties of L will be further investigated in Section [5} For now,
we just state the following proposition without proof, since it is all we need
to formally derive a macroscopic equation.

Proposition 3.1. The operator L : L*(TY, V (k) dk) — L*(TY, V(k)~!dk)
(where V' is defined by ) is a bounded self-adjoint operator which satisfies
(i) ker(L) = Span{1,w(k)~1}
(ii) R(L) = {h € L>(T", V(k)~'dk); J1 h(k) dk = fTw_l(k)h(k:) dk =0}

We end this section by deriving the explicit formula for the operator L:

A direct computation gives (when W (k) = ﬁ)

DCW)(W f)
= 36W///F(k,k1,k2, k3)25(k‘ + kl — kQ — k3)5(w + w1 — wg — W3)

X WW, WoWs [fgng1 + Wyt — Wt - fW‘l} dky dksy dks

— F(k, ki, ko, k3)?
:367TT3/// ( M 2 3) 5(k}+l{71—k2—/€3)5(W+W1—W2—0)3)
WWiwaws

X [w3f3 +wafo —wifi —wf| dky dks dk3

Using , we see that

F(k, ki, ko, ks)*
WwWiwaws

=16

15



and we deduce:
L(f) = 5767TT2L0///5(]€ + k1 — ko — k:3)6(w + w1 —wy — u)3)

x [w?, fa+ wafs — w1 fi —w f} dky dks dks.  (22)

3.5 Formal asymptotic limit

We now have all the ingredient to perform the usual asymptotic analysis
and attempt to derive (formally) a diffusion equation from the Boltzmann
phonon equation (we will see however that it fails in our framework). The
starting point is the following rescaled equation in the FPU-8 chain frame-
work detailed above:

E20W + e (k)0,W = C(W), (23)

where C is the four phonon collision operator with collision frequency
given by , and we consider a solution which is a perturbation of a ther-
modynamical equilibrium:

We(t,x, k) = W(k)(1+efe(t,z, k))

where W = ﬁ for some constant T > 0.
We introduce the operators

QU.§) = D}V (WL ),

and
1 o
R(f.1.f) = =D COV)(Wf, W[, W)
so that (we recall that C' is a cubic operator):

1 1

_C(V*) = <L(f) + 5QUf. £) + £ GRS, 5)

where L is given by .
The function f¢ solves

€20, f° + ew' (k)0 f¢ = L(f°) + 5%@(]“, o)+ EZ%R(fS, 15, 19). (24)
Taking the limit e — 0 in , we get
L(f%) =0

16



and so Proposition () implies
1Ot 3, k) = T(t,2) + S(t, 2)ok)

Since equation preserves the L' norm, it is natural to assume that
fO(t,z, k) € LY(R x T). We note however that w(k) ~ |k| as |k| — 0, and so
we must have

S(t,z) =0.
Next, integrating with respect to k yields
0T + 0, J° =0

with 1
1° = <fg>7 Ja(t71~) - g<w/f£>

where we use the notation (-) = [; - dk.
We now need to compute J = lim._oJ¢. Recalling that L is a self
adjoint operator, we write

e Hw'ff) = (LTHW)L(f7))
and using (24), we replace L(f) in the right hand side:
e Hw'fF) = (LTHW)W' 0 f7) = (LTHWQ(FF, 7)) + Ofe).
Formally, we thus get
lim e W' fF) = (L7HWW)0,T = (L7H(W)Q(T, T)).

Finally, a direct computation gives

Qf. f) = 5767TT2w///5(k: ey — ko — k3)0(w + w1 — wo — ws)

(20w = wa)lfifo = ffs] + @+ w)lfofs — F11]] by dbs dis,
and it is readily seen that Q(7,T) = 0. We thus get the following relation
J = (LYWW, T

which is Fourier’s law with diffusion coefficient
k= —(L (W) > 0.

We conclude this section with the following remarks:
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1. The non linear term Q(T,T) = 0 does not contribute to the limiting
equation. In the next section, we will drop this term altogether.

2. The fact that S = 0 will need to be addressed very carefully in the
rigorous proof. In particular, we will see that while we do indeed have
fO =T, the term S plays a significant role in the rigorous derivation
of the diffusion equation (see next section).

3. Perhaps the most important remark is that one need to check that
k is well defined. In fact, it can be proved that the integrand in the
definition of the diffusion coefficient behaves like |k|~%/3 for small k.
It follows that

K =400

so the limit presented above does not give any equation for the evo-
lution of T. Such a phenomenon is not uncommon, and based on
previous work (see [I7]), we expect that by taking a different time
scale in (24) we can derive an anomalous diffusion equation for the
evolution of the temperature 7. This is of course the goal of this
paper as explained in the next section.

4 Main result

In view of the formal asymptotic limit detailed in the previous section, we
now consider the following linear equation:

0 f° + e (k)Dyfe = T°L(f?), a€R, keT (25)

where

w(k) = | sin(rk)|
and L is defined by

L(f):w///é(k—l-kl—kg—kg)é(w—i-wl—wg—wg)
[W3 Fa+wafo —wi fi —w f] dky dky dks. (26)

Note also that we have made L independent of the equilibrium temperature
T and set all other constant in L equal to 1 for the sake of clarity.

The existence of a solution to this equation is fairly classical. We recall
it for the sake of completeness in Proposition

Our main result is then the following:
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Theorem 4.1 (Fractional diffusion limit for the linearised equation). Take

a = % and let f¢ be a solution of equation with initial data fo €

L?*(R x T). Then
etz k) — T(t,x) L>®((0,00); L3R x T))-weak

where T solves the fractional diffusion equation

aT + %(—AJ‘“T =0 in(0,00) xR (27)
T
with initial condition
1
T(0,2) = Ty(x) = / fola, k) dk. (28)
0

The diffusion coefficient k € (0,00) is given by

2

K
k=K1 — 2 € (0,00)
K3

where K1, ka2, k3 are defined in Proposition [6.4)

First, we note that it is enough to consider the case
T=1

since we can recover the general case by a simple rescaling ¢ — TQt, z s Tog.
The main difficulty here, compared with previous work devoted to frac-
tional diffusion limit of kinetic equations, is the fact that the kernel of L is
spanned by 1 and w(k)~!. This last mode should not appear in the limit
since it is not square integrable, but it will nevertheless play an important
role.
In fact, we will prove that f can be expanded as follows:

FE(t x, k) = T(t,x) + €355 (L, 2)w(k) ™" + 3 (L, 2, k)

where T¢ is bounded in L>(0,00; L?(R)), h® is bounded in L% (T x R) and
S¢ converges in some weak sense to a non trivial function. More precisely
we will prove in Section [7}

Proposition 4.2. The function S°(t,x) converges in distribution sense to

S(t, ) = —2(— AP0t z).

K3
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In particular, as mentioned above, this means that the mode w(k)~! van-

ishes in the limit and the macroscopic behavior of the phonon distribution
is completely described by T = lim._,07°. However, projecting equation
onto the constant mode of the kernel of L, we will find the following
equation of the evolution of T

AT + k) (—A)YOT + ko (—A)V28 = 0. (29)

We see that S = lim._,o 5S¢ plays a role in the evolution of T'. To understand
this, we note (anticipating a bit on the result of the next section) that the
reason we are observing anomalous diffusion phenomena here (as opposed
to standard diffusion as described in the previous section), is the fact that
phonons with frequency k close to zero encounter very few collisions (de-
generate collision frequency). And the term sgSE(t, z)w(k)~t, while small,
is heavily concentrated around k = 0 (non integrable singularity at £ = 0).
The competition between the smallness and the singularity gives rise to a
term of order 1 in the equation.

In order to describe the evolution of T, we now need to obtain an equation
for S. By projecting equation onto the w(k)~! mode of the kernel of
L, we will prove that:

ko (—=A)V2T 4 k3 (—A)/°8 = 0. (30)

We note that there is no 9;S in (unlike the corresponding equation
for T). The reason is that due to the singularity of w(k)~! for k = 0, the
quantity S diffuses faster than 7" (so we would have to take a smaller « in
in order to observe the diffusion of S). At our time scale (given by
a = %), S has thus already reached equilibrium, and can be expressed (in

view of (30)) as
K2

S =—2(=A)¥10T,

K3
Inserting this expression into , we find

T + k(—A)YST =0

where Kk = K1 — :—g Of course, we will show that £ > 0 (once the explicit
expressions for the k; are given, it will be a very simple consequence of
Cauchy-Schwarz inequality - see Lemma . It is interesting to note that
the effect of the mode w™' on the macroscopic equation is to reduce the
diffusion coefficient (and thus to slow down the diffusion). This can be
understood by noting that the fact that the kernel of L does not contain
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only the natural constant mode, is due to the lack of merging k—+k1+ko — ks
and splitting & — k1 4+ ko + k3 interactions for phonons in the non linear
collision operator C' (fewer interactions = slower relaxation).

5 Properties of the operator L

The asymptotic behavior of the solution of depends very strongly on
the properties of the operator L. This operator is studied in great detail in
[15], and we will recall their main results in this section.

The operator L can be written as

L(f) = / K(k K) f(F) d — V(E) (k)
where

K(k, k) = w(k)w(k) /T 20(w(k) +w(kr) —w(k) —w(k + k — &)

—S(w(k) +w(k) —w(ky) —w(k + K — ki) dky
(31)

and
‘K@:w®fﬂﬁwwﬂmﬂﬂ—w%ﬁ—ﬂk+h—ﬁ”%ﬂ# (32)

The fact that [; L(f) dk = 0 for all f implies

W@ZAM%@W

(this equality can be checked also from the formula for K and V, but it is
much easier this way) and a short computation shows that

Kk, k)= K k).

In particular, L is a self adjoint operator in L?(T). It is also positive since
we have

_/TL(f)fdk; = le////(S(k—i-lﬂ—k2—kf3)5(w+w1_w2_w3)

wafs + wafo — wifi1 — wf]* dk dky dky dks (33)
0

v
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for all f. One of our goals will be to improve this inequality and show that L
has a spectral gap property in the appropriate functional spaces. For that,
we will need to show that the integral operator

K(f) = / K (k, k) [ () dk’ (34)

is a compact operator (in an appropriate functional spaces)
The first step, in view of is to study the solution set of the equation
of conservation of energy:

wk) +wky) = w(k) +w(k+k — k). (35)
We recall the following result:

Proposition 5.1 ([15]). The equation has the trivial solutions k' = k
and k' = ki, and the (non trivial) solution

key = h(k, k')

where Yo
hik, k') = ——

. |l<:’ — k| k+ K
+ 2arcsin | tan 1 CcoS 1

(and there are no other solutions of (35)).

With this proposition in hand, one can now compute the kernel K (k, k')
and the multiplicative function V (k). We recall here the main result of [15].
The first one states that the function V' (k) is degenerate for k& — 0 (note
that W in [15] corresponds to our V):

Proposition 5.2 ([15, Lemma 4.1]). The function V : R — R4 is symmetric
(V(1—k)=V(k)), continuous and satisfies

c1|sin(wk) >3 < V (k) < e sin(nk)[>/? (36)
for all k € R, for some c1,co > 0. Moreover,

(\sinw/-cy—5/3 V(k)) = g > 0.

lim
k—0
Because of the degeneracy of V for k£ = 0, we do not expect the operator
L to have a spectral gap in L?. We thus introduce the operator

Lo(f) = V2LV 2f)
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We note that this operator has the form

Lo(f) = Ko(f) — f

with
Ko(f) = V2RV 2.

To prove that Ly has good properties in L?(T), we need to study the
operator Ko. Again, it is proved in [15] that Ko : L?(T') — L*(TY) is
a compact, self-adjoint operator, which implies that K : L*(T',V dk) —
L*(TY, V=1dk) is a compact, self-adjoint operator.

To be more precise, in [15], the kernel K is first written as

K(k, k) = 2w(k) Ky (k, K w(k') — w(k) K1 (k, K )w(k)

where

1(F- (k) > 0) and Ks(k, k') := 2 (37)

Ki(k, k) =4
F_(k, k') Fy (k1)

for k, k' € [0,1] and
Fyi(k,K') = (cos(mk) + cos.(7rk'))2 +4sin(rk) sin(7k’).
and the main result of [I5] is the following:

Proposition 5.3 ([I5, Propositions 4.3 and 4.4.]). Let ¢ : [0,1] — R be
given, and assume that there are C,p > 0 such that

(k)| < C (sinmk)”
for all k € [0,1]. Then the kernels
(k)" Ko(k, K)(K)  and (k)" Ki(k,K))(K)
define compact, self-adjoint integral operators in L*(T).
We immediately conclude:

Corollary 5.4. The kernel
Ko(k, k') = VY2 (k)w(k) (2Ka(k, k') — K1(k, k') w(K)VY2(E)  (38)

defines a compact self-adjoint operator in L*((0,1)). As a consequence, the
kernel

Kk k) = VY2(k)Ko(k, K)VY2(K)
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defines a compact self-adjoint operator from L*(T, V (k) dk) onto L*(T', V (k)= dk).
In particular,

/|K(f)(k)\2V(k)1dk < C/ |f(R)PV (k) dk. (39)
T T
Proof. Indeed, by Proposition [5.2] we have that
V2 (k)w(k) < ¢y (sinwk)Y/S
and the claim follows from Proposition [5.3 O

Furthermore, we note that we have not used the full potential of Propo-
sition (5.3). We can thus improve as follows:

Corollary 5.5. The kernel
Ko(k, k') = (sin(rk)) /" Ko(, &) (sila(wk'))_l/ﬁJr77 n>0

defines a compact self-adjoint operator in L?((0,1)). In particular, for all
n >0, there exists C(n) such that

/T K (f)(K)[*(sin(rk)) "5V (k)" dk < C /T |/ (k)2 (sin(xk)) 5~V (k) dk

(40)
Proof. Using Proposition we have that
V2 (R)w(k) (sinmk) Y5 < ¢y (sinwk) Y6 (sinwk) "L/
= ¢ (sinmk)”
the claim follows from Proposition [5.3 O

We have thus showed that L : L2(TY V(k)dk) — L*(TY, V(k)~!dk)
was a bounded operator. Next, we characterize the kernel of L: First, we
note that given f € L(T, V (k) dk), inequality implies that if L(f) =0
then

////5(k+k1—k2—k3)5(w+w1—wz—ws)

X [wafs + wafo — w1 fi — wf]® dk dky dky dks = 0.
So f must satisfy

w(k)f(k) +w(kr)f(k1) = wlks) f(k2) +w(k + k1 — k) f(k + k1 — ko)
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whenever
w(k) + w(k:l) = w(k‘g) + w(k: + k1 — k‘g)

We also say that w(k)f(k) must be a collision invariant. Such invariants
have been characterized in [15]:

Theorem 5.6 ([15]). A function 1 € LY(T) is a collisional invariant if and
only if there exists ¢y and co such that

Qf)(ki) =c+ ng(k).
As a consequence, we deduce:

Corollary 5.7. The kernel of L is the two dimensional subspace of L*>(T*, V (k) dk)
spanned by the functions 1 and w(k)™1 (note that both of those functions be-
longs to L?(T', V (k) dk) thanks to @)

Finally, the compactness of K and inequality implies
Lemma 5.8. There exists co > 0 such that
- [ ez [veols - nep

for all f € L*(T', V (k) dk), where II(f) denotes the orthogonal projection of
f onto ker(L).
To summarize, we have thus showed:

Proposition 5.9. The operator L : L*(T', V (k) dk) — L*(TY, V(k)~!dk)
s bounded and satisfies:

1. The kernel of L has dimension 2 and is spanned by 1 and —i~

w(k) "
2. For all f € L*(T',V (k) dk), we have

1
/TlL(f)dk:O and /Tl mL(f)dk:O. (41)
3. There exists cg > 0 such that
- [ upsdnze [Vl - 1P ar
T1

for all f € L*(TY, V (k) dk), where II(f) denotes the orthogonal projec-
tion of f onto ker(L).
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Note that the projection of f onto ker(L) can be written as
O(f) =T+ 85 [(V)w(k) ™" = (Vw™)]
with

_ and § — & V)
T = <V>/V(k)f(k:)dk: ds /[<V>w(k) (Vo YWV (k)| f(k)dk

mo

where mog = (V)2(Vw™2) — (Vw™1)2(V) is a normalization constant. The
operator II is a continuous operator in L?(V (k) dk).

We finish this section commenting on the existence of solutions for the
equation for the sake of completeness:

Proposition 5.10 (Cauchy Problem). There exists a unique solution in
L>((0,00); L2(R x T)) for equation with initial data fo € L*(R x T).

Proof. A traditional method for solving the Cauchy problem for this type
of equations uses an iterative scheme based on the mild formulation:

t
ft,z, k) = folx — ' (k)t, k) + / Lf(x — (t —s)u'(k),s)ds
0
together with the estimate

IL(NIL2®xT) < CllfllL2RxT)-

This last estimate is consequence of and the boundedness of the function
V. We refer to [2] and [I8] for further details on this method. O

6 Proof of Theorem 4.1

6.1 A priori estimates

As a first step in the proof of Theorem we establish some a priori
estimates. The coercivity property of L (Lemma [5.8) gives the following
proposition:

Proposition 6.1. Assume that fo € L>(RxT). Then, the function f&(t,z, k),
solution of satisfies

1Ol 2rxry < lfollp2rxT) for allt > 0. (42)
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Furthermore, f€ can be expanded as follows:
fs — H(fs) + 64/5h€, (43)

where
1751 22 ((0,00) xRxT) < CllfollL2(RxT) (44)

and II(f€) is the projection of f¢ onto ker(L), given by
(f5)(t, 2, k) = T5(t,x) + S5 (t, ) [(V)w(k) ™t — (Vw™h)]

with
Te(t,z) = /V ) fe(t, x, k) dk
Ge = l) —(Vw™ “(t,x
SWM—TW/WM@ v w@ﬁﬂu@% (45)
where T¢, 8¢ are bounded in L>((0,00); L*(R)).

Proof. Multiplying by f¢ and integrating with respect to x and k, we

get
1
€ 2 o I3 e\ re -0
2dt||f()||L2(R><T1) EQ/R/TI (f)fedkdx =0

Integrating with respect to t and using (Lemma [5.8]), we deduce

C
SO eert 2 [ [ [ VOLETGP dkdrds < 15 sy

which implies the proposition. The fact that T¢,5¢ € L((0, 00); L*(R)) is
a direct consequence of this estimate and Cauchy-Schwartz. O

Because the singular terms in IT(f¢) (those involving w(k)™!) play a
particular role in the sequel, we will prefer to write II(f¢) as follows:

Ife =17T° + ?gs(m,t)

with
Te(t,x) = T¢(t, ) — S°(t,z)(Vw™!)

Finally, we set R
Se(t,x) = e ¥5(V) S (t, ), (46)
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leading to the following expansion of f¢:
FE(t @, k) = T5(t, ) + €5 S5(t, w)w(k) ™" + 3 he (¢, 2, k). (47)

Note that while 7° and h® are clearly bounded (in appropriate functional
spaces) in view of Proposition the scaling of S may seem arbitrary at
this point. However, we will see later on that S° defined as in indeed
converges to a non trivial function (in some weak sense).

6.2 Laplace Fourier Transform

As in [I7], the main tool in deriving the macroscopic equation for 7" is the
use of the Laplace-Fourier transform. More precisely, we define

Fe(p,¢, k) =/R/Ooo e Ple 8T f(t 1 k) dt du.

We also denote by ﬁ)(ﬁ , k) the Fourier transform of fo(z, k).

Remarks 6.2. We recall that the Fourier transform preserves the L*(R)
norm (Parseval’s theorem). It is also easy to see that the Laplace transform
of an L' function is in L. However our functions are not L' with respect
to t. Instead, we will make use of the simple fact that for a given function
g(t), its Laplace transform g(p) satisfies

N 1 -
mwﬂgiﬂmummm) and |g(p)| < (48)

1
\/727)”9”9(0,00)

for allp > 0.

Taking the Laplace Fourier transform of the equation, we obtain:
e"pfE — o +iew (R)EFE = K(FF) ~V*

which easily yields

— e« ~ —

Fop. & k) = evp + V (k) +icw' (k)¢ f0+ ep+ V(k)+ isw’(k)gK(f ). (49)
We recall that L(f) = K(f) — Vf Wlth K(f) = [ K(k,K')f(K')dK. The
fact that [ L(f)dk =0 and f f)dk = O for all f implies

—/m&mw, K% /KM
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Multiplying by K(k',k) and integrating with respect to k and &/,
we get

/ e“K (K k ~ /
/Kf dk /[ré‘o‘p—i—v +Z€w( )ffﬁ(gvk)dkdk
K(K . k e /
i /T/T e*p+V(k)+ igw/(k)gK(f )(k) dk dk
_ e*V (k) ~
N /r E%% + V(k) + isw’(k)ng(g’ k) dk

V (k) =
+ /T o F V) e (R L U)k) dk

We deduce

Sy eop+ V(k) +iew (k)€ 0
o V() N
e /T <6°‘p + V (k) + iew' (k)€ 1> K(fe)(k)dk. (50)

3
5
k'

Similarly, multiplying by K(k' k) L and we get:

20

— .t V (k) fo(&: k)
e /Tsap+V(k:)+z‘aw'( e wik) R
—ag3 V (k) N\ E(f9) (k)
TeE /T<€°‘p+V(k:)+isw’(k:)§ 1) w(k) dk. (51)

Next, we write
K(ff) = K(I(f?)) + K(f¢ - 11(f%)) = VII(f%) + K (f* - I(f%))
where we rewrite

— ~ 1 ~
e\ — e 3/5 €
(7 = T+ 07 s 8

We can thus rewrite as follows:
Fi(F2) + a5 (p, T (p,€) + a5(p, )5 (p, &) + RS (p.6) =0 (52)
and as follows:

F5(F2) + a5(p, )T (p, €) + a5(p, €)5° (p,€) + R5(p,€) =0, (53)
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where for a = 8/5, we have:

] V (k)
AU = /T e5p+ V(k)+ zew’(/-<:)£fo<€7 Kk
s V (k) fo(€. k)
Q(f )—8 /ngp—i—V(k’)‘*'wwl(k)f w( ) dk’
(.6 e = (k) -
ip.o)=e /T <€§p+ V (k) +iew' (k)¢ 1) v
_ ot V(k B 5%V(k)
(P 8) /T <g§p+V(kz) + iew! (k)€ 1) oy "
)

) . V (k) AERL0)
3(p,§) : /T <5§p + V (k) +iew’ (k)€ 1) w(k)®

and

R5(&,p) ==~ - 1) K(fe —1I(f%)) (k) dk

utljoo
—
N
™
oo
=
+
=
==
+|=
<
I
E\
>~
Iy

f(6 1) i o V(k) 1) kFEouFE
R2(‘57p) =€ /( 8 ) ,(k)g 1) (/J(k‘)K(f H(f ))(k)dk

T

In order to prove the main theorem, we now need to pass to the limit
in and . The following three propositions, which are proved in the
next section, give the necessary results for that.

First, we have the following limits for the terms involving the initial data:

Proposition 6.3. The following limits hold for all P > 0:

F () Ep) — /T Pk dk=Toe)  in I2((0,P) xR)
F5(fO) & p) — 0 in L'((0, P) x R)
when € = 0.

Next, we pass to the limit in the symbol af(p, €):
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Proposition 6.4. The following limits hold pointwise (p,&) € (0,00) x R

and strongly in LY ((0,00) x R) for all p € (1,00):

loc

3/5 poo ,3/5
a5 (p,€) — —p—rilé]5  with k1= g <W> / = dr (54)
0

Vg 2241
a5(p, &) — —kal¢| with K —G/OOIdz (55)
2\D;, 2 2 = 5 0 Z2+1
2 . 6 /v 3/5 [ 273/5
a5(p,€) — —ralé]? with ry = 3 (22) /O Gds (s

Furthermore, a3, a3, a3 € L7 ((0,00) x R) uniformly with respect to .

loc
Finally, we need to show that the remainder terms, involving f&—TI(f¢),

go to zero:

Proposition 6.5. For all 0 < a < P and K > 0, we have
R -0 in L*((a,P) x (-K,K))
ase — 0 fori=1,2.

Proof of Theorem [{.1. We are now ready to prove Theorem[.1} First, using
Proposition we see that up to a subsequence, T¢(¢, ) converges weakly
to T(t,z) in L?((0,7) x R) for all 7 (the uniqueness of the limit will give the
convergence of the whole sequence).

Next, for a given test function ¢(p, &) in D((0,00) x R), we then have

//Tap, o(p, €) dé dp = //Tftm (t,z)dzdt  (57)

where $ € L?((0,00) x R). This last fact is the classical Parseval inequality
for the Fourier transform, while for the Laplace transform, it follows from

Minkowski’s integral inequality:
() oo 1/2
< / < / et dt) ©(p) dp
0 0

(/OOO (/OOO e Po(p) dp>2 dt)
< /Ooo \/127)@0(1?) dp < oo.

Thus T¢ converges to T in D'((0,00) x R). Since T¢ is also bounded in
L? ((0,00) x R) (using (48)), we deduce that (up to another subsequence)

loc
it converges weakly in L2 ((0,00) x R) to T

1/2
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In order to derive the equation satisfied by f, we need to pass to the
limit in and (53)). However, we do not know that S¢ (defined in (46))) is
bounded in some functional space. So we multiply equation by a3 and
by a5 and consider their difference, in order to get rid of the terms in
Se:

0 = @i OFF () + (a5(p a5 (v,6) — (a5(p.)°) T (v, €)
+a5(p, ) Ri (p,€) — a5(p, ) F5(F*) — a5(p. O R5(p. ).

Using Proposition [6.4] Proposition [6.5]and Proposition[6.3] we can now pass
to the limit in this equation in D’((0,00) x R) and deduce:

sl Tyt (—r €2 (—p — s &%) — IE) T =0 in D'((0,00)xR),
Furthermore, factorizing —ks|¢ |2/ % in this last equation we get
~ ~ /@2 ~ .
—53|£\2/5 <To —pT — (k1 + /£§)|£’8/5T> =0 in D'((0,00) x R).
This implies that the function
- = ’f% 8/57
9(p, &) ==To —pT — | k1 — oy 77T, (58)

which belongs to L2 ((0,00) x R), satisfies

loc

9(p,§) =0 ae. in (0,00) x R

which gives —.

To complete the proof of Theorem it remains to show that f¢ con-
verges to T(t,z) (weakly in L*((0,00), L2(R x T))). Since f¢ is bounded in
L>(0,00; L>(R x T), and in view of the expansion , it is enough to show
that £3/°S¢ converges to zero in some weak sense.

This follows from Proposition the proof of which uses equation
and some bounds from below on a§(p, £) and will be detailed in Section[7} O

We end this section by proving that the diffusion coefficient « is indeed
positive:
Lemma 6.6. The coefficients k1, ko and k3 are such that
2

K
/ﬂ—f2>0.
K3
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Proof. Indeed, this is equivalent to
Iﬂg < K1K3

and using the explicit formula for 1, k2 and k3, we see that this is equivalent

to 2 3/5 3/5
o0 1 o0 o0 —
([ i) < [ [ 20
0 ]. + 2z 0 1 +z 0 1 +z
which is an immediate consequence of Holder inequality. ]

6.3 Proofs of the asymptotic results

We recall here that T denotes the torus R/Z and that w(k) = |sin(7k)|.
Since the dispersion relation w is degenerate at k = 0 4+ n, it will be easier
in the computation below to work with & in the symmetric interval (—1, 1)
(when working with the interval (0, 1), we have to deal with both endpoints
0 and 1). Note that the function w is even in that interval and that

W' (k) = sgn (k)7 cos(rk).
Finally, Proposition [5.2] implies:

Proposition 6.7. The function k — V (k) is even and non-negative on
the interval (—%,1). Furthermore the function W (k) := V(k)|k|=5/3 for
k€ (—3,3) satisfies

lim W (k) = wq := vor®/3
k—0

and
Cyl <W(k) < Cy

for some Cy > 0.

Proof of Proposition[6.3. The first part of the proposition follows immedi-
ately from Lebesgue dominated convergence theorem, since

<1

V (k) ‘ _ V(k

eip + V (k) + iew' (k)¢ \/ (e%p + V(M)2 + (ew'(k)€)?

and

—1 ase—0.



For the second part, we note that

V (k) ‘ _ VK
eip+ V(k) +iew (K)E| ~ esp+ V(k)

and so

‘f-g(fo)’(g,p) < 5% /I' Egpv_:k‘;z(k) f(ZLE(é];;C)

cH R /1/2 LIGA
< 65 oo _—
el e3p+ [kp/3
3~
< C IRl pmr (L + | In(e3p))

dk

(59)

hence the result, since this last inequality implies (integrating with respect
to £ and p)

3 8
1F5 (P21 (0.2 xR) < C25 || fol| oo remy P(1 + | In(e5 P))).

O
Proof of Proposition[6.4 First, we write
. V (k) | esptiew(k)E
eip+ V(k) +icw (k)€ esp+ V(k) + icw (k)&
_ €%p + V(k) E%p
(esp+V(k))* + (ew'(k)€)?
. View' (k)¢
(e5p+ V(K))? + (ew'(k)S)?
(e (R)9)? )
(5p+ V (k)2 + (ew’ (K)E)?
Using the fact that V (k) = V(—k), w'(—k) = —w'(k), we deduce that
: : cip+ V (k)
(0.6 i=—p [ v e W
et (e’ (k)

/ _ & V (k) dk.
—3 (E3p+V(k))? + (ew'(K)S)?
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Dominated convergence immediately implies that the first term converges
to —p, so we only have to consider the term

/ (e (k)E)?
1 (e3P + V(K))2 + (e ()€)?

oo
N[

d*(p,§) = ¢~ V (k) dk.

For some d € (0, 3), we write

d*(p, &) = di(p, &) + d5(p,¢)

where
e 8 ew' (k)€)?
e / PEr <asp+v(<k>>(2 f)@w(m&ﬁv(@ "
2
<Ce8 b gﬁz) dk
< C(8)|¢fes
and
d(p,€) = /| (e (k)0)" V (k) di

K<o (£5p+ V(K))2 + (ew! ()E)?
)

8

_ 2 (em cos(mk)E ) AL
* /o EFEETT T ——rch
s [° (7 cos(mk))? 5/3
— 975 W (k)| k|3 dk.
) /0 (e8 & + W (K) )2 4 (m cos(mk) )2 I

We now do the change of variable

k|53 3 3/5, —2/5
=—, dk=-(e w dw, 61
EX % elel (61)
which yields
5/3
e s [T 25 (w) c 3 3/5, —2/5
B(p.€) =2 : e WE)elel (el€])Pu = du
0 (agﬁ + Wf(w)w> + 28 (w)
€]
8/50 % 2% (w) e 3/5
= [¢] 5/ 3 5 We(w)w® dw
O (B wEww) + 22 (w)



where

2 (w) = (m cos(m(e[¢jw)*/?))?

W (w) = W((el€lw)*).

In particular, the integrand converges pointwise (for all w and &), as € goes

to zero, to
2
I /.

wow
(wow)? + 72 ’
and it is bounded by

7T2

3 C0w3/5.
(Cytw)™ + (m cos(mé))?

We deduce that
45(p. )| < Clel*”

for some constant C' and that

6 [ 2 8
d5(p,§) — |58/55/0 mw0w3/5 dw = K1|£]5

(recall that wg = vomd/ 3) which concludes the proof of the first part. Note
that we have also proved that

16 (p, €)| < p+ Ce3 ¢ + O3

In particular, aj(p,§) is bounded in L7 ((0,00) x R). Since it converges
pointwise, a classical argument shows that it also converges strongly in
L? ((0,00) x R) for all 0 < p < oo.

loc

The convergence of a5 is proved similarly: Using , we find

- . 2 eip+V(k) V (k)
0.0 = [ s e o

(k)
_51/ (e (k)€)? V (k)
1 (3p + V(K)2 + (ew!(K)€)2 (k)

N
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The first term is bounded by

1 k
Egp/i 5 V(k) dk
-1esp+V(k) w(k)
1
< Caip/2 1 k3 dk
0 esp+Cylks
1
< 05—1/2 1 k3 dk
0

and thus converges to zero as ¢ — 0 (here we used the change of variable
w=e% p*1k§ ). For the second term the same decomposition of the integral
in the interval |k| < ¢ and |k| > §. The integral in |k| > 0 is bounded by
C(6)e|€]2. For the integral in |k| < d, the change of variable gives that
it is bounded by C|¢| and converges to

6 [ 2 wo

g [ dw = male]
5Jo (wow)”+72 ™

Note that

la5(p, )| < Cpes In(1+ Ce~5p~ ") + C(S)el¢]? + Cle] (62)

so aj € Lf°.((0,00) x R) implying, next to the pointwise convergence, the

loc
LT ((0,00) x R) strong convergence for 0 < p < oo.

Finally, using , we find

. e 3 sgp—i-V(k) V (k)
3(p. &) s p/_; (e5p + V(K))? + (ew!(k)€)2 w(k)? o
3 (ew' (K)E)? V(k

) ak. (63)

R M=
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The first term is bounded by

0
—_
<

—
Sy

~

“p/; S+ V (k) @R)?

and thus converges to zero as € — 0. For the second term, the same decom-
position of the integral in the interval |k| < ¢ and |k| > §. The integral in
|k| > ¢ is bounded by C(6)e¥|¢|. The integral in |k| < 6, the change of
variable gives that it is bounded by C|¢|?/% and converges to

6 00 2
g|§/ 0w dw = ks)é]
5Jo (wow)® 4 w2 w2

Analogously as in the previous cases, we have that
a5(p,€)| < Ceps + C(6)e¥Ig] + Cle*/?

so aj € Li? ((0,00) x R) which, next to the pointwise convergence, implies
the L} ((0,00) x R) strong convergence p € (0,c0).

O

It only remain to prove Proposition For that we will require the
following lemma:

Lemma 6.8. For alln € (0, 3], we have

/

V(K)

1
e3p+ V(k) + iew! (k)€

V (k) (sin(rk))s " dk

3n

<O |(E5p)F +(ElghP 7 +(elgh?]  (64)
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and

/ . V (k) —1 V(k)Q (sin(rk))3 " dk
T|esp+ V(k) +icw! (k)€ w(k)
< O[30 4 (€307 + (ele)?] (65)
We note that when n = % (that is when we do not have the term

(sin(Trkz))%”7 in the integral), then the integral behaves like e5. As we will
see below, this would be just enough to show that the remainder term R
is bounded, but not to show that it converges to zero. The improvement of
the norm of K given by is thus essential here.

We first prove Proposition (using Lemma, before giving the proof
of Lemma [6.8}

Proof of Proposition[6.5. Using , we get:
V(k) — 1) K(fe = 10(F9)) (k) dk
/T<s§p+V(k)+iew'(k)g ) (e = 7))
2
[/
- - ) 1/2
([ 5T = Psintrk)) v )
.

9 1/2
<Ces /
.

V (k)(sin(ﬂk))%*?7 dk
Fe TN (sin(nk)) 5V (k) d

utjoo

|Ri(p, &) =€~

] V(k)

e3p+ V(k) + icw! (k)&

oo

IN

-1

1/2
V (k)(sin(rk))3 " dk)

V(k)

. —1
esp + V(k) + izw! (k)&

1/2

and using , we deduce that for p < P and [{| < K, we have

8 9-3n — — 1/2
Ri(p. )| < O(P.K)e 35" ( [ @ - n@rve dk) |
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For all 0 < a < P and K > 0, we deduce

Pk 16 9-3ny —~ —
/ /K | R (p, f)’Q dfdp < C(P,K)e 5¢ 5 ana - H(f8)||%oo((a,oo);Lg/(T><R))

1
<CP K5 - (fE)H%Q((O,oo);L%/(TXR))
< C(a, P, K) S"s%
< C(a, P, K)

where we have used .
Clearly, this implies Proposition for ¢ = 1.

Proceeding similarly, we have that
-1 8 (3(1— § 2 1/2
[R5 (p,6)] < C™ ((e3p) 3077 + ()30 + (cl¢))?)

< ([ - nEpviar) R

and therefore

/ / B (. &) dpds < C(P.K)e" 5 | (F — () e ez ()

7 3n
<C(a,P,K)e lIf — (fg)H]ﬁ ((0,00);L% (TxR))
< Ca,P,K)e 5" (67)
which converges to zero for any n € (0, %) O

Proof of Lemmal6.8 We write:

/

2

V(k) V (k) (sin (k)3 dik

eSp+ V(k) + iew! (k)&

g

- 2+ RO i ey hn
/T<e?p+V<k>> e )

=0L+1

-1

8 p + iew! (k)¢

2
V (k)(sin(rk))3 " dk
e3p+ V(k) +iew! (k)€ (){sin(rk))
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where

(note we do not need to use the (Sin(ﬂk))%_” to control this term) and

_ (e (R)E)? i
" '_/T<e?p+v< 0+ g R
! 2

V(e (R)S) : V2 (em€)?
<2 V (k) (sin(mk 377dk—|—2/ dk
<2 e s e ) () i VI

1/4 Eé-)
<<7]/ ——=——k* " dk + CE2[¢)?
<C) WRy e '5’

(here the (sin(wk))%_" is essential).
Using the change of variable w = % in I; and w = % in Iy, we find
00 3/5
L <O 8/5/ L _d
SO T
9/5-3n/5 w/5 =/ 2612
I, < C(e€) —Tq;——fdw4—05|ﬂ
0

where the integral in the right hand side are clearly finite (recall that n €
(0,3). Inequality follows.

We now proceed similarly to prove (65)): First, we write

2
V(k) - V(k) sin(mw 5
/TESP‘FV(/C)—HE '(k)é ! w(k)Q( (wk))s~" dk
(e5p)° + (' (K)E)  V(k

)2 (sin(rk))3 " dk

P+ V(k)2+ (ew (k)€)2 w(k)

’\u\

T (e5p+
L+ I
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where

and
- (e ()6)? V)
Qﬁ_ﬁi@§p+¥qk»2+%fw%M§yaK@2( (k)" dk
V2 (ew(k)9)? V(K

<9 ? ) (sin(rk)) 57 di
<2 VR + (e (MO (k)2 )

1/ (€€)? - 2
§2/0 e gt CUEle)

Using the change of variable w = % in I, and w = k;? in I, we find

~ 8 3 co w_3/577
I < Cl(es £(1-n) / —
1> (E p) 0 (1 +ZU)2 w

o ,,—2/5-3n/5
jad 3 1— w 2
I, < CO(e€)5 n)/o de‘FC(dﬁD
which yields (65). O

7 Proof of Proposition 4.2

The proof of Proposition [4.2] relies on the following crucial bound:

Lemma 7.1. There exists a constant ¢ such that for all K and for all €
such that e K < 1, the following lower bound holds

la5(p, )| > ce®ps +cl¢|f for0<p< K, |{<K.  (68)
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Proof of Lemma[7d We recall that a§(p, ) is given by (63). In particular,
we note that for all (p,&) # (0,0), we have a§(p,§) < 0. Furthermore, we
can write (using the fact that all the terms in have the same sign):

i esp+ V(k) vk
P+ V(k)2+ (ew(k)€)2 w(k)

/i (' (£)9)? V)
0 (e3p+V (k)2 + (e (k)€)2 w(k)?

)
 dk

Using the fact that for k € (0,1/4) we have Cy!|k|>/® < V (k) < Colk|>/3,
% < W'(k) <7 and §k < w(k) < 7k, we obtain the following lower bound
(for some constant ¢ > 0):

1
3 k|4/3
—a3(p, k) > cegp/4 il dk

0 (e3p+ Colk[5/3)2 + (em€)?

T -1/
/ ; (en€)k 17 dk. (69)
0 (e5p+ Colk[5/3)% + (em€)?

+ce

[SlN]

From now on, we fix K and assume that 0 < p < K and that [¢] < K.
We also assume that € is such that e K < 1. In order to establish , we
consider two cases, and in each case we use only one of the integrals in :

1. First, assume that p and £ are such that
gl <esp. (70)

Then, using only the first integral in , we get (using ):

L ‘k|4/3

~a5(p. k) 2 cctp [ ( ah
0

e3p + Colk|5/3)2 + (wesp)?

and the change of variable w = (5§ p)fgk yields

o (£50)5 (13,3 o] 4/3
—a5(p, k) > ces 4eBp)B dw
3(p k) = ceop /0 (14 Colwl[5/3)2 + 72

and using the fact that 5%1) < 1, we deduce (for a different constant

c): Y

—a5(p, k) > ceps.

43



Finally, using , we also get

2

—az(p, k) > c[¢|5
and so holds in this case.

2. Next, we assume that p and £ are such that

3
esp < [¢] (71)
and using only the second integral in (69)), we get (using (71)):

1

/ (emé)2k~1/3
o (elé]+ Colk[>/3)2 + (em§)?

SIS

as(p, k) > ce”

and the change of variable w = (g€ |)7gk, yields:

1

2
_z 7 (e€)sw '
€ k) > 52/4@5)5
as(p, k) > ce 5m 0 (1 + Co|w|3/3)2 + 72

dw

2
> cl¢]>
(using the fact that €[¢] < 1). Finally, using (71)), we also get

and so holds also in this case.

O
Proof of Proposition[{.9 We use equation to determine S
. 1 N
8 = — (~F5(Jo) - Bs — a5T*) . (72)
ag

Note that we can do this since a§(p,£§) < 0 as long as p and £ are not
simultaneously zero.

We now need to show that we can pass to the limit in all the terms in the
right hand side. First, using Lemma and the estimate , we deduce
that for a given K and for all ¢ < K~!, we have

as(p,&)  |a5(p,&)| _ Cpe¥/SIn(1+ Ce™8/5p~1)  Cel¢?  Cl¢|
c = | e ) + 7+ 2
az(p,§)  |a5(p,¢€) e ps el cl¢l3
% 35 In(1 + Ce~¥/%p1) + Cel¢|s + CJ¢|3

IN
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for all 0 < p < K and |[¢| < K. Furthermore, this uniform bound, together
with Proposition implies that

a3(p; §) k2\.13/5
)

((0,00) x R) strong.

point-wise and in Ll oc

Next, for e sufficiently small we can use Lemma along with the esti-
mates on F5(fo) in to conclude that

—g (fo) in D'((0,0) x R).

Finally, we need to bound the quantity
R5(p, §) ‘
a5 (p, )

For that, we fix 0 < a < P and for p € (a,P) and [¢| < K, estimate (66)
then implies

24 3 ~ ~ 1/2

Bilp. )] < €= (B0 4 (c)30-) " ([ (- 7oy pv )
Ce—120-n) (f (f5 — rl(ff))ZV(k)dzc)l/2 if [¢] < 3/
O e B0 (fo(F —m(F))v (yak)

<
if |¢] > &3/

and we are going to use the following consequence of Lemma

—a5(p, &) > { c(a)e®/? if |¢ < €3/

dePls it fe] >
We deduce
19 1277 1/2 )
R3<p,s>’ _ ) oTE (R (FF TPy >dk) e
a?,(p,&) N Ce™ 5130 ‘é" <f_|_ f€ _ )) V(k)dk) / if |€’ > 2,_:3/5

3/5

Finally, using the condition |£| > €°/° in the second case, we deduce that

R5(p, &)
a5(p, €)

< Clap )™ 5 ([~ 1)V ) v
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for all p € (a, P) and [{| < K.

We deduce
/P /K 175(p, §)
a —-K ag(%f)

) 1/2
—19-12n  — —
dg dp) <C(a,P,K)e 5 |(f5 - L) Loo ((a,00):22 (TxR))

—19-12n
%17 = Il 22 ((0,00):22 (TxR))

1—12n

<C(a,P,K)e 2

<C(a,P,K)e

which goes to zero as € — 0.

We can now pass to the limit in to conclude that
S5 §="21BPT  in D/((0,00) x R)
K3

which completes the proof of Proposition O
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