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Abstract

This thesis is split in two different topics. Firstly, we study anomalous trans-
port from kinetic models. Secondly, we consider the equations coming from
weak wave turbulence theory and we study them via mean-field limits of fi-

nite stochastic particle systems.

Anomalous transport from kinetic models.

The goal is to understand how fractional diffusion arises from kinetic equa-
tions. We explain how fractional diffusion corresponds to anomalous trans-
port and its relation to the classical diffusion equation. In previous works it
has been seen that particles systems undergoing free transport and scattering
with the media can give rise to fractional phenomena in two cases: firstly, if
in the dynamics of the particles there is a heavy-tail equilibrium distribution;
and secondly, if the scattering rate is degenerate for small velocities.

We use these known results in the literature to study the emergence of frac-

tional phenomena for some particular kinetic equations.

Firstly, we study BGK-type equations conserving not only mass (as in previ-
ous results), but also momentum and energy. In the hydrodynamic limit we
obtain a fractional diffusion equation for the temperature and density mak-
ing use of the Boussinesq relation and we also demonstrate that with the same
rescaling fractional diffusion cannot be derived additionally for the momen-
tum. But considering the case of conservation of mass and momentum only,
we do obtain the incompressible Stokes equation with fractional diffusion in

the hydrodynamic limit for heavy-tailed equilibria.

Secondly, we will study diffusion phenomena arising from transport of en-
ergy in an anharmonic chain. More precisely, we will consider the so-called
FPU-f chain, which is a very simple model for a one-dimensional crystal in
which atoms are coupled to their nearest neighbours by a harmonic potential,
weakly perturbed by a nonlinear quartic potential. The starting point of our
mathematical analysis is a kinetic equation; lattice vibrations, responsible for
heat transport, are modelled by an interacting gas of phonons whose evolu-
tion is described by the Boltzmann Phonon Equation. Our main result is the

derivation of an anomalous diffusion equation for the temperature.



Weak wave turbulence theory and mean-field limits for stochastic particle
systems.

The isotropic 4-wave kinetic equation is considered in its weak formulation
using model homogeneous kernels. Existence and uniqueness of solutions is
proven in a particular setting. We also consider finite stochastic particle sys-
tems undergoing instantaneous coagulation-fragmentation phenomena and
give conditions in which this system approximates the solution of the equa-

tion (mean-field limit).
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Chapter 1

Overview: anomalous diffusion in

kinetic theory

In this chapter, we start by explaining the main idea of multiscale analysis, which is the
derivation of macroscopic models from microscopic ones. We focus here on a particular
type of multiscale analysis giving rise to the fractional diffusion equation. In Section 1.2
we define the diffusion and fractional diffusion equations followed by the linear Boltz-
mann equation which is a kinetic model suitable for the study of the diffusive limit. In

Section 1.2.3 we review the main results on this direction and explain the methods used

to obtain them in Section 1.5.

We will also spend some time explaining the type of phenomena that the fractional
diffusion equation models (super-diffusions/anomalous transport) and relating it to the

classical diffusion in Section 1.4.

Contents

1.1 Preliminaries: Multiscale analysis . . . ... ... ............. 19
1.1.1 Multiscale analysis from kineticmodels . . . . . ... ... .... 22
1.2 Mathematical models and previousresults. . . . ... .......... 22
1.2.1 Classical and fractional diffusion equations . . . . . .. ... ... 22
1.2.2  Linear Boltzmannequation . .. ... ... ............. 23
1.2.3 Diffusive limit in the literature . . . . ... ... ... ... .... 25
1231 Scaling .. ... ... ... ... ... o 25
1.2.3.2 A formal computation. . . .. .. ... ... ... ... 26
1.2.3.3  Fractional diffusion due to heavy-tail equilibria . . . . . 27

1.2.3.4 Fractional diffusion due to a degeneracy of the collision
frequency . . .. ... Lo 29
1235 Methods . ........ ... ... ... .. . .. 30
1.2.4 From atomic models to diffusion phenomena . . . . . .. ... .. 31
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1.1. Preliminaries: Multiscale analysis

1.1 Preliminaries: Multiscale analysis

In this first Section we give a general flavour of the idea of multiscale analysis. Much can
be written about this subject. Here we present a very short introduction sketching some
of the concepts in an informal way.

One of the greatest applications of mathematics is the description and prediction of
physical phenomena, for example, using Newton’s laws, we can predict with much pre-
cision the movements of the planets; Newton’s laws are what is called a model in math-
ematics. It is through models of physical phenomena, like the movement of the planets,
that mathematics are used to get predictions.

However, we can find two different models describing the same phenomenon. How
is this be possible?

An example of this are the model called Boltzmann equation and the model called
diffusion equation. Both can be used to describe a gas. However, these models are ob-
tained by studying the gas from different perspectives. On one hand, the model of the
Boltzmann equation is obtained by studying the particles of the gas and their collisions;
that is why is called microscopic model. On the other hand, the diffusion equation de-
scribes what can be seen by the naked eye, i.e., how the flow of the gas behaves; this is
a macroscopic model. The microscopic and macroscopic models are quantitatively and
qualitatively different even if the physical phenomenon, the behaviour of a gas, is the
same.

This example evokes an ‘old” idea; all the matter of the universe is formed by atoms,
so if we know how atoms behave, we would expect to know how the world (the one that
can be observed by the naked eye) behaves. Mathematically, this means that macroscopic
models should be derived from microscopic ones. However, in the models of the gas,
the diffusion equation was not derived from the Boltzmann equation; both models were
obtained independently. Nevertheless, since both are good models, one would expect to
find an a posteriori relation between them.

In this document, it is shown how to derive a posteriori diffusion-type equations
from Boltzmann-type equations. The set of methods for doing so are called multiscale
analysis or scaling process or limiting process. This derivation gives insight on the

relation between the two models.

The origins of multiscale analysis can be found in Hilbert’s 6th problem. In the Inter-
national Congress of Mathematics of 1900, Hilbert presented 23 main problems for the
mathematics of the 20-th century. Problem number 6 is the axiomatization of physics.
This means to find a set of axioms (describing how particles behave) from which to de-
rive all the physical phenomena, in particular, the one that can be observed by the naked

eye. Part of the problem states:
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Overview: anomalous diffusion in kinetic theory

6-th Problem. Mathematical treatment of the axioms of physics'

“To treat [...], by means of axioms, those physical sciences in which
mathematics plays an important part; in the first rank are the theory of
probabilities and mechanics.

As to the axioms of the theory of probabilities, it seems to me desirable
that their logical investigation should be accompanied by a rigorous and
satisfactory development of the method of mean values in mathematical
physics, and in particular in the kinetic theory of gases.

Important investigations by physicists on the foundations of mechan-
ics are at hand; I refer to the writings of Mach, Hertz, Boltzmann and
Volkmann. 1t is therefore very desirable that the discussion of the foun-
dations of mechanics be taken up by mathematicians also. Thus Boltz-
mann’s work on the principles of mechanics suggests the problem of de-
veloping mathematically the limiting processes, there merely indicated,
which lead from the atomistic view to the laws of motion of con-

tinua. [...] 7

The mathematical derivation of macroscopic models from microscopic ones seemed
an impossible task. What Hilbert suggested is to use an intermediate step: kinetic theory.

We comment next on the meaning of this quote.
Atomic systems are in general intractable at mathematical, computational and exper-
imental level. Let us take for example Newton’s laws applied to the modelling of a gas.
A gas can be described by giving the position and velocity of each particle at each
instant of time. Therefore to each particle i, it corresponds the following dynamics:
Ty = ;

0; = sum of forces, which depends on all the particles .

This atomic model presents three problems:

(i) mathematically, the problem of solving the system is related to the N-body prob-
lem, which is a very hard problem to study;

(ii) numerically, each particle has 6 degrees of freedom and the number of particles is
too big to be computed (around 10%);

(iii) experimentally, the equations tell us how the gas behaves, but we need to have an
initial description of the gas, i.e., we need to know all the positions and velocities

'From http://aleph0.clarku.edu/ djoyce/hilbert/problems.html#prob6, David E. Joyce.
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1.1. Preliminaries: Multiscale analysis

) Speed

f(t,x,v)dxdv
v+dy [

0 X X + dx Position

Figure 1.1: In the Boltzmann equation, f(t,z,v)dzdv is the number of particles in an
infinitesimal volume dzdv centred at the point (z,v) at a time ¢.

of all the particles at a given time. However, technically, it is not known how to get

those measurements.

Summarizing, the microscopic model is very hard to deal with.

Boltzmann proposed to model the same system but considering that the only known
information is the distribution of the particles in the phase space (space of positions and
velocities). Therefore, he assumes that we do not know exactly the position and velocity
of each particle. The goal is then to study f; = fi(z,v) probability distribution of the
particles in space and velocity for every given time. f(t,z,v)dxzdv gives the number of
particles in an infinitesimal volume dzdv around (z, v) at a time ¢ (see figure 1.1).

Originally Maxwell and afterwards Boltzmann avoided the intractability of the atomic
model at the price of adding some “uncertainty” into it: we do not have the whole infor-
mation of the system, we will just look at how the positions and velocities of the particles
evolve in average.

This idea gave birth to Statistical Mechanics and the Boltzmann equation for rarefied
gases is the most fundamental one in what is called kinetic theory.

Kinetic theory studies mathematical models giving the evolution of a statistical or
probability distribution for a given quantity. It started with the study of gas dynamics
but it now extends to other areas like the study of plasmas.

Hilbert’s suggestion is to derive macroscopic models from microscopic ones using an
intermediate scale (mesoscale) which corresponds to kinetic models.
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Overview: anomalous diffusion in kinetic theory

1.1.1 Multiscale analysis from kinetic models

The idea of multiscale analysis is to derive mathematically a particular physical model
from another one that contains more information than the original one. The two models
or equations are at different scales and deriving one model from the other requires, in the
cases that will be treated here, averaging and a limiting process. This means that a model
at atomistic scale explains how particular physical phenomena may arise at observable
scale.

The kinetic equation has a solution that depends on space, time and velocity. The
macroscopic equation depends only on space and time. The latter will be derived by
averaging over the velocities the solution to the kinetic equation, and by performing a
limiting process.

In physical terms, rescaling space and time means the following. The micro time
scale is the typical time a particle takes to change its velocities. For observable changes
to happen in the bulk of the particles, we need to speed up time and consider macro time
scales. In the same manner, we also make a zoom out in space, to focus on the bulk of
particles instead of on the individual particles.

This rescaling in time and space has to be done properly so that it stands out interest-
ing phenomena: if we speed up time too much, the particles may escape to infinity and
we will see nothing, i.e., in the limit we will get zero. If we do not speed up time fast
enough, no changes will occur on the bulk of particles and no phenomena will arise.

Summarising, in the limiting process information is lost and at the same time, the
dynamics of the bulk of particles, that were only implicit in the kinetic equation, stand
out. Notice that due to the loss of information during the limiting process, it is possible
that different kinetic models lead to the same macroscopic equation. Example of limiting
process from kinetic equations can be found in the classical references [SR09], [CIP94]
and [Vil02].

In this part of the dissertation we will deal with a particular type of multiscale analysis
called diffusive limit. We will present the diffusive limit from kinetic equations giving

rise to the fractional diffusion equation.

1.2 Mathematical models and previous results

1.2.1 Classical and fractional diffusion equations

In this section we will study the fractional diffusion equation and its classical counterpart,
the diffusion equation. We give here the basic definitions and afterwards in Section 1.4

we will study their properties.
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1.2. Mathematical models and previous results

The classical diffusion equation is written as

Op(t,x) — V- (DVyp(t,z)) = 0 in(0,00) x RY (1.1)
p(0,) = p™ inRY (1.2)

where D is a diffusion matrix (positive definite). The Cauchy theory and the properties
of this equation are well known and can be found in the classical reference [Eva98].
The fractional heat equation is a generalisation of the classical one:

p(t, ) + k(—=A) D pt,z) = 0 in (0,00) x R, (1.3)
p(0,)= p"  inRY (1.4)

with k € R4. The fractional laplacian corresponds to the classical laplacian in the case
a = 2 and it is defined as

(—A2) D p = F K" F(p)(k)),  a€(0,2) (1.5)

where F stands for the Fourier transform in the space variable. This definition is the
one considered in Laplace-Fourier methods (Section 1.5.3) but it is useful to have the
following equivalent definition in terms of a principal value integral:

f(z) = Fy)

[Nra dy a € (0,2) (1.6)

—A)/? =
(—A)¥“f(x) == en,o PV /RN =
for cy o a constant depending only on the dimension and the exponent «.. This is the
definition used in the moments methods (Section 1.5.4) and it already shows that the
fractional laplacian is a non-local operator.

Fractional and classical diffusion equations model transport phenomena. The case
of the fractional diffusion is a particular instance of anomalous transport called super-
diffusions. All these ideas are explained in Section 1.4.

For the Cauchy problem on this equation the reader is referred to [dPQRV12, MLP01]
and for regularity results to [VAPOR13] and the references therein.

For some applications of fractional diffusive phenomena see [HBW " 00] and [MS12].

1.2.2 Linear Boltzmann equation

We will use the linear Boltzmann equation to illustrate how fractional diffusion pheno-
mena arises from this kinetic model and the different methods that exist to obtain this
derivation. Notice that the equation presented here has some variants that appear in
other contexts under different names, like radiative transport equation.

The linear Boltzmann equation is a kinetic equation giving the distribution f = f(t,z,v)
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Overview: anomalous diffusion in kinetic theory

of particles undergoing free transport and collisions with the background (scattering), see
figure 1.1 in page 21. The equation conserves the total mass and the scattering process
makes the distribution of the particles relax to an equilibrium. In its general form, the

linear Boltzmann equation is

O f(t,z,v)+v-Vuf(t,z,v) = L(f)(t, z,0) in (0,00) x RY x RV (1.7)
£0,) = fi™(x,v) in RY x RN (1.8)

where L is a linear Boltzmann operator

L(f) = /R o0, o0 0) 1 ()] v (19)

for

K(f)—/RN o(0,0) F(o)) A, ”(”)_/RN (o, v) dv.

The collision kernel or cross-section o = o (v, v) is non-negative and v is called colli-
sion frequency. The collision kernel indicates the proportion of particles whose velocity
changes from v to v’. The operator L is linear, defined in L'(v) and conservative, i.e., it

preserves the total mass of the distribution:

/ L(f)dv=0  for f e L*(v) (?).
RN

We say that a function M is an equilibria for L if L(M) = 0. We will consider in this
document linear Boltzmann equations with two types of equilibria: either, Maxwellian

distributions, whose normalise form is
1 2 1.1
M) = g (-l 2) (1.10)
or, we will consider heavy-tail functions under the following shape
M) < colv) ™M forallv e RN, M(v) =colo| N"if o] >1, M e C*RY) (1.11)

with sg >0and o > 0.

We will not study here the properties of this equation (existence of solutions, posi-
tivity, dissipation of energy (entropy), maximum principle,...) but they can be found in
[AG13] and [Moul3]. We will look for a priori estimates in Section 1.5.1.

2

f € L' (v) if (definition) / Iflvdv < oo
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1.2.3 Diffusive limit in the literature
1.2.3.1 Scaling

Considering the conceptual meaning of the functions p = p(t,z) and f = f(t,z,v) as the
distribution of particles in space and phase-space, respectively, we have:

plt,a) = [ flt,a,0)dv.
RN

Given this relation one may think that solutions of the linear Boltzmann equation will

give, by integration with respect to v, solutions of the diffusion equation. However, this

first idea proves to be wrong; integrating the linear Boltzmann equation over the veloci-

ties and using the mass conservation we have that

8tp+Vm-/ vf(t,z,v)dv =0
RN

which is not the diffusion equation. Therefore, solutions to the Boltzmann equation do
not give directly solutions to the diffusion equation.

We see next that we need to consider f. solution of the rescaled linear Boltzmann
equation (for a well-chosen rescaling) to obtain in the limit p = lim._,q [z~ f: dv a solution
of the (fractional) diffusion equation.

To perform the diffusive limit for the linear Boltzmann equation space and time are
rescaled introducing the macroscopic variables
¥ =ex, t'=0(e)t (1.12)

and the rescaled distribution function

f(t, 2 v) = f(t,z,v). (1.13)

The rescaling means that a small variation in the macroscopic variables implies a big
variation in the microscopic ones. Consider a point z{, expressed in macroscopic variables

and define x| as a small perturbation A of zj, z} := z{, + A. Dividing by ¢, we get

€ e €
where z; := 2 /e and zo := z{ /e are expressed in microscopic variables. Therefore a
small perturbation A in the macroscopic variables corresponds to a big perturbation A /e
in the microscopic variables.

The rescaling corresponds to making the mean free path (distance between collisions)

small and making the time scale very large. In other words, to observe macroscopic
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Overview: anomalous diffusion in kinetic theory

phenomena from the equation we make a zoom out in space and speed up time. In the
limit the diffusion equation is obtained. The diffusion approximation to kinetic equations
has been studied in various works, see for example [BSS84], [BLP79], [DGP00], [LK74],
[PSO0].

Now f. satisfies the following rescaled linear Boltzmann equation (we have skipped
the primes):

0(e)0ife(t,z,0) +ev-Vyfe(t,z,v) = K(fo)(t, z,v) —vf(t,z,v) (1.14)

£0,) = f™x,v) (1.15)

for (¢t,z,v) € (0,00) x RY x RN, Notice that the initial condition f* is independent of .

1.2.3.2 A formal computation

A formal computation will help us understand how the diffusive limit comes out. Let us
consider the classical diffusive limit.

Formally, as ¢ — 0 we have that L(f.) — 0 so the limit f € ker L = span{M},
therefore f — p(t,x) M (v).

For the classical diffusion limit 6(¢) = 2. Integrating (1.14) on the velocities we have:

0t/f‘€dv+6_1vx-/vf€dv:0
—_——
p° =:1

and using the self-adjointness of L we obtain formally

I = ¢'v,. “L()L(f%) dv

= V. / Yo -Vafedv+eV, / (0)0 f° dv
o (kVap(t, )

where
K= —/ L™ (v) @ v M dv.
RN

Hence, we have obtained formally that f. — p(t, x) M (v) with p satisfying:
8tp = vx ' (Hvxp(tax))

as long as k < oo.
Since L is formed by a compact operator K and a multiplicative operator v, x can be
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formally approximated as a constant matrix:

v

2
K z/ o] M dv (1.16)
RN

Observe that we require x < oo in order to have a finite diffusion coefficient. Frac-
tional diffusion phenomena takes place when this integral is not finite. This can happen
because there is a degeneracy in v (Section 1.2.3.4) and/or not all the moments in M are
finite, for example, because M is a heavy-tail function (1.11) (Section 1.2.3.3).

Heavy-tail equilibria (also called power laws) are important distributions. We repeat
here the account given in reference [MMM11] on different contexts where heavy-tail func-
tions appear: on the velocity distribution in astrophysical plasmas [ST91], [MR94]; on
dissipative collision mechanisms in granular gases [EB02], see also the review [Vil06]; on
elastic collision mechanisms in mixture of gases with Maxwellian collision kernel [BG06];

in economy, through the Pareto distribution, see for example [New05], [WriO5].

In the case of a divergent diffusion coefficient «, the multiscale analysis gives a frac-
tional diffusion equation in the limit and has a fundamental change compared with the

classical diffusion limit: we need a different time rescaling ' := £7t for some y > 0.

1.2.3.3 Fractional diffusion due to heavy-tail equilibria

Next, we put together the main results in [MMM11]. The fractional diffusion is obtained
as the limit of the linear Boltzmann equation and it is due to having a heavy-tail equilib-
ria. We start with the assumptions on the equation

R2N

Assumption (A1). The cross-section o is locally integrable on , non-negative, and

the collision frequency v is locally integrable on RY and satisfies
v(—v) =v(v) >0 forallv € RV,

Assumption (A2). There exists a function 0 < M € L!(v) such that ||v||?v(v)~1M is
locally integrable and

and

M(—v) = M(v) > 0 forallv € RY and M(v)dv = 1.
RN

The existence of this function is a consequence of Krein-Rutman’s theorem (see [MMM11]
and the references therein).
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Assumption (B1). There exists o > 0 and a slowly varying function [ (explained below)
such that

M(©) = Mo(o)i( o],
where M is such that
|v]| %N Mo (v) — ko € (0,00) as ||v]| = oc.
A slowly varying function is a measurable function / : R, — R such that

l(As) ~(s)as s — oo forall A > 0.

Assumption (B2). There exists € R and a positive constant v such that
[v]| Pr(v) = v as |Jv]| = oco.

Assumption (B3). There exists a constant C' such that

M/ 2 1/2
/ d +</ 7/7261 > §C’forallv€RN,
RN RN UV V

where b = b(v,v) 1= o (v, v )M~ 1(v).
Theorem 1.1 (Fractional diffusion limit, Theorem 3.2 in [MMM11]). Assume that Assump-
tions (A1-A2) and (B1-B2-B3) hold with o > 0 and < min{c; 2 — a}. Define

a—f ks
ﬂ, and 0(5) = Z(E

Observe that this implies that 3 < 1 and v < 2. Assume furthermore that f* € L*(M~1) and
let f. be the solution to (1.14), with that choice of 6 and initial data f™.
Then, f- converges in L*°(0,T; L*(RY x RY))-weak to a function p(t,z)F (v) where p(t, x)

is the unique solution of the fractional diffusion equation of order ~y:

v i=

dp+r(=A)"%p = 0 in(0,00) x RY
p(0,) = p™ inRY,

with k given by
o Koo w% 1 duw
1= 8 Jav v§ +wf lw|[N+7
Theorem 1.2 (Classical diffusion limit with anomalous time scale, Theorem 3.4 in [MMM11]).

Assume that Assumptions (A1-A2) and (B1-B2-B3) hold with

a>1 and f=2—-a (ie.vy=2),
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and [ such that
I(r)In(r) = 400 asr — +oo

(in particular, the second moment of F is infinite).
Then define
O(e) = EQZ(Eﬁ In(s1).
Assume furthermore that fi* € L?(M~') and let f. be the solution of (1.14), with 0(c) defined
as above and initial data ™.
Then, f. converges in L>°(0, T; L*(RY x RN))-weak to pF where p = p(t, x) is the unique
solution to the standard diffusion equation

Op — KAzp =0
with k given by
2
k= 00 yim 1 / Y1 1 dw
(1= B350 (A1) Jjwyma 18 + wi [[w|[NF27

Theorem 1.3 (Classical diffusion limit with classical time scale, Theorem 3.6 in [MMM11]).
Assume that Assumptions (A1-A2) hold as well as the following bounds

v(w) V1PN L N
F < 1l R™.
/RN (b(v,v’) + V() dv' < C  forallv e

Assume, furthermore, that f™ € L*(M ') and let f. be the solution of (1.14), with 0(e) = &>
and initial data f™".

Then f. converges in L>(0,T; L*(RY x RN))-weak and in L*((0,T) x RN x RY))-strong
to a function pF where p = p(t, x) is the unique solution of the standard diffusion equation with
diffusion constant

D= (v®x) dv where L(x) = —vM.
RN

1.2.3.4 Fractional diffusion due to a degeneracy of the collision frequency

This result in presented in [BAMP11]. Consider now that the Boltzmann operator is

defined as:
L(f) = v(v)[pM(v) — f(v)] (1.17)

where p, = p,(t, z) is defined such that there is conservation of the total mass:

/RNL(f)dv:O

and M is a given probability density.
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Theorem 1.4 ((BAMP11]). Suppose that v is bounded and that for 6 > 0, 8 > 0, v > 0

v(v) = wloll¥**, for |lu] <6

M) = My>0 forl|lv|| <.

where M is a probability distribution with

/RNUM(v)dv—O

" lv]?
- 2
/025 v(v) M{v)dv < co, /RN v(v)*M(v) dv < oo.
Define
yimoo P
' BrN11

Then the solution f. of

Ewatfa +eéev- v:cfa = V('U)[pV@M(U) - fa]
f0,) = [
converges weakly in L2, (RN x RN x (0,T)) for all T > 0 to a function p(x,t)M (v) where p
solves for some k> 0

(9tp + H(—A)V/Qp =0
p(x,0) = [on firdo.

See Section 1.6.1 for an interpretation on why a degeneracy in the collision frequency

gives fractional phenomena.

1.2.3.5 Methods

In the literature, we have the following methods showing the fractional diffusion limit
for the linear Boltzmann equation.

e In [MMM11], explained in Section 1.2.3.3, the authors use a Laplace-Fourier trans-
form method (Section 1.5.3). This method may not work for collision kernels de-

pending on space or non linear operators.

e In [JKOOQ9] the limit is obtained using probabilistic methods. In Section 1.5.5 we
will interpret the linear Boltzmann equation as giving the evolution of the prob-
ability distribution of a particle undergoing a Markov process. We will show the

fractional diffusive limit by proving the convergence to a stable Lévy process.
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1.3. Contributions in this part of the dissertation

e In [Mell0] the limit is obtained via a moments method (Section 1.5.4). This allows
to consider collision frequencies v depending on the x variable (which was not
possible with the Laplace-Fourier Transform method).

e In [BAMP11] the fractional diffusion is obtained using also the moments method
but for any given equilibria considering that the collision frequency v has a singu-
larity near v = 0, see the next section.

e In[AMP10] a fractional Hilbert expansion is used (Section 1.5.2), this gives stronger
convergence results than in the previous methods.

1.2.4 From atomic models to diffusion phenomena

We conclude this section by mentioning that there exists results on the derivation of the
linear Boltzmann equation with gaussian equilibrium starting from atomic (determinis-
tic) models, [DP99], [vBLLS80].

Recently, in [BGSR13] the heat equation was derived directly from a deterministic
particle system without using the kinetic scale as an intermediate step.

No results of this type are known (to the best of our knowledge) for the fractional dif-
fusive case or for linear Boltzmann-type equations with heavy-tail equilibria. The closest
result in the literature can be found in [MT14], in this reference, the authors prove a "su-
perdiffusive’ central limit theorem for a periodic Lorentz gas. The limit in the end is

classical but the rescaling in the central limit theorem is anomalous.

1.3 Contributions in this part of the dissertation
1.3.1 Kinetic derivation of fractional Stokes and Stokes-Fourier systems (joint

work with Dr. Sabine Hittmeir)

In Chapter 2 we extend the results presented in Section 1.2.3 to kinetic models preserving
not only the total mass (Oth moment) but also the first and second moment. We will
consider a kinetic equation that resembles a linearised BGK equation. The BGK equation

is the equation for a density distribution f = f(¢, z,v). In dimension 3 it reads [SR09]:
of+v-Vof=Ms—f

where

L p(t,x) ‘U_ U(t, .CC)P
Mt = Grr(e, 2 O <_ o7 (t, z) )

where p, U, T are the density, the momentum and the energy respectively, defined as

p(t,x) = /f(t,x,v) dv; pU(t,x) = /vf(t,x,v) dv; p(|UP4-3T)(t, ) :/|U]2f(t,x,v)dv.
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Observe that M is a Maxwellian distribution. In our linearised equation sometimes
we will consider that we have a Maxwellian equilibria and sometimes it will be substi-
tuted by a heavy-tail distribution. In the limit we obtain what we call the fractional Stokes
or Fourier-Stokes equation.

Next we explain the classical Stokes limit, done in [GLO02], as a background for our
result.

1.3.1.1 Classical hydrodynamic limit for the Stokes equation

The classical Stokes limit starts from the Boltzmann equation. Here we will give a sketch
of this result.

The Boltzmann equation has the following shape
th(t,x,v) +v - Vih(t,z,v) = Q(h,h)  in (0,00) x RN x RN

for @) a particular bilinear operator. We will not describe here this equation, since it will
not be necessary for the future but the reader is referred to [SR09], [CIP94] and [Vil02] for
more information.
The linearisation of the collision operator ) around the equilibrium distribution (Maxwellian)
M is written as:
h(t,z,v) = M + dg(t, z,v) for some 6 > 0.

Then the linearised term g fulfils the equation

Og+v-Veg=—L(g)+Q(g,9) (1.18)

where L is the linearised Boltzmann operator and Q is a modified bilinear operator
[SRO9].

To perform the hydrodynamic limit, the kinetic equation (1.18) is rescaled in space
and time (and in relation with the Knudsen number). Different rescaling produce in the
limit different macroscopic equations like Euler, Navier-Stokes, Stokes or Acoustic equa-
tions (see for example [Gol98], [SR09], [DMELS89], [Vil01]). In [GLO02] (1.18) is rescaled as

1 J

€0tge +v - Vige = *gL(gs) =+ ;EQ(gEa gs) (1.19)
assuming that J. /e — 0 as ¢ — 0. In this manner, it is proven in [GL02] that the nonlinear
term in (1.19) vanishes in the limit and hence, the limiting behaviour is given by the
linearised equation

2019 + v - Vg = —L(g2) (1.20)

where we have abused notation writing again g..
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Theorem 1.5 (Hydrodynamic limit for the Stokes equation, [GL02]). g. in (1.20) satisfies

1 N 1 N
ge =g = / gdv+/ vgdv-v+/ Sl =5 ) gadv ( Slol* - M
RN RN RN 2 2 2 2
N——

=:p =m =:0

where the convergence is in some particular space that we do not make precise here (since it is not
relevant for our work). The macroscopic quantities p, 1, 0 satisfy the

(i) incompressibility condition: V, - m = 0;
(ii) Boussinesq relation: p + 6 = 0;
(iii) Stokes equation:

oM = WAL+ Vgp (1.21)

N ;2@9 N (1.22)

for w,k > 0and p = p(t,z) is a pressure term. The equations have some particular initial data
(that we omit here, see [GL02]) fulfilling the incompressibility and Boussinesq relations.

Remark 1.6. The following two properties of the linearised Boltzmann equation are fun-
damental to perform the limit in Theorem (1.5) presented in [GL02]:

(i) The conservation of the moments: for ¢(v) = 1,v, ||v||?, it holds
|, )Lt =o.
RN
(ii) The Kernel(L)=span{M,vM, |v||*M}; g corresponds to the limit of the projection

of g- onto the Kernel of L in the weighted L?(M ~dv) space.

We will see all this in more detail in Section 2.1.1.

1.3.1.2 Our contribution

Our goal is to find a result similar to the one in the preceding section (1.21)-(1.22) but
having fractional diffusion equations for the Oth, 1st and 2nd moment. The structure
of the equations and formulation is similar to the one for the classical Stokes limit but
the proof is completely different, based on the moments methods [Mel10] explained in
Section 1.5.4. The main results obtained are Theorems 2.1 (page 88) and 2.2 (page 89).
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1.3.2 Anomalous transport in FPU-3 chains (joint work with Professor An-
toine Mellet)

In Chapter 3, 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 (1.23)

where T is the temperature and « is a positive constant that may depend on the tem-
perature itself. This law has been observed experimentally, but to this day there is not
a complete and full mathematical justification describing how it arises from the atomic
laws of the solid. Nevertheless, many mathematical works have been devoted in this
direction and major progress has been achieved, see [BLRBO0] for a review of this very
challenging problem.

At the microscopic level, solids can be modeled as lattices, were each node repre-
sents an atom. For insulating crystals, where heat is transported by lattice vibrations (see
[LLPO3]), one possible approach to derive Fourier’s law relies on the introduction of the
Boltzmann phonon equation, a kinetic equation 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 [Pei29], 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 numeri-
cal 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 equilibrium) of the simplest model for a crystal: a chain of oscilla-
tors coupled to their nearest neighbors by non-linear forces described by an Hamiltonian

of the form

H= ;; [P} + V(gis1 — @)] -
When V is purely harmonic, the system has quasi-periodic solutions and does not relax to
an equilibrium (see [BI05]). 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-« chain) or a quartic potential V () = r? 4+ 8r* (the FPU-3 chain).

These models have been widely studied since that original experiment (see Lepri,
Livi, Politi [LLP05] 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-a chain). To achieve this, we rely on an idea of Peierls [Pei29],
who describes lattice vibrations, responsible for heat transport, as an interacting gas of
phonons whose density distribution function (denoted W below) solves a Boltzmann

34



1.3. Contributions in this part of the dissertation

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 written formally by H. Spohn
in [Spo06b]. We will thus not focus on this step, though we will spend some time in this
paper discussing the results of [Spo06b]. Our focus instead will be on the rigorous deriva-
tion of Fourier’s law from the Boltzmann phonon equation. The most remarkable aspect
of our result is that we will not recover (1.23), but instead a non-local Fourier law corre-
sponding to an anomalous diffusion equation (in place of the usual heat equation). This
was not unexpected, since anomalous heat diffusion phenomena in the FPU-3 frame-
work have actually been observed numerically in dimension one and two (while normal
diffusion is observed in the three dimensional case), see in particular [SMY*00], [LLP03],
[LLP05], and also [AKO1] 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

~3/5

slow decay in time as ¢ indicating anomalous diffusive behavior (see [Per03, LS08]).

Let us now describe our main result. As mentioned above, the starting point of our

analysis is the Boltzmann phonon equation given by:
OW + W' (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 [Spo06b] 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 3.1 and 3.2 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 (3.18)).

As explained above, our goal is to derive a macroscopic equation for the tempera-
ture. This is, at least in spirit, similar to the derivation of Navier-Stokes equations from
the Boltzmann equation for diluted gas (see [BGL91] and references therein). We will
consider a perturbation of a thermodynamical equilibrium W (k) = % (note that the
temperature is classically defined by the relation F = kgT where E = [fw(k)W (k) dk

and kp denotes Boltzmann’s constant - here, we choose temperature units so that kg = 1):

We(t, 2, k) = W(k)(1+ e fe(t, 2, k).
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The function f¢ then solves
Ocf® +w' (k)02 f* = L(f7) + O(e)
where L is the linearized operator
L(f) = —DC(W)(]).

As usual a macroscopic equation is derived after an appropriate rescaling of the time
and space variable. More precisely, we will show (see Theorem 3.4) that the solution of

e30,f° + ew (k) D f€ = L(f7)

converges to a function 7'(¢, z) solution of

K

76/5

(SN

0T + (=A)ST =0

thus giving the anomalous Fourier’s law (of order 3/5)

j=—k(T)V(-A)"5T.

The derivation of such a fractional diffusion equation from a kinetic equation is now
classical (see Section 1.2.3 and references in Section 1.2.3.5). As in previous results (see in
particular [BAMP11]), the order of the limiting diffusion process is determined by the de-
generacy of the collision frequency of the operator L. Our work is thus greatly indebted
to the work of J. Lukkarinen and H. Spohn [LS08] 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 phenomenon. 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 macroscopic behavior of
f¢ is completely determined by the function 7'(¢, x), 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
K.

We point out that we will not attempt here to derive a nonlinear Fourier law by work-
ing with the nonlinear operator C' (rather than the linearized operator L). Such a deriva-
tion is developed in [BKO8] by Bricmont and Kupiainen, but under assumptions that en-

sure that regular diffusion, rather than anomalous diffusion, takes place (non degeneracy
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of the collision frequency).

To conclude this section, we mention that diffusive and superdiffusive heat transport
has also been derived for FPU-type chains in a different mathematical setting using a
probabilistic approach: in this setting the hamiltonian dynamics of the microscopic sys-
tem are considered to have only an harmonic potential and the dynamics are perturbed
by a stochastic noise conserving momentum and energy (see [BBO06], [BBO09], [BOS10]
and the review paper [O1109].)

For a summary on the previous works, their relations and the place were our result

takes place inside this area of research see scheme in next page.
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1.4. Anomalous transport: super-diffusions

1.4 Anomalous transport: super-diffusions

Fractional diffusion equations model super-diffusion phenomena. In super-diffusions,
particles distributed according to p are transported spreading ‘faster than any diffusion’.
Explaining the meaning of this will be the goal of this section as well as studying the
properties of super-diffusions and compare them with the classical diffusion.

One can compare the ‘speed of spreading’ through the Mean Square Displacement
(MSD) of the particles which we explain in the next section. In classical diffusion the
Mean Square Displacement is linear in time, in fractional phenomena this is not the case,
that is why it is called anomalous transport.

1.4.1 Rescaling invariance and self-similarity

The Mean Square Displacement (MSD) of a particle X (¢) whose position over time is
distributed according to the density probability p = p(t, z) is given by

t
w2y = [ 1) ot )dsda,
0o JRN
In the case of the diffusion equation it holds
(=% = 2Dt. (1.24)

where D > 0 is the diffusive constant.
The relation between space and time established by the MSD is of paramount impor-
tance since it implies a self-similarity of the trajectories of the particles. We explain this

next. Observe that if we multiply this relation by £2 we have that
(lex|*) = 2De’

and defining new variables 2/ = ez and t' = %t we get again the relation
(ll2'|[%) = 2Dt

Consequently, if space and time are rescaled by a factor of £ and £ respectively, we observe
the same trajectories, i.e., the trajectories are self-similar.
The MSD gives a good indication of the rescaling chosen in the diffusion limit since

in most cases it is the one keeping the scaling invariance of the diffusion equation, i.e.,
(z,t) — (e, 2t);

which corresponds to the self-similarity of the trajectories and keeping the speed of dif-
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fusion, 2D, constant.

For the fractional diffusion equation something analogous happens, the Mean Square
Displacement in this case is not well defined since the variance is not finite (the density
behaves asymptotically as a power law), however it holds that (see [MKO00])

(zl®y ~ta, 0<d<a<2

Rescaling space and time as
(x,t) — (ex,e%t)

the previous expression stays invariant. This is the chosen rescaling in fractional diffusive
limits.

As we said in the introduction one can compare the ‘speed of spreading’ through the
Mean Square Displacement (MSD) of the particles. In classical diffusion it grows linearly
in time, but in fractional diffusion phenomena it diverges because it scales faster, hence
the spreading is faster.

1.4.2 Diffusion vs fractional diffusion equation

In the diffusion or heat equation
Op(t,x) = DALp(t, x), D >0

p(t, ) is a probability density giving the distribution of the particles in space at each time;
it describes transport of particles.
The diffusion equation is obtained by the combination of two rules:

(i) Conservation of the total mass (number of particles); expressed as

where j is the flux of particles (rate at which particles cross an infinitesimal sur-
face). Mathematically, the conservation of mass is a consequence of the divergence
theorem.

(ii) Fick’s law (or Fourier law for the temperature). This is a law observed experimen-
tally:

j(t7 33) = _Dvafp(tv l’),

meaning that particles move linearly from places of high concentration to places of

low concentration following the gradient. D is a positive constant called “diffusivity

constant” and it is proportional to the speed at which particles spread (diffuse);

recall the Mean Square Displacement (MSD) in (1.24).

40



1.4. Anomalous transport: super-diffusions

A first intuition is that, since D dictates how fast the diffusion is taking place, if
we want particles to spread faster than any diffusion, we need D to increase to
infinity; meaning that the mean square displacement goes to infinity; hence, the
variance will not be finite. This corresponds to having the constant « in (1.16) equal

to infinity.

In super-diffusive phenomena for a € (1, 2) the total number of particles is conserved
but Fourier law is violated; it will need to be replaced as we explain in Section 1.4.3.

1.4.2.1 Gaussian vs stable distributions

The fundamental solution of the diffusion equation is the gaussian (or Maxwellian) dis-

tribution [Eva98], i.e., given initial data
p(0,z) = §(z — z0)

its solution is i HQ
1 T — T >
t,x) = ——exp| ————+ | .
Pt ) (2r Dt)N ( 2Dt

Stable distribution, and not Gaussians, are the fundamental solution of the fractional
diffusion equation (1.3) [MLP01]. Their density behaves asymptotically as a power law
[FN99]. Stable distributions are defined in Section 1.5.5.2.

In contrast with the gaussian distribution, stable distributions do not have all its mo-
ments finite. Intuitively, this is coherent with the idea of super-diffusions: suppose that
the variance of the fundamental solution is not finite, then particles are more likely to be
further from their starting point o than they are to be with the Gaussian distribution.
Consequently, particles spread faster than in a normal diffusion.

Stable Lévy processes. To the solutions of the diffusion and fractional diffusion equa-
tions one can associate stochastic processes called, stable Lévy processes (explained in
Section 1.5.5.2). In the case of the classical diffusion, it corresponds to a 2-stable Lévy
process, which is Brownian motion. This is a gaussian process and its law is determined
by the density solution of the diffusion equation. Likewise, for a fractional diffusion
equation of order ¢, there is associated an a-stable Lévy process, a € (0, 2).

This relation between diffusion equations and stable Lévy processes is explained in
more detail in [RW00, Ber] for the classical case and in [MS12, Section 4.5] for the frac-
tional case.

All these processes have in common the self-similarity of their trajectories, i.e., if

(Lia))tzg is an a-stable Lévy process then
(LYo ~ (€L, e
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in law [Sat99]. The main difference between o« = 2 and « € (0, 2) is that Brownian motion
is continuous almost everywhere, while the rest of stable processes are discontinuous; a
particle makes a sequence of small jumps and from time to time it makes a large jump.

This large jumps correspond to the idea that the particle is super-diffusing.

- 100t —
-‘—\_\_\_\_\_\_
- 200F
_an I n M " N - 30 L a L M 4
“20 S0 o 10 20 - 200 - 100 L] 100 200 300 400
(a) Brownian motion. (b) Lévy process (jump points joined with a line).

Figure 1.2: Source: by UserPAR, via Wikimedia Commons.

Link with the Central Limit Theorem. At the very basis, the hydrodynamic limit is a
manifestation of the Central Limit Theorem; given a sequence { X, Xo,...} of i.i.d ran-

dom variables with expectation ;1 and variance 0 < oo then
1< d 9
Vn EZX;C—,LL = N(0,0%) asn — o
k=0
where d indicates convergence in distribution

Note that:

e the result is universal; it does not depend on the particular distribution of the ran-

dom variables; they always converge to a Gaussian distribution;
e it requires finite variance.

Classical diffusive limits extend the idea of the Central Limit Theorem (or Generalised
Central Limit Theorems in the case of fractional diffusions [MS12, Section 4.2]). The
analogous idea in the case of stochastic processes is that, Brownian motion and Lévy
processes are obtained as limits of Random Walks (Donsker’s Theorem, [RW00]) and
Continuous Time Random Walks [MS12, Section 4.4-4.5], respectively.
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1.4. Anomalous transport: super-diffusions

1.4.3 Fractional derivatives, heavy-tailed functions and non-locality

The explanation given here comes from reference [MS12].

Let us focus in the 1-dimensional case. A definition of fractional derivative in dimen-

sion 1 is &0 AY()
o/ (@) = ==, a>0
where
A f(x) = kij: (Z) (~1)*f(z — kh) (1.25)
and

a  TDla+1)
k) KT(a—k+1)
Note that if @ = n this corresponds to the classical derivatives where

n

A" =3 () -1*ste = k)

k=0
The combinatorial number is generalised using the Gamma function I'(n + 1) = n!.
Non-locality. To compute expression (1.25), the information over the entire space (x+d0h
for any 0 € N)is required. This implies that the fractional derivative (o # N) is non-local.

Whereas the classical derivative is a local operator because the series defining A" f is

actually just a finite sum.

Heavy-tail functions. Expression (1.25) is a discrete convolution of f with the so called
Grunwald weights, which have the following asymptotic property [MS12]:

e (_1\k @ ~ — —a—1
w; = (—1) <k> 7“1_0[)]{: as k — oo.

This is related to the appearance of the heavy-tail function. Moreover, for o € (1,2),
w; > 0forall j > 2.

For more details on this and other alternative definitions of the fractional derivative,
check reference [MS12].

1.4.3.1 Anomalous Fourier law

We focus on the case when « € (1, 2). Fourier law

j = —DVp(t,x)
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is replaced by the fractional Fourier law
j=-DV*lp,  a€(1,2)where Vol = (9771, ... 9%7")

to give, combined with the conservation of the total mass (0;p = —V - 7), the fractional
diffusion equation
dp = —D(—A,)*?p.

What does this equation mean? Considering the Grunwald weights w; for a € (1,2)
(w; > 0 for j > 2), the discrete convolution in expression (1.25) means that particles are
transported over the entire space in a heavy-tailed way (see figure 1.3). In contrast, in the
normal diffusion particles are transported into a neighbourhood. Therefore, the fact that
particles spread faster in fractional diffusion than in a normal one is a consequence of
the non-locality of the operator (though, of course, not all non-local operators have this
effect).

i+2 i+3 i+4

Figure 1.3: With the fractional Fourier law, particles spread over the entire space in a
heavy tail way (convolution). The figure is from reference [MS12].

For a discussion on the qualitative difference between o < 1 and « € [1, 2), the reader
is referred to [UZ99, Section 12.3].

1.5 Methods in the diffusive limit

1.5.1 Toy example

To explain the existing methods for the (fractional) diffusive limit, we will consider a
simple case of the linear Boltzmann equation (1.7) in which o(v,v") = M (v), where M :
RY — R has the following properties:

M = M(v)>0ae. inRY (1.26)
Mdv = 1 (1.27)
RNL(M) = 0, (1.28)
M(v) = M(-v)ae. inRY. (1.29)

44



1.5. Methods in the diffusive limit

M is the equilibrium distribution and we will consider either that it is Maxwellian (1.10)
or a heavy-tail (1.11).
Under these assumptions the linear Boltzmann equation (1.7) simplifies into:

Of(t,z,v) +v-Vaf(t,z,v) + f(ta,0) = M) [ f(tz,0)d  (1.30)
RN

fO,) = f™ (1.31)

for (t,x,v) € (0,00) x RV x RV,
1.5.1.1 Diffusive limit

We give next an example of fractional diffusion limit for this simpler case.

Theorem 1.7 (Fractional diffusion limit for the linear Boltzmann equation, [MMM11]).
Let M be a function fulfilling (1.11) with o € (0, 2). Assume also that M satisfies (1.26), (1.27),
(1.28), (1.29). Let f™ € L*(M~'dv) and let f. be the solution of the rescaled linear Boltzmann
equation

€0 fe+ev-Vyfe = M/ fedv — fe. (1.32)
RN

with initial data £(0,-) = £ and for (t,x,v) € (0,00) x RYN x RN, Then, when ¢ — 0, f-
converges in L>=(0,T; L2(RN x RN))-weak to pM with p = p(t,z) the unique solution to the
fractional diffusion equation

atp+;~@( A)?p =0 in (0, 00) x RN
/ ™ dv in RN

for some constant k > 0.

In the following section we will present these methods on this toy example. We will

start first by studying its classical counterpart:

Theorem 1.8 (Classical diffusion limit). Let M be a function satisfying (1.26), (1.27), (1.28),
(1.29) and also

/ I0[2M(v) dv < co.
RN
Let fi™ € L*(M~'dv) and let f- be the solution of the rescaled linear Boltzmann equation
E0fetev-Vofe = M/ fedv— fe. (1.33)
RN

with initial data f(0,-) = f for (t,x,v) € (0,00) x RN x RN Then, when e — 0, f. converges
in L°°(0,T; L*(RY x RN))-weak to pM with p = p(t, ) the unique solution to the diffusion
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equation
Oip—Vu- (DVyp) =0 in (0, 00) x RN
/ £(0,-,v) dv in RN
for
D= M(v)v®vdv < oo.
RN

For some results on the classical diffusive limit for the linear Boltzmann equation see
[AG13].

1.5.1.2 A priori estimates
To prove the diffusive limit we will need the following:

Proposition 1.9 (A priori estimates). Consider the rescaled linear Boltzmann equation:

5a8tfa+5v’vxf5+f5—M/ fedv=0  in(0,00) x RN x RY
RN

f-(0,)=f™  inRN xRV,

Then, we have the two following estimates

sup/ (Je(t, ) dvdzx </ e dvdx = HmeL2 (1.34)
tZO R2N M RQN
and
/ / °M~ dvdadt << HmeLz (1.35)
RQN
Also, p:(t,x), as well as L( f.), are well defined a.e., and
sup/ pg(t,-)Qda? < \\fi"]\%Q(M_l). (1.36)
t>0 JRN

Proof. We start proving first the following
Lemma 1.10.

ai (ft’f)Q -1 — _ 2 -1
5 M~ dvdx = [fe — peM]"M ™ dvdx .
dt R2N 2 R2N
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1.5. Methods in the diffusive limit

Proof of Lemma 1.10.

od [
dt R2N 2

M 'dvde &) /QN(PeM— f) oM dvda
R
A2 —_
A M = (M dvda

(43) —/ [fe — peM)?> M tdvdz .
R2N

Equality (A.1) is justified by the following;:

« d (f€)2 —1 _ « —1
e — M dvdx = 2e fe (Oufe) M~ dvdx
dt Jran 2 R2N

= _2/ e(v-Vof)fe Mt dvdz
R2N

+/ (peM — fo) f-M " dvda
R2N

and
2/ (v-foe)ngldvdm:/ v-VefP M dvde =0
R2N RQN

where the last equality is due to the divergence theorem. Equality (A.2) is proven by

rewriting (p- M — f.)f-M ' = p.f- — (f-)>M ! and computing

| pedevis = [ p</ fedv> do= [ (oo do
R2N RN RN RN
= / (pg)de/ Mdv:/ (pe)*M dxdv .
RN RN R2N

Finally, we prove equality (A.3). Note a := p., b := M, ¢ := [, then

(o)) — (M7 = a7
(fe = peM)*M™1 = (c—ab)?b ' = —2b71 +a®b — 24D + 2ac.

We just need to check that
/ (—2a2b + 2ac) dxdv =0,
R2N

which is true:

/RQN(pE)2dedv—/RQNpEfE:/RN(pa)z (/RNMd”) dx_/RNpE (/RN fgdv> ie—0.
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By Lemma 1.10 we know that

2
/ L;) M 'dvdx
R2N

is a decreasing function on the time variable, hence we obtain the first estimate (1.34).

The second estimate (1.35) is obtained by integrating in time the expression in Lemma
1.10:

M~\dvdzdt = % ( Fo(r, V2P M L dvda —
R2N

:)?
2

eaATCZ/q2N (f

€ in e* e* n
=3 (Hfs(ﬂ Wiz — 12 ’\%2(1\471)) < 5 Ifelr MNZaar-1) < 5 Iz 172(ar-1)

Now, by the Cauchy-Schwarz inequality, we obtain estimate (1.36):

f(0, -)QM_ldvd:U>

R2N

/2
g < (Y4
pe(t, ) = - M1/2M dv < A dv )

so that p.(t, z), as well as L( f.), are well defined a.e., and

sup [ pelt, ) do < [ Ry
t>0 JRN

1.5.2 Hilbert expansion (classical diffusion)

In this part we study the classical diffusion limit. This requires that the linear Boltzmann
equation has an equilibrium distribution with finite second moment. We will use the
Hilbert expansion, which is a common technique in multiscale analysis. This proof is an
adaptation and combines the ones in [AG13] and [MMM11].

Examples of diffusion limits for some non linear collision operators can be found in
[GMO3], [MLT10], [Mel02].
1.5.2.1 Classical diffusion limit

In this section we will prove theorem 1.8.

The idea of the proof is based on an ‘approximation” (ansatz) of the solution f. of the
form

F. = fo+efi + & f, with / F.dv=p foralle,
RN

where p will satisfy the diffusion equation (1.1).
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1.5. Methods in the diffusive limit

Specifically, we define the approximation to the solution f; as follows,

Fe(t,z,0) = fo(t,z,v) + e fi(t, z,v) + € falt, z,v)

where
fo == Mp (1.37)
fi = —v-Vefo=—Muv-Vyp (1.38)
fo = =0Ofo—v-Vaofi=—M (Op—v-Vz(v-p)) (1.39)

where p is the solution of the diffusion equation (1.1) with initial condition p* = [on ™ dv.
The construction of F, will be explained in Section 1.5.2.2.
Observe the following properties

fo—M/RNfodv =0 (1.40)
fidv = 0 (1.41)

RN
fodv = 0 (1.42)

RN

(1.41)-(1.42) imply that /

F.dv = p foranye>0. (1.43)
RN

The properties (1.40)-(1.41) are readily proven, property (1.42) requires the diffusion ma-
trix

D := M)v®uvdv
RN

to be well defined. For that, it is necessary and sufficient that the second moment of M

to be bounded (as we will see).

To prove Theorem 1.8 we are left to check the

Proposition 1.11. It holds that

lim fedv = lim F.dv=p.

e—=0 JrN e—=0 JrN

Proof of Proposition 1.11. We substitute the function F; in the rescaled Boltzmann equation
(1.33) and denote
QF. := (%0 +ev-V, +1d — K)F. (1.44)

where Id is the identity operator and KF. = M [, F: dv. Observe that the operator Q is

49



Overview: anomalous diffusion in kinetic theory

linear. We compute

Qfy = &%0ifo+ev-Vafo+ fo— M/RN fodv (1.40)A(1.38) 20 fo —ef1,

1.41)-(1.39
Qef) = 628t5f1+6v-vg;€f1+€f1—F/N€f1dv( ):( )536tf1+52(—f2_8tf0)+5f17
R
2 24 2 2 2 2 (1.42) 4 3 2
Qe“fo = e“Oe’fotev-e“Vyfot+e fo— F effodv =" e"0ifo+e’v-Vofo+efs.
RN

Since Q is a linear operator,

QF. = Q(fo+efi +e%f) =30 fi +e*Oifa+ %0 Vaufa.

Therefore R, := F. — f. satisfies
OR. = Q(Fa_fa) :538tf1+548tf2+537)'vxf2' (1.45)

At this stage, sometimes the convergence of solutions can be proven using estimate re-
sults on the Boltzmann equation. However, we do not use this technique here, see [AG13]

for more details.

It holds that
Rgdv:/ Fg—fEdv:pg—/ fe(v)dv.
RN RN

RN

Integrating the equation on R, (1.44) w.r.t v, we obtain

QR.dv= 528t/

R.dv+¢ / v- ViR dv
RN RN

RN

using that [ox M (V') [gx Redvdv’ = [on Redv [on M (V) dv' = [gn Re dv.
The factor f ryv U Vi Re dv prevents to go further in the study of the limit of fR ~ Re dv.
In order to overcome this obstacle, we consider the Laplace-Fourier transform in ¢ and x

defined as follows,

g(p, k,v) ::/ / e Ple™m gt &, v)dtdr, g e L®(0,00) X L'RY), p>0, keRY
RN Jo
(1.46)

and we apply this transformation to the equation on R, (1.45).

The function ]/%\a satisfies

e2p ]/%\5—52}/22\”—%52'(%1{:)1/%\8—1—]/%\5—M ]/%\E dv = 53pf1 — 53@ + 54p]?2 — ¢t /5\” + 532'(1) k) fa
RN

=:b%(p,k,v)

where g™ = g(t = 0,-) and the ~ symbol means Fourier Transform (and not Laplace-
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1.5. Methods in the diffusive limit

Fourier Transform) in the functions with the in label. Isolate ]/%\5

7 MfRNEdv+52E§+bg(t,x,v)
° e2p+tei(v-k)+1

Integrate w.r.t the variable v over R, and using [,v M dv =1

=:a%(p,k,v)

where

ég\”—kepﬁ—a in 4 e2pfy — 2 fin 4 i(v - k) fo o
e2p+ei(v-k)+1 '

IF(p, k,v) = /
RN

Finally, we compute the limit of G.:=p— Jrw F-(v)dv.
From the previous step, we have

—

a®(p, k,v)G. = —I°(p, k,v).
Lemma 1.12 (Laplace symbol). With the previous notations,
a®(p, k,v) P s|k|? for some s > 0. (1.47)
E—

(cf. proof in Section 1.5.3.1.)
Lemma 1.13. With the previous notations,
FE(p.k,v) — pin — [ findu.
e—0 RN

Proof of Lemma 1.13. By definition, R = F/" — fin = fir ¢ fin 4 &2 fir — f"_ Hence, we

can write

sin_ Fin 227 o NE in | 2 pin
Ie(p,k,v):/ = fn+epfi+e pf2.+€z(v k)fa +efin +e2fs o (1.48)
RN e2p+ei(v-k)+1

By Lebesgue dominated convergence theorem:

—~

/ 0" dv = pin M) dv — pin [ M(v)dv = pin
Ry e2p+ei(v-k)+1 Ry €2p+ci(v-k) +1 RN :
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Using that if a function g € L?(RY), then its Laplace-Fourier Transform g € L*(RY) by
Parseval equality, we can apply again Lebesgue dominated convergence theorem (since
fim e L2(RYN) x L2(M~1,RY) by hypothesis). Therefore, we obtain

fz‘% Py
dv — mdy .
/RN e?p+ei(v-k)+1 v RNf Y

The rest of the terms in the integral (1.48) goes to zero as ¢ — 0 applying also the

Lebesgue dominated convergence theorem. We can apply it with the next observation;
fi, f2, (v k) fo € L*(RY), therefore fu, fo, (v k) f2 € L*(RY). =

Considering Lemma (1.13) and that we chose the initial condition p(0, -) to be
pt = f"(v)dv,
RN

we have that
If(p, k,v) — 0.
e—0

Also, it will be proven that
Lemma 1.14. The limit é?) = liH(l) é‘\g is well defined.
E—r

(cf. proof of Lemma 1.18).
Then, letting ¢ — 0 in equation (1.47), we obtain

(—p — slk[*)Go = 0.
This equation holds for all p > 0 and &k € RY, therefore

0=Gp=limG. =p—lim F-(v) dv.
e—0 e—=0 JrN
Since the Laplace-Fourier Transform is a one-to-one map, we deduce that p = lir% f RN fedv
E—r

a.e.
O

1.5.2.2 Construction of the ansatz

In this section we explain how F; is built. The key concept is that of Hilbert expansion,
which is used to construct an ansatz, i.e., we suppose a priori that the solution of the
equation has a particular shape, called the ansatz. Afterwards, the ansatz is substituted
in the equation to study its properties.
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1.5. Methods in the diffusive limit

Consider a solution f.(t, z, v) to the rescaled linear Boltzmann equation (1.33) written
as a Hilbert expansion of powers of ¢

fe(t,x,v) = Zs”fn(t,x,v) (1.49)

n>0

where the functions f, (¢, z,v) are at least differentiable w.r.t ¢, twice differentiable w.r.t x
and integrable w.r.t v. Observe that the Hilbert formal series do not converge in general
for any value of ¢ > 0 and the functions f,, are not necessarily non-negative (remember
that the solution of the linear Boltzmann equation, to have physical coherence, must be
non-negative).

Formally, we substitute the Hilbert expansion (1.49) in the rescaled linear Boltzmann
equation (1.33) and develop

0 = e%0fo+ev-Vafo+ fo— M(U)/ Jodv
RN
+&°0hf1 +e%v - Vufi +efi —eM(v) / fidv
RN
O f+ €% Vafo 4+ e2fs — M () / fo dv
RN

+556tf3 + 84’U . fo3 + 63f3 — €3M(’L)) / fg dv+ ...
RN

For each degree on € an equation is obtained.

Degree 0
fo—M@)py=0= Id—K)fo=0.
Degree 1
v-Vofo+r fi—Mw)pr=0= (Id—K)fi =—v-Va.fo.
Degree 2

Otfo+v-Vafi+ fo—M@w)pe =0= (Id = K)fo = =0 fo —v-Vafi.

Degree n > 1 In general, we will have the equation
(Id — ,C)fn = —8tfn_2 — V- vxfn—l .

We want to solve this system of equations:

53



Overview: anomalous diffusion in kinetic theory

Solving the degree 0.
(Id = K)fo=0= fo € Ker(ld - K).
Therefore
fot, z,v) = M(v)po(t, x).
Solving the degree 1.

(Id — ,C)fl = —0- sz() .

Now, we study the existence of solutions of this integral equation. Observe that the
operator K is self-adjoint in L?(M ~1): consider two functions f, g € L?(M~!) and write

/RN9<v>fC<f><v> M= [

RN

g(v)M(v)( N f(v’)dv’) M~ () dv = /R fan /R v,

In the same manner

fIC(g)Mldv:/ gdv fdv,

RN RN RN

which shows the self-adjointness. K is a compact operator in L*(M~!); consider a se-
quence (1, )nen bounded in L?>(M~1),in particular, (¢, )nen is bounded in L!; therefore,
( fR ~ Un dv)pen is a bounded sequence that does not depend on v; therefore, we can find
a convergent subsequence in L*(M~1). We deduce that K is a compact operator since
Ktpn = M (v) [gn ¥n dv. Since K is an operator self-adjoint and compact, we have that

Ker(Id — K)* = Im(Id — K)
and

Ker(Id — K) = {¢ e LA(M™Y st o(t,z,v) = M(v)/ o )dv' = M(v)p¢(t,x)} .

RN

Therefore,

Ker(Id — K)*

{1/1 e L) (M) st / Y(v)p(v) M (v)dv =0 V¢ € Ker(Id — IC)}
RN
= {LZJ e L2A(M™Y) st p¢/ Yw)dv=0 V¢ € Ker(Id — IC)}
RN
= el MY st / Ydv = 0}.
RN
For the integral equation (Id — K)¢ = 1 to have solution, it is required that

¥ € Im(Id — K) = Ker(Id — )4, i.e., Ydv=0.
RN
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If this condition is fulfilled, then

{solutions pe LMY of Id — K)p =, fory € L2 (M™Y), W dv = 0} = )+Ker(Id—K)

RN

(since we have (Id — K)y = ¢ when [x ¢ dv=0).
Let us consider again, the equation on f;

(Id = K)fi = —v-Vafo,

we have seen that, for this equation to have solution, we require

/ —v-Vyzfodv=0
RN
which is true because
/ —v - Vyfodv = —M(v)v-Vgpo(t,z)dv
RN RN
and M is even. Therefore, the set of possible solutions f; are
fi=—v-Vyfo+Ker(ld —K)=—-Mv)v-Vzpo(t,z) + Ker(Id — K) .

We consider
fi=-v-Vofo=-M@)v-Vapolt,z),

note that we already take the element in Ker(Id — ) to be zero, because this term will be
killed in equation (1.50) by symmetry.

Solving the degree 2
(Id = K)fe = =0 fo—v-Vifi.

In the same way as before, for this integral equation to have solution, we require

/R (0o v Vaft) do =0 (1.50)

this is equivalent to the condition

O¢po — M(U) (U : vx(v : vxpO)) dv=0]. (1.51)
RN

This condition is a diffusion equation as we see next. If this condition (1.51) is satisfied,
then
fa(t,z,v) = M(v) (—=0po + v - Vaz(v-Vazpo)) + Ker(Id — K) .
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As in the previous case, to have fR ~ fodv = 0, we will need to choose the solution
fZ(ta :E?U) = M(U) (_81500 +v- vx(v ’ VzPO)) :

Let us study the integral

M(v) (v- V(v Vap)) dv =V, - K M@)v® vdv) pr] . (1.52)

RN RN

Define the matrix

D := M@)v®uvdv,
RN

then the condition

N fodv=0 <= Oipo— V- (D Vmpo)) =0
R

is the diffusion equation. However, we need to check that the diffusion matrix D is well
defined.

Lemma 1.15. The diffusion matrix D is well defined if and only if the second moment order of
M is finite.

Proof. If the matrix D is well defined, then the second moment order of M is finite since
it corresponds to the trace of D. If

/ 02M (v) dv < oo
RN

then the matrix is well defined because, for each component of the matrix,

> loll?

= |lvl?

A 01 O [
R T T S

(where the first inequality is Young’s inequality). Therefore, the second moment order of
M bounds from above all the components of D and therefore it is well defined. O

1.5.2.3 The fractional Hilbert expansion

We conclude this section by mentioning that there exists a version of the Hilbert expan-
sion method that allows to derive the fractional diffusion equation from the linear Boltz-
mann equation. This has been done in reference [AMP10] and the reader is referred to it
for more information.
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1.5.3 Laplace-Fourier Transform

Theorem 1.8 requires the second moment order of M to be finite. What happens when
the second moment of M is not finite?

As we saw in Section 1.2.3.2, the multiscale analysis gives a fractional diffusion equa-
tion in the limit and has a fundamental change compared with the classical diffusion

limit: we need a different time rescaling t' := ¢, a € (0, 2).

Here we will proof Theorem 1.7 for o < 2 along with the classical diffusion (Theorem
1.8) for M having bounded second moment with the rescale in time ' = £%. We will

assume in the classical diffusion case that )M is rotationally invariant to simplify the proof.

By performing the Laplace-Fourier Transform in space and time (1.46) on the linear
Boltzmann equation, we will find the equation satisfied by p: = [5x J- dv (where the hat
indicates the Laplace-Fourier Transform) and we will take the limit on this equation.

We apply the Laplace-Fourier Transform to equation (1.30)

pfe = fn eio R+ o= M [ fedv=0
RN

where fl?b denotes the Fourier Transform in space (and not the Laplace-Fourier Transform
in time and space as for the other terms).
We isolate fg

~ M . g fin

Je= : Pe + -

14+e%p+civ-k 14+e%p+civ-k

and we integrate w.r.t v:

M Eaf/i\”
pe </RN1—|—60‘p+5iv-k U>ps+ /RN1+5O‘p—|—6iU-k !

This last equation can be rewritten (because [y M dv = 1) as

~0 (1.53)

“(p, k d
@ (p, )p€+/|QN L+eopteiv k

where

1 1
“(p, k) := — —1)M(v)dv.
@ (p, k) e /RN <1+€ap+€iv-k ) (v) dv

We now compute the limit of each term in the previous equation when ¢ — 0.

Proposition 1.16. It holds that

o 5
dv — nd
/szl—l—sap%—ez’v-k: v RNf Y
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for fir € L2(M~1).

Proof. The assumption " € L*(M~') implies in particular that f € L2(L}). Hence,
its Fourier Transform f;‘ also belongs to L?(L}) by Parseval equality, which means that
fi; is integrable in v for almost all k. This allows to apply the Lebesgue dominated
convergence theorem, which yields, for almost every k,

Fin —~
/RN 1+ea£+aw'kdv_> A
O

Proposition 1.17 (The fractional symbol). If o € (0,2), then

a®(p, k) = —p — s[k|®
with s € (0, 00) given by ,

= /RN 1}:110% ‘w’i\?Jra dw
(wy indicates the first coordinate of the vector w). Furthermore, a®(p, k) satisfies

|a%(p, F)| < |p| + s[k|*.
Proof. We postpone the proof of this crucial step to Section 1.5.3.1. O

Lemma 1.18. The limit py := lir% pe 1s well defined.
e—
Before going into the proof of Lemma 1.18, let us explain how it allows to conclude
that letting ¢ — 0, we obtain

P+ (—p — s|k|)po = 0 fora.ep > 0, k € RV

This equation is also satisfied by the unique solution of the fractional diffusion equation,
so that p = pp, and then p = pg because the Laplace-Fourier Transform is a one-to-one
mapping (say in S'([0,00) x RY), the dual of the Schwartz space). Moreover, we have
that f. — pM weakly in L>(0,T; L?>(RY x RY)) by the a priori estimates 1.9.

We prove now the previous lemma:

Proof of Lemma 1.18. From the bound

sup [ pe(t, ) do < £y (1.54)
RN

>0

established in 1.9, and up to the extraction of a subsequence, we know that there exists
n € L>(0,00; L2(RY)) such that p. — 1 weakly in L>°(0, oo; L?(R")). On one hand, from
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the precedent estimate, we have g is bounded in L>(a, oo; L?(R")) for any a > 0. On
the other hand, consider the space of test functions D and the space of Schwartz S. Then,
for any ¢ = ¢(t) € D(0,00) its Laplace transform L¢ belongs to L'(0,00) and for any
Y = 1(r) € S(RY) its Fourier transform F belongs to S(RY) so that

/ﬁew@zp)dv:/ pg<£¢®fw>dv+/ n(£¢®}"¢)dv=/ A6 ®v) do
RN RN RN RN

as ¢ — 0. We deduce that p. — 1) weakly in L*°(a, co; L2(RY)) for any a > 0.

1.5.3.1 The fractional symbol
In this proof we see how the fractional symbol appears:

Proof of Proposition 1.17. Remember that

1 1
(p, k) = — —1)M(v)d
@ k) g /RN <1+€O‘p+£iv-k ) (v) dv

M(—v) = M(v) >0, Mdv=1 a € (0,2].
RN

where

We split a® into a sum of three terms:

1 e*p+ewv-k
‘(p,k) = —— M(v)d
@ (p, k) e* Jan 1+ e%p+etv -k (v) dv

14+¢%
S M(v)d
p/RN (14e2p)? 4 €2(v - k)? (v) dv

—~
~—

=:ai(p,k)
1 cw -k
- — M(v)d
2 Jow (T3 2ap)? 1 2w g 1
=:a5(p;k)
1 e2(v - k)?
-~ d
e® Jry (14 €2p)2 4+ €2(v - k)? (v) dv

=:a5(p;k)

In (1), we multiply numerator and denominator by the conjugate of the denominator.

Now, we look at each term:

e the integrand of aj(p, k) is bounded by pF' uniformly on ¢ and the dominated con-
vergence implies

ai(p, k) — —p M(v)dv.

e—0 RN

e The integrand of a5(p, k) is an odd function on v, therefore a5(p, k) = 0.
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e To study the limit of a5(p, k) we will consider two cases:
(i) a =2 and the second moment order of M is bounded.

5 _ (U ’ k;)Q
a3(p, k) = /RN (1+e2p)?2 +e2(v- k)2

M (v) dv

is uniformly bounded on ¢ by the maximum of |k|*F and |v|?>M. By dominated

Convergence,
a5(p. k) — [ (0 k)2M(v)dv.

e—0 RN

In particular, if we also assume that M is rotational invariant, we have that

(v-k)? = Z 2k2+2201k vik;
@ i#]
and then
v)dv=> ki v)dv+2)  kik; M(v)dv.
/RN( v = Z / v+ Z /RNvlvg (v) dv
i#j
The last integral is zero applying Fubini and that F is an even function. There-

fore the limit of a§(p, k) is |k|*s with

s = v M (v) dv.
RN

(ii) « € (0,2) and the second moment order of M is unbounded. We consider that
M is of the form indicated in (1.11).

Lemma 1.19. Suppose o € (0,2), then d® := aj fulfills, for any p > 0, k € RY

@ (p, )] < SR, (p, k) — sl (1.55)

with s € (0, 00) given by

w% C
= 3T TNFa W
RN 1 + U}l \w[ to

Proof of Lemma 1.19. The inequality (1.55) follows from estimate (1.34) in Proposition 1.9

e27%v-k)? ¢
0<d(p,k) < dv = s|k|*
< d*(p, )_/RNH&_Q(U%WU'NM v = s|k|

where the last equality is obtained by making the change of variables w := ¢|k|v. We split
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d® between small and large velocities in the following way:

d*(p, k) = di(p, k) + d5(p, k)

with
82_0‘(7) . k)2
di(p, k) = M(v)d
1(p, k) /U|<1 (11 2op)2 + 22(v - k)2 (v)dv
< 520‘/ (v-k)2M (v)dv
[v[<1
< 52a|kz]2/ F(v)dv — 0
jo|<1
and
e27%v - k)? o
Ep k) = d
5(p, k) /|U|>1 (1 +e9p)2 + e2(v - k)2 [u]V+o v
w2 Co
= |k a/ ! dw — s|k|*,
1 jw[zelk] (1+€9p)? 4+ wi |w|N+e g

where we use again the change of variables w := ¢|k|v and the dominated convergence
theorem.

1.5.4 Mellet’'s moments methods

In this Section we will prove theorem 1.7 using Mellet’s moments methods. We start by
explaining how this method works.

1.5.4.1 The idea behind the method: weak formulation

Consider equation (1.30) in distribution sense, i.e., for all distribution functions x €
D((0,00) x RY x RY) we make the L2(M 1) product of the equation with x:

/ O fox M ~Ldzdudt (1.56)
0 R2N
= aa/ / [(ng —f)XM 4 foev- Vxfol] dzxdvdt. (1.57)
0 R2N
Now the a priori estimates (1.34) imply that
fo = p(t,z)M(v) in L>((0,00); L*(RY x RY; M~tdv)) — weaks
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and strong in L!((0,T), L>(RY x RN, M~'dv)). We can write f. as

fE(tvxvv) = pg(t,x)M(v) + ga(t7mvv)

with p. = fR ~ Je dv and where g, is the remainder. This remainder gives the behaviour

of p. in the hydrodynamic limit (fluctuations of f.). However,

(i) the specific shape for g. is unknown as well as some properties like rotationally
invariance; the velocities are not decoupled from time and space (like in the expres-
sion p(t, x) M (v)).

(ii) We do not have enough control on g.. We know that
19e 122 ((0,00) xRN xRN M ~1dw) < Ce/?
by estimate (1.35) which is insufficient to balance the factor e in (1.57).

Since the information that we have on g is not enough, the idea of the moments method
is to avoid computing directly on g.. For that, we consider a test function x. of the shape

Xe(t, z,v) = @(t,x) M (v) + ep(t, z,v)

where the first term ¢ € D((0,00) x RY) is a test function. Observe that ¢(t, )M (v) has
the same shape as the limit p(t, z) M (v). ¢ will help to ‘control’ the remainder term g..

Plugging-in x. in equation (1.56), we obtain
/ O foxeM ~tdxdvdt (1.58)
0 R2N
= @ / / [(peM — f.) (M +ep) M ™' + feev - VoxeM '] dadvdt (1.59)
0 JR2N
= ¢ @ / / [(peM — f.)epM ™ + feev - Voo M dadodt. (1.60)
0 R2N

We want to get rid of the term

/ / (—fe(e) + feew - Vauxe) ML dadvdt (1.61)
0 R2N
which can be achieved imposing

—ep+ev-Vexe =0

which is equivalent to
Xe — €0 VaXe = oM (v)
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for which we know an explicit solution

Xe(t, x,v) = M(v)/ e “p(t,x + evz)dz.
0

Hence, the equation becomes

/ O fexteM tdadvdt = £ / / (pe M) eyp M~ dadvdt
0 R2N 0 R2N

(1.62)

= g @ / / (peM) (x-M ™1 — p)dadvdt (1.63)
0 R2N

This way we have gotten rid of g.. pM is the limit of f. and, on the other hand, the

balance between ¢~ exploding in the limit and x. — @M going to zero in the limit will

give the fractional symbol.
Finally, we write x. = x.M ~!, x. satisfies the equation

Xe —€V-VgXe =

whose solution is -
Xe(t, z,v) = / e “o(t,x +evz)dz.
0

By integration by parts twice we obtain
o0
e = [ e pltat ) - (b)) ds
0 o0
= 5/ e v - Vyp(t,z +evz)dz
0
oo
= cv-Vop(t,z) + &2 / e 2T D%p(t, x + evz) vdz
0

where T indicates transpose. We have that

IXe — ¢l < [[Degl|Loellv]

but we will need stronger convergence results:

(1.64)

(1.65)

Lemma 1.20 (Convergence properties, [Mel10]). It holds that for any ¢ € D(RY x [0, 0))

and x. defined as in (1.64) that

/(Xs — ) dv—0 strongly in L*((0,00) x RY),

/(8,5)(5 — Orp) dv — 0 strongly in L*((0,00) x RY).
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The proof for this lemma can be found in [Mel10] and analogous ones will be proven
in Chapter 2.

1.5.4.2 The fractional symbol

We need to compute the limit in:

/ Ot fexe dxdvdt = 6_0‘/ / (peM) (xe — @) dzdvdt (1.66)
0 JR2N 0o JRen

for
Xe — €V - VaXe = .

On one hand we have that

/ O fexedxdvdt — / / Ospip dxdt
0 JR2N o JR

using Lemma 1.20 and the convergence properties of f.. On the other hand we have the
following;:

Proposition 1.21 (Fractional symbol). It holds that

5‘“/ / (pM) (xe — @)dxdvdt — / / p(—A)* %o dudt
0 R2N 0 RN
ase — 0.

To prove this theorem we will use here the definition of the fractional Laplacian based
on the singular integral (1.6).

Proof of Proposition 1.21. We will focus on the integral in the velocities and split it into
large and small velocities. We will need to prove the two following Lemmas:

Lemma 1.22 (Large velocities). It holds that

e @ M(xe — ¢)dv = ¢ /OO e_zzo‘/ plt,z + gva)J; plt, ) dzdw.
lo]|>1 0 wl[>e= [Jwl|

Lemma 1.23 (Small velocities). The following estimate holds:

e @ M(x. — @)dv| < Ce?~

[vll<1

for some C' > 0.

To conclude the proof we will need to prove:
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1.5. Methods in the diffusive limit

Lemma 1.24 (Strong convergence of the fractional symbol).

/ e—zza/ @(tax + EUZ) — @(tax) dzdw —s —H(—Ax)a/QQO
0 lw||>ez

N

strongly in L2((0,00) x RY) for some k > 0.

Proof of Lemma 1.23. The statement is consequence of the expansion (1.65) (using the par-
ity of v for the term of order e!=%). O

Proof of Lemma 1.22. We compute on the integral to obtain (remember the shape of M in
(1.11))

e @ M(xe —¢)dv = 6_0‘/ M/ o(t,z +evz) — p(t,x)) dzdv
llvl>1 lv)>1
_p(t,x 4+ evz) — p(t,x)
= z dzdv
/v|>1/ [[wf| N+
]| e [V +e lez|N

t — (t
- co/ e %z / (p(’w—i_w])wrf(’x)dwdz
0 lw||>e= [Jw]|

doing the change of variables w = evz.
Ul

Proof of Lemma 1.24. The proof can be found in [Mell0] and also in this document in
Chapter 2, Lemma 2.13. O

The combination of these three lemmas allows to conclude the statement using the
weak convergence of p. in L°((0, o0); L2(RM)).
t

1.5.5 Probabilistic approach

The solution to the linear Boltzmann equation is a probability density f = f(¢,z,v), hence
the probabilistic formulation of the equation in terms of the dynamics of a stochastic
particle will provide insight on the equation. In this section we explain the dynamics of
a stochastic particle (X, V;);>0 under the law given by f. [AG13] gives a hint to what is
explained here for a modified equation.

Our goal is to model the dynamics of a single particle given by its position and ve-
locity (X (t),V(t)) € RY x RN over time ¢ € [0, c0).
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Suppose that we are given some random initial data (X, Vp) € RY x RY whose dis-
tribution has density function f(0, z, v)

(X0>%) ~ f(O,x,v) :

Consider now Uy, U, ... iid random variables with density function M and T, 75, ...
also i.i.d with exponential distribution of parameter 1, £(1). We assume 7;, U; to be

pairwise independent.

Modeling assumptions. In our model, the particle travels at a constant velocity and
after an exponential time, the velocity jumps’ to a new one with distribution given by the
density function M (note that, therefore, we are assuming that the velocity after the jump
is independent from the velocity before the jump). With these considerations in mind, the
exponential random variables T, give the lapse of time between two consecutive jumps

in the velocity and U, is the velocity of the particle after n jumps.

1.5.5.1 Derivation of the linear Boltzmann equation

Consider the single particle model described in the previous section, our goal is to find
an equation satisfied by the law of (X, V4).
Steps:

e One finds the equations for (X, V;).

e One observes that (X;, V;);>0 is a Markov process in RY x RY and finds its infinites-

imal generator.

e One identifies a martingale from the Markov process and using the martingale,
finds an equation for the law of the process (X, V;)¢>o0.

Characterization of the Markov process. Firstly, we find the equations for (X, ;). De-
fine, J, = 11 + --- + T, i.e., the lapse of time between time zero and the n-th jump.
Then,

t

X, = X, +/ V, ds (1.67)
0

Vi = W fort<Jp (1.68)

Vi = U, ford, <t<Jpi1,n>1 (1.69)

Proposition 1.25. (V;)i>q is a pure jump Markoov process in RY x RN with jump kernel

(v, dv") = M(v')dv'.
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(This measure is the probability of having post-jump values dv' if the pre-jump value is v.) The
holding times are given by the i.i.d random variables (T}, )neN, hence the rate of jumping is con-

stant equal to 1.

Before tackling the diffusive limit, our goal will be to prove the next theorem:

Theorem 1.26. Consider the random process (X, V)0 defined in Section 1.5.5.1 with initial
distribution f(0,x,v) € CLxCY. Then, the law p of the process has density function f € CL1xC?
fulfilling the linear Boltzmann equation

8tf(t,$,’l)) +v- viﬂf(t7$>v) = M(U) f(tvxa U/)d’l), - f(tv .’L',U) .
RN

Identification of a martingale.

General results. This section is extracted and adapted from [DNO08]. Consider a continuous-
time Markov chain on a measurable state space, F, with holding times (S, )n,en and jump
chain (Y},)nen. Define Jp = 0and J, = Sy + ... + Sy. Then:

Definition 1.27. The jump measure ;, and the compensator v of the Markov chain are

random measures on (0, 00) x E given by
p= Y 66X =) 0,y
t:thXt7 n=1

and
v(dt, B) = q(Xy—)m(X;—, B)dt

for all B € &, the set of all sets of E. The term ¢(X) is the jump rate at X and 7 is the

jump kernel.

Definition 1.28. The previsible o-algebra P on Q2 x (0, c0) is the o-algebra generated by all
the left-continuous adapted processes. A function defined on €2 x (0, c0) x E is previsible
if it is P ® £-measurable.

Theorem 1.29 ([DNO08], Appendix). Let H be previsible and assume that, for all t > 0,

t
E/O /E]H(s,y)l/(ds,dy) < 00. (1.70)

Then the following process is a well-defined martingale

i, = /( g 0= ), )
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The martingale. In this section we apply theorem 1.29 to construct a martingale. Propo-
sition 1.25 provides the values of the jump rate, ¢(X) = 1, and jump kernel, 7(v,dv’) =
M (v")dv' of our Markov process; hence, the compensator defined in Definition 1.27 is in
our case v(ds, (X, dv)) = M(v) dvds. Now, for a function g € C} x Ll we have that

t
906V =X Vo) = [ Vo Vg VlVadst [ {00600 =X, Vo s, )
0 0,¢]xR

where 1 is the jump measure.

Now, we have that

t
9(X0, Vi) —g(Xo, Vi) = / VoVag(Xo, Va) dst M+ / {9(X00)—g(Xs, Vil)} M(v) duds
0 (0,]] xRN \&—2;7;;

where

M, - / {9(Xar0) — g(Xa, Ve )}t — v)(ds, dv)
(0,t] xRN

is a martingale by Theorem 1.29. Observe that condition (1.70) is fulfilled since we expect
a finite number of jumps on a finite time. See the Appendix in reference [DIN08] for more
information on how to identify martingales out of Markov chains.

An equation for the distribution.

Lemma 1.30. There exists a density function for py, i.e., the measure p; is absolutely continuous

w.r.t the Lebesgue measure.

Proof. We can write

(Xe, Vi) = (Xe = Xy, Vi)l<e (1.71)
+ (X, 0) Ly <t (1.72)
+ (Xo+tVo,Vo)ly>e- (1.73)

Remember that J; ~ E(1). Using the previous decomposition of (X;, V;), we have
EG(X0 V) = ¢ [ glat to.0)f(0.2,0) dudo (1.74)
R2N

t
+ / / e Pg(x + sv+2',0) f(0,2,v)p;_(dz’, dv") dwdvds,
R2N xR2N J(Q
(1.75)

where pf is the measure of the process starting from dy(dx)M (v)dv (p; is the measure of
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the process starting from f(0, z, v)dv).

The first integral corresponds to the expected values taken by the function g when
J1 > t, i.e., there is no jump in the velocity, and the second integral corresponds to the
expected values taken by g when J; < t. In integral (1.75) the parameter s represents
the value of Jj, i.e., the time of the first jump in the velocity, and z + sv is the position
at time J; = s. The values of = and v are given through the density function f(0,z,v)
and the value of s is distributed as an exponential law of parameter 1, hence the presence
of exp(—s). Now, the values of (z/,v’) correspond to the values of position and velocity
taken by the particle after the first jump in velocity, i.e., for t > J; = s, and therefore their
values are given by the distribution p;__(dz’, dv').

This expectation can be written as:

E(9(X0 Vo) = [ | gl 0)f(t2.0) dado

R2N

where

t
ft,x,v) =e ' f(0,2 — tv,v) + M(v) / e ® f(0,x — sv' — ' v p;_ (da',v)dv'ds |.
0

R2N

(1.76)
To prove (1.76), we perform the change of variables y = = + sv + 2’ and the distribution
pi_s(dx’, dv’) is written as the product of the the distribution conditioning on {V;_; = v’}
times the probability of that being so, i.e.:

pi_s(da’,dv") = pi_(da’,v") M(v')d/ (1.77)

where we have abused notation and written p;_ (dz’, v") for the conditional distribution
on {V;_s = v'} (observe that it can be proven that p;_, can be written in this fashion).
Then (1.75) gives:

t
/ / e *g(y,v") f(0,y — sv — ', v) M (v')dv' p;_,(da’,v") dydvds
R2N xR2N Jo

t
= [ o) ( L. e—8f<o,y—sv—x',v)M(v’)p:_s<dx',v’>ds) dydo!
R2N R2N Jo

and then by changing variables again y = z, v/ = v, v =" O

Remark 1.31. As a corollary of the previous result, if the initial distribution is bounded in
the following sense
f(0,z,v) < fo(v) Vaz, fointegrable,

then
flt,x,0) < e folv) + (1 —e ) foll M (v).
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Write p; for the distribution of (X}, V;), a probability measure on RN x RN, From the
previous result we have that

pe(dx, dv) = f(t,z,v)dzdv . (1.78)

Proof of Theorem 1.26. By Lemma 1.30 we know that p has a probability density f. We also
know from the previous Section 1.5.5.1, we know that

t
M(X, Vi) = g(X0 Vi) — g(Xo, Vo) — / V- Vag(X., Vo) ds
0

- / {9(Xs,v) — g(Xs, Voo ) }M (v) dvds
(0,¢] xRN

is a martingale. Hence,
E[M(X;, V)] = E[M(Xo,V0)] =0

or, expressed in integral form,
Lo s@opldnds) = [ 5000 0)dade (1.79)
RN xRN RN xRN
t
+ // Gg(z,v)ps(dz,dv)ds (1.80)
0 JRN xRN

where
Gg(z,v) :=v-Vyg(z,v)+ /RN {g(x,v") — g(x,v)}M (V") dv'.

The integral (1.80) is equal to

t
/ / g9(z,v)G" ps(dz, dv)
0 RN xRN

where G* is the adjoint of G.
Since the equation holds for arbitrary g € C} x L} and using (1.78) we have that

(z,v)-a.e.
¢
flt,z,v) = f(0,z,v) +/ G f(s,z,v)ds. (1.81)
0

where, using integration by parts and Fubini’s theorem,

g*f(S,ZL‘,U) = v fo(s,x,v) + M(U)/ f(S,.I’,’U/) dvl - f(S,ZL’,U) :
RN

This expression is well defined because, thanks to (1.76), and assuming that f(0,z,v) €
Clx CY, fis continuous in the variables (x, v) for all ¢; it is defined as an integral on (=, v)
plus a continuous function. Also, f is differentiable w.r.t = (using that expression (1.76) is

differentiable). Moreover, we conclude that (1.81) is defined pointwise.
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Finally, observe that in (1.81) f is defined in terms of an integral w.r.t ¢, therefore it
is continuous w.r.t ¢, hence, f is defined as an integral of a continuous function, so it is

differentiable. Now, deriving w.r.t ¢ in (1.81), one obtains the linear Boltzmann equation

8tf(t,$,’l)) +v- fo(t,az,v) = M(U) f(tuxa U/)dv/ - f(ta 1:72}) ’
RN

which concludes the proof. O

1.5.5.2 Stable Lévy processes

Here we expand what it was explained in Section 1.4.2.1. This will be needed to prove the
fractional diffusive limit. Let us start with some introductory definitions and properties.

Definition 1.32 (In [Ber96]). Let Y = (Y;,¢ > 0) be a stochastic process taking values in
RY. We say that Y has the scaling property of index a > 0 if, for every k > 0, the rescaled
process

(k=YY t > 0)

has the same finite-dimensional distributions as Y.

If Y is a Lévy process with scaling property for o, then we say that Y is an a-stable

Lévy process.

Definition 1.33 (In [RY99], Section I1I.4). A random variable Y is stable if, for every &,
there are independent random variables Y7, . . ., Y}, with the same law as Y and constants
ap > 0, b, such that

d
Y1+...+Yk(:)akY+bk

It can be proved that this equality forces aj, = k'/® for some a € [0,2).
As long as the

Theorem 1.34 (In [RY99], Section II1.4.). If Y is stable with index « € (0,2), then o = 0 and
the Lévy measure has density (m11 ;<o) + mgl(x>0))\:c]*(1+a) with my and mg > 0.

Proposition 1.35 (In [Sat99], Representation of a non-trivial a-stable distribution ;¢ with
0<a<2) If0 < a<1,then p has drift vy € Rand

. < d .
i(z) = exp [/ A(dﬁ)/ (eZ<Z’T5> -1) 1:(} + Z<70,Z>:| . (1.82)
S 0 r
If1 < o < 2, then p has center v1 € R and
N % i) , dr .
i(z) = exp g A(d€) ; (") — 1 — iz, rf})—rHa +i(y1,2)| - (1.83)
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If a =1, then for v € R we have

dr

) =exp | [ M) [T 1 i) g il 89

In all cases \ is a finite measure on S, the unit circle in RN,

(cf. the proof is in [Sat99], chapter 3, remark 14.6.)

1.5.5.3 Fractional diffusive limit

Recall the single particle model defined in Section 1.5.5. In this section, we study the
evolution of the spatial component X; after rescaling space and time.

Assume now that Xy = 0 and V; ~ M. Define Y; to be the random variable that
describes the position of the particle at the jumps of velocity, i.e.,

Yo = 0
Yi = X, forJ,<t<Jy
Y jumps at rate 1 with increment AY = Y; —Y,_ = UT (example, Y1 = X; =

J1 x Vo = T1Uyp). Hence, (V)0 is a Lévy process.
Now, we know that a Lévy process is characterised by a Lévy triplet:

e drift = 0 (because we are considering only the jumps),
e diffusion =0,

e the Lévy measure K (dy) is the distribution of UT' (which corresponds to the dis-

placement in position between two jumps in velocity), hence, for suitable function
g o0
s Kan ~Eur) = [ [T tgwn@an a9

since U ~ M and T ~ E(1) are independent by hypothesis.

We characterise the distribution of Y through its characteristic function. We know
that for Lévy processes
E(ef" ) = ¢t (®) (1.86)

with characteristic exponent

() = RN{eiGTy —1—i0Tyly <1 VK (dy) - (1.87)
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1.5. Methods in the diffusive limit

Assume that M € C1, it is even and

Flv) = for o] > 1| (1.88)

9
[[of| V+e

for a € (0, 2].

Theorem 1.36. The rescaled process Z° = €Y_-a; converges weakly to a random variable Z

which is an a-stable process with characteristic exponent
9 z@Tfr _
=C(a / / —ifa drd§

Cla) := co/ sYe *ds. (1.89)
0

where

Proof. We prove the result by showing that the characteristic functions converge to the
characteristic function of a particular a-stable process and then by applying Lévy’s con-
tinuity theorem for characteristic functions.

So, firstly, we consider the characteristic function of the rescaled process

log E[exp(i0T eY.-oy)] = e “tp(ef) by (1.86)

oo
= % /RN/O {eZOTEyS —-1- ieGTyslnys”Sl}e_sM(y) dyds

by (1.85) and (1.87)

= eo‘t/ / {eiaT‘SyS —1}e "M (y) dyds
lyll<t Jo
at/ / 19 €eys _ — M(y) dyds
lyll>1

where the term iaGTyslnySHSl disappears in the last equality because it produces an odd

integrand.
Then, for the term I we have that
eiGTays

—1 = cos(#Teys) +isin(07eys) — 1.

On one hand, observe that when we integrate the sin term, the integral gives 0 because
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the integrand is an odd function of y. On the other hand, we can bound using ||y|| <1

00 T y15)20 o0 5)2n
cos(@eys) -1 = S_(-1r T 1 < 3o T o) (< coselols)
n=0 n>0

and we can exchange limit and integral with this bound using dominated convergence
and the limit yields zero. Hence, I — 0, when e — 0.

For the second term, we perform the change of variables eys = z, (¥ sVdy = dz)

11 = tso‘NsN/ / {eieTz —1}e *M(z/es) dzds
\z||>ss
= / / —1}e *s*M(z) dzds by (1.88)
Il =es

_ /0 e /””268{ _ 1Y M(2) deds .

In the end

li 1 E 'HT Y . =t > a _Sd i@TZ_]_ CiOd :
ling o Elexp(i0” e¥eww) =1 5% ds [ {670 1)

Define
oo
C(a) = co/ sYe % ds,
0
then we rewrite

i0T 2
. AT . € -1
glg% log E[exp(i0” €Y.-a;)] = tC(a) /RN e dz.

Observe that C'(«) is a gamma function C(«) = coI'(o + 1), where I'(a + 1) = oI'(«).

In our case, we apply Proposition 1.35 with A proportional to the identity, and there-

fore
EA(d€) = 0.
RN
Now, performing the change of variables z = ¢r, (with € = ||2])) dz = N ~1drd¢, we
have that

9T

&l ) 7,0T§7"_
Cle) /R E ||N+a / / e drde

Hence, in the notation of proposition 1.35, we have that
A=C(a)ld,

(observe that C'(«) > 0).
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1.6. Summary and final remarks

Summarizing, the limit of the characteristic functions of €Y.-o; corresponds to the
characteristic function ¢* of an «a-stable process. Now, we can apply Lévy’s continu-
ity theorem and since the characteristic function 9® is continuous at zero, there exists a
random variable Z that has 1* as characteristic function and is the weak limit of €Y, -«;.

U

Using this probability approach we interpret how fractional phenomena arises in Sec-
tion 1.6.1.

1.6 Summary and final remarks

Here we summarise some of the concepts presented in this chapter and interpret why

fractional phenomena arises in some particular cases using the probabilistic picture.
e About the diffusion and fractional diffusion equations.

— Both equations give the evolution of a probability density over time.

- Both equations model transport phenomena, in the case of fractional diffusion
it is called anomalous transport, in particular, it models superdiffusions. It is
called anomalous diffusion because the Mean Square Displacement of the par-
ticles is not linear in time, as it happens with the classical diffusion equation.
It is called super-diffusion because particles spread faster than in the classical
diffusion.

— The solution of the diffusion equation is associated to a gaussian process, who
is linked to Brownian motion. In the same way, fractional diffusion equations
are linked to stable Lévy processes, whose density behaves asymptotically as

a power law. Brownian motion is just a particular case of stable Lévy process.

— The trajectories of the stochastic particles following stable processes are self-

similar, this is linked to the scaling invariance of the equations.

— Fractional Laplacians are non-local operators, classical Laplacian is a local op-
erator. Brownian motion is continuous and the other stable Lévy processes are

jump processes and therefore discontinuous.
e About the diffusive limit from the linear Boltzmann equation.

— The rescaling in time t' = £%t needed for the diffusive limit corresponds to the

a/2

order of the fractional Laplacian obtained in the limit (—A;)®/“. This corre-

sponds to the scaling invariance of the equation.

— The existing methods in Partial Differential Equations are the Hilbert expan-
sion method, Laplace-Fourier Transform method and Moments method. There

exist also some Probabilistic approaches.
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1.6.1 How does fractional phenomena arise

Remember that fractional phenomena occurs when in the formal computation presented
in 1.2.3.2 we have that the diffusive constant obtained in the limit

2
FLN/RN Ujél[)M(v)dv = +o0
diverges. This can happen if the collision frequency v and/or the equilibrium M take a
particular shapes (degeneracy at zero/ heavy tail). We cannot conclude, however, that
these are the only scenarios giving rise to fractional diffusion phenomena.

Also, we have seen in Section 1.5.5 that the linear Boltzmann equation (1.30) gives
the evolution of a single particle that undergoes free transport and scattering with the
media. The scattering takes place at exponential rate of parameter v, then the velocity of
the particles changes and takes a new one with distribution M.

With this information in mind, we interpret the causes for the emergence of fractional

phenomena.

Fractional phenomena due to a heavy-tail equilibria (large velocities) (Section1.2.3.3),
[MMM11]. When the particle scatters and changes its velocity, in the presence of a
heavy-tail equilibria, it is more probable to choose a large velocity since the variance
is not finite. Hence, by choosing larger velocities, the particle makes larger displace-
ments, therefore, it spreads faster than in the classical diffusive case. This gives rise to

super-diffusion phenomena.

Fractional phenomena due to a degeneracy in the collision frequency (small velocities)
(Section 1.2.3.4), [BAMP11]. In the probabilistic model we have considered a collision
frequency equal to 1. This can be generalised considering non-trivial collision frequen-
cies, the change is in the rate at which the jumps happen; instead of being exponentials
of rate 1, they will we exponential of rate v(V;_), i.e., the rate depends on the current
velocity of the particle. Therefore, modifying this rate can contribute to having a faster
spreading of the particles; making the rate of jumping very small for very small velocities.

This is the case when the collision frequency presents a degeneracy at zero:

’N+2+5

v(v) ~ vgllv] , as|v|| -0 forsome s > 0.

This means that the smaller the velocity is, the more unlikely is to change. Then, a particle
that moves at small speed but (almost) in a straight line ends up further from its starting
point than a particle who takes higher velocities but changes the direction frequently,
since most of the displacement is averaged out. This is why this degeneracy at zero gives
fractional phenomena at macroscopic level (Theorem 1.4).
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1.6. Summary and final remarks

Remember that we have also seen in Section 1.2.3.3 that v can contribute to the frac-
tional phenomena by favouring high velocities (therefore large displacements), i.e., for a
particular choice of v, for higher velocities the rate of change is smaller.
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2.1 Introduction

In this section we aim to extend the fractional diffusion limit presented in Section 1.2.3

to a kinetic transport equation conserving not only mass, but also momentum and en-
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ergy. Many works have been investigating the incompressible fluid dynamical limit of
the Boltzmann equation, see e.g. [BU91], [GL02], [SR09] and references therein. We shall
review the basic formal derivation of the linear equations of the corresponding hydrody-
namic limit below. On the other hand Navier-Stokes type of equations with a fractional
Laplacian have gained also a lot of interest, and have been e.g. related to a model with
modified dissipativity arising in turbulence in [BPFS79]. For an existence and unique-
ness result in Besov spaces we refer to [Wu06]. A derivation of fractional fluid dynamical
equations from kinetic transport equations would therefore be desirable to obtain. As a
tirst step towards this direction we here analyse the linear case, i.e. we start from a linear

kinetic transport equation of the form
Wf+v-Vof =Lf, (2.1)

where we assume the null space of £ to be spanned by the equilibrium distribution M (v)
satisfying

M) = M(v]) >0, M(v)< o0, RNM(’U)d’Uzl,

with the moment conditions

M(v)dv =1, / |v|>M (v) dv = N, / [v|*M (v) dv = N(N +2). (2.2)
RN RN RN

We assume in the following M (v) to be either the classical Gaussian

M (v) = (QW;W@’% , (2.3)

or a heavy tailed distribution satisfying

~ CO

('U) = W for "U’ 2 1 (2.4)

for some a > 4, that will be specified below and for some positive constant cy. For the
Gaussian M*(v) the moment conditions in (2.2) can be easily verified. For the second
class of equilibrium distributions with heavy tails we only prescribe the behaviour for
lu| > 1 and assume M (v) to be smooth and bounded from above and below for small
velocities. Hence for a > 4 the particularly chosen constants in (2.2) mean no loss of
generality. If in the following we keep the general notation M (v), the statement holds for
both M (v) = M*(v) and M (v) = M (v).

The macroscopic moments for density, momentum and temperature (actually, tem-
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perature times density) of f are given by

Pf 1

Up=1| m; | = o (v)fdv,  where ((v)= v
2_N

9f MN

We consider a linear collision operator of the form

£f=v)(Kf - f) (2.5)

with the operator K being defined as

of? - N
KF = M) 6(0) Uy = 0) (gt oem + 5 N0,0) 0 2o
where
1
P(v) = v (2.7)
l2-N

differs from ((v) only due to a normalising constant in the last component. The collision

frequency is assumed to be velocity dependent in the sense that
v(v) = v(Jo) = 0.

For the Gaussian equilibrium distribution the corresponding collision frequency v(v) =

v*(v) is assumed to have a degeneracy as |v| — 0 of the following form
v*(v) = [v]?” for |v| <1, (2.8)

for some 3* > 0 specified below. Moreover v*(v) is assumed to be smooth and bounded
from above and below by a positive constant for |v| > 1. For the heavy-tailed equilibrium
distribution the following far-field behaviour of the collision frequency v(v) = ©(v) is
assumed

o) =®  for |v|>1, (2.9)
where § < 1 will be coupled to the parameter o determining the tail of M (v). Here 7(v)
is assumed to be smooth and bounded from above and below by a positive constant for
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small velocities. The macroscopic quantity U, s = (py, ¢, My £, 0, 7)T is defined via

/ vofdv = AU, y (2.10)
RN

in such a way that the collision operator satisfies the conservation laws

PLfdv =0. (2.11)
RN

Using (2.6) this implies for the matrix A in (2.10)

A_/ vé @ pMdv,
RN

where invertibility of A can be checked by direct calculation. Observe that for f of the
form f = M¢ - U wehave U, y = Uy = U. We can then express the linear operator K as

ICf:qu~UV7f:M¢-A_1/ vofduv. (2.12)
RN
Now the conservation properties can easily be checked
SLfdv = / véfdv — / VoMo - A_ldv/ vo fdv
RN RN RN

— <I—/RNV¢®¢MdvA_1) /RNugbfdu: (I—AA‘l)/RNyqbfdvzo.

RN

Clearly the vector ¢(v) in (2.11) can be replaced by the vector ((v), since their only dif-
ference is a normalising constant factor in the last component. Integrating the kinetic
transport equation against ((v), the conservation laws in terms of the macroscopic mo-

ments read:

8tpf+v-m]v:0,

8tmf—|—Vx-/ vRvfdv=0,
RN
* -

N
[v Fdv=0.

0 o -
8tf+v RNU N

As mentioned above we will also investigate the limit to the fractional Stokes equation,

hence in this case we shall only assume the conservation of mass and momentum. In this

case we have

o(v) = ) Ur = = o () fdv. (2.13)
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Observe in particular that the corresponding A is a diagonal matrix.

In the remainder of introduction we are going to motivate the choice of the linear
BGK model and recall the formal classical Stokes-Fourier limit as well as point out the
difference to the regime with fractional rescaling. We then summarise the assumptions
on the equilibrium distributions and the parameters involved and state the main results.
Section 2 contains well-posedness and a priori estimates. We then introduce in a similar
fashion to [Mel10] and [BAMP11] an auxiliary function on which the moments method
is based upon in Section 3 and prove the necessary convergence properties for the in-
dividual terms arising in the weak formulation. These are then unified for deriving the
macroscopic dynamics in the fractional Stokes and Stokes-Fourier limit in Section 4.

Before demonstrating the classical formal Stokes-Fourier limit we shall give a brief
motivation for the choice of our collision operator. Struchtrup [SR09] and e.g. also
[CDLO5] used a power law form of v in terms of |v — m/p| for large absolute values
of the latter to obtain the correct Prandtl number out of a nonlinear BGK model of the
following type:

atF +v- vacF = V("U - mF/PFD (M(pV,F7mV,F79V,F) - F) ) (214)

where M denotes the Maxwellian

p _lv=m/p?

M(U) = W@ 20

The macroscopic quantities U, r are again defined such that the conservation laws are
guaranteed:

/ v(jv — mp/pp]) (o) M(Uy,p)dv = / v(jv — mr/pr|) (v) F dv.
RN RN

We assume to be close to the global equilibrium M(1,0, 1) (which corresponds to
M*(v) from (2.3)). This means we can write for the remainder ' — M(1,0,1) = ¢f for a
small parameter §. Then the linearised equation reads as follows

atf +v- va:f = V(|UD (VUM(lvov 1) : Ul/,f - f) ) (215)

where U, s is given by relation (2.10). Observing moreover Vi M(1,0,1) = ¢(v)M*(v)
we arrive at (2.1) with the operator given by (2.6).

2.1.1 The (classical) Stokes-Fourier Limit

We shall briefly outline the formal derivation of the Stokes-Fourier system as the (classi-
cal) diffusion limit from the linear kinetic transport equation with the diffusion scaling
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¥ =2:
20,5 +ev- Vo = v(Mo - Ug — ), (2.16)

where here and in the following we denote the macroscopic moments of /¢ by U® := Uy-.
For more details we refer e.g. to the work of [GL02], where the limit for the Boltzmann

equation is carried out. Integration in v gives the macroscopic equation
edp” + Vi -m® =0, (2.17)

which is closed in terms of the macroscopic moments. This equation formally provides
the incompressibility condition for m in the limit ¢ — 0. Integrating (2.16) against v
implies

1
om® + -V, - / vRufidv=0. (2.18)
g RN

We shall split the second moment as follows

om® + V/ |‘2f5d + V / <v®’u—’2>f€dv:0. (2.19)

The second term can be expressed in terms of the macroscopic moments as follows:

2 2_ N
/ ’1])\‘[ fedv _/ (’”' ~ )fgdu+ fedv = 0F + p° |
RN RN RN

which provides the Boussinesq relation at leading order. The remaining terms of order 1
in the equation for m are of gradient type and therefore correspond to a pressure term,
which vanishes when using divergence-free test functions. To analyse the behaviour of

the third integral in (2.19) we employ the macro-micro decomposition
ff=M¢-U;+g,,
which inserted into the kinetic equation (2.16) formally gives
g5 = === M - V(6 Up) + O(%) = —e= M - (¢ V.U*) + O(%),

since knowing that g; is O(¢), implies that U; = U® + O(e). Now one can see that the
macroscopic part of the antisymmetric integral term in (2.19) vanishes and we are left
with

1 1 ||2
S IV (0 +6° VY, - _ Edv = 0.
oym +8v (p° + )+8V . (v@v N >g,,v 0
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The leading order term of g;, implies

N v
= 110Va - (Vem® + (Vem®)T) + O(e) = poAgm® + O(e)

1 2 2\ M
—=V, <v®v|v|l> godv =V, - <v®v’v|l> —@w®v: Vym®)dv+ O(e)
£ RN N RN

for pup = Jon vIv322dv, where we have used the incompressiblity condition to leading
order. Summarising we obtain from the equation for m®

Va(pf 4+ 6°) = O(e), (2.20)
Om® = upAzm® + Vup® + O(e). (2.21)

We shall now turn to the equation for the temperature and therefore consider the follow-
ing moment

2 _
9, ] (2N +2)

P = (V+2)
2

fm+§vf fedv=0. (2.22)

RN RN

Note that due to the Boussinesq equation we have
2—(N+2 N
/ il Cl ) )fgdv: —(0°=p°) = N6+ 0(e) .
RN 2 2

The choice of the moment is such that inserting the decomposition into the second inte-
gral, the leading term vanishes:

1 2_
lo [ WP
& RN 2
1 2_(N+2 1 2_(N+2
B A il el G 01 Y S 2 N R Cl e ) P
g RN 2 19 RN 2
2_(N+2)M
=_-V,- VR uivx@g -U%)dv + O(e)
RN 2 14
2_(N+2)M 2_N
=-V,- VR ’U'(—H—Vx <,o‘E + M95> dv+ O(e)
RN 2 14 2

= —NkoAg6° + O(e)

v|2(Jv]2—(N+2))2
fRN||(||4]\(f )

for kg = Mgy > 0, where we used the Boussinesq relation to leading

order. Hence formally we arrive in the limit ¢ — 0 at the incompressible Stokes-Fourier

system:
p+0=0, Ve-m=0
Oom = poAgzm + Vgp
8t0 = HoAxQ
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Note that the momentum satisfies a heat equation up to a pressure gradient. This pres-
sure term vanishes when using divergence-free testfunctions, which are typically used
for incompressible fluid dynamical equations.

2.1.2 Rescaled equation for fractional Stokes-Fourier limit and function spaces

As already mentioned in the introduction above it is our aim to analyse the Cauchy prob-
lem for the kinetic equation with a rescaling in time of order v € (1,2):

V0 fe +ev-Vuft =Lf*° (2.23)
fE(0,v,2) = f(v,x) € wa(M*l) , satisfying V- / vf"dv = 0.
RN

Note that the latter condition guarantees that the initial data verifies the incompressibility

condition V,, - m'™ = 0. Here and in the following we denote weighted L?-spaces as:

Al (= h? w dvdaxdt . (2.24)
t,z,v 0 R2N

The weight functions we are considering will only depend on v. To be more precise we
will need the weight functions M~!,#M~! and M. The spaces L2 ,(w) and L2(w) are
defined in a similar way, where integration in (2.24) is performed over z, v or v respec-
tively. Also we shall use the abbrevations L} = LP(0,00), L}, = LP(RY x RY) and
LY, = LP((0,00) x RY).
The conservation property of £ implies for the zeroth moment of (2.23) after dividing
by ¢
7710,0° + V- mf =0, (2.25)

which provides again the incompressibility condition to leading order. Using the same
macro-micro decomposition as above, we obtain for the first and second moment similar

to before

o[
N

ol (lvf* — (N +2))* M c
o N ” dvV,0° 4+ O(e) .

omE + eIV (p° +6°) = 2TV, - <v ®v— I) %M -Vg(v-m®)dv + O(e),
RN

00° = 27V, -

If we consider the fractional Stokes limit, then either the 2nd or the 6th moment of M /v
will be unbounded, but in such a way that it is balanced by the order 2~ in the limit
e — 0. Considering the fractional Stokes limit (i.e. there is no equation for 6) requires
the 4th moment to be unbounded. This also explains why we cannot derive a fractional

Stokes-Fourier system with a fractional Laplacian appearing in both equations for m and
0.
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We shall also note that the scaling v = 1 corresponds to the scaling for the acoustic

limit.

2.1.3 Summary of the assumptions and results
Assumption 1. [Assumptions on the parameters for the fractional Fourier-Stokes limit]

(i) For the case of heavy-tailed equilibrium distributions M we shall make the follow-
ing assumptions on the parameters «, B determining the behaviour of M and the

corresponding collision frequency v for large |v| (see (2.4) and (2.9)):

Leta > 5and 3 < 1 satisfy

; . a—4
5<a+f<6, ﬁ<O‘T. (2.26)

The parameter 7 used for the rescaling in time then satisfies

a—5—4

5 € (1,2).

v =

Observe that this also includes a velocity independent collision frequency 7(v) = 1.

In this case the requirements on the parameters are

B8=0, a=5+0 for §€(0,1), A=1+96.

(ii) For the Gaussian equilibrium distributions M* the collision frequency v* is degen-
erate as [v| — 0 with exponent 5* > 1, see (2.8). For this exponent 5* and the

corresponding parameter +* for the rescaling in time we assume

«_PB+N
=51

N+2<p*<N+3, v € (1,2).

These conditions stated in Assumption 1 imply for the heavy-tailed equilibrium dis-
tribution the following integrability properties

[ol* - [0]° -
—Mdv < C (k<5), — Mdv = o0, (2.27)
RN UV RN UV
whereas for the Gaussian equlibrium distribution the unboundedness occurs at the low-
est order '
o] 1 e [0l 3 :
- M*dv = oo, —M"dv < C (j=3). (2.28)
RN UV RN V

If in the following the statements do hold for both cases of equilibrium distributions in

Assumption 1 we write (M, ), which can be either (M, ) or (M*,~*).
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Theorem 2.1. Let Assumption 1 hold. Then the solution f< to (2.23) converges as ¢ — 0 to

[v]* — (N +2)

fe(tyzv) =" f(t,z,0) =M <v -m(z) + >

9(t,:c)> in L*(0,T;L;,(wvM™1)),
(2.29)

where the macroscopic quantities are determined by

m(x) = m™ (),

00 = —k(=A)20,  0(0,2) = 0" (x),

for a positive constant k > 0, where the equations are understood in the weak sense. In particular
Oym = 0 holds in distribution sense restricted to divergence-free testfunctions. The initial data

Un = (v) f™(z,v)dv
RN

is hereby assumed to satisfy
Ve -m™(x) =0, p"(x)+0"(x)=0.

The derivation of this theorem shows that one cannot obtain a fractional derivative
in all moments at the same time, since the chosen time scale is not the right one for the
diffusive terms in the momentum equation. For the sake of completeness we shall recall
here that the fractional Laplacian can be defined using the Fourier Transform

F((=22)2h)(k) = K F(R)(K) -

We will rather use the following alternative representation as a singular integral

)

h(z) — h(y)
_ V2 — ) T )
(—A)"*h = Cn,PV /RN P— = d

see e.g. also [DNPV12].

Assumption 2. [Assumptions on the parameters for the fractional Stokes system without
temperature] We shall here only consider the case of heavy-tailed equilibrium distribu-
tions M with corresponding collision frequency 7. For the parameters o and f (see (2.4)
and (2.9)) we make the following assumptions:

Let o > 3 and j3 < 1 satisfy

3<a+fB<4, fB< (2.30)
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The parameter used for the rescaling in time then satisfies

a—B—2

— € (1,2).

”? =
Again this includes the case 7 = 1 with the choice of parameters
B=0, a=3+46 for 0€(0,1), Fy=1+96.

The corresponding conditions to (2.27) for these heavy-tailed equilibrium distribution

read
Elis vl* -
—Mdv < C (k<3), —Mdv =00. (2.31)
R RN

N UV v

Theorem 2.2. Let Assumption 2 hold. Then the solution f¢ to (2.23) converges as e — 0 to
FEtw,v) = f(t,a,v) = M(p(e) +v-m(t,z)) in L2(0,T512,(0M7Y),  (232)
where the macroscopic quantities solve

plz) = p"(x),
V-m=0,
8tm = _’%(_A)://Qm + V:ppv ’I?’L(O, l’) = m’bn(l,)

where the equation for the evolution of m holds in the weak sense. The pressure term p € L7,
vanishes when using divergence-free testfunctions. The initial data U™ = [on ¢f™dv is assumed
to satisfy V - m'™ = 0.

In this regime the fractional diffusion only appears in the equation for the momen-
tum, whereas the density does not change with time. This resembles well the Navier-
Stokes equations, where the density (and temperature) are assumed to be constant and
the continuity equation reduces to the incompressibility condition.

Remark 2.3. The reason why the fractional Stokes limit cannot be carried out for the Gaus-
sian equilibrium distribution is that in this case the fractional derivative arises from the
unbounded second moment of M /v and therefore appears for the density term. In the
case of the Stokes-Fourier system the Boussinesq equation then relates the density to the
temperature. In the Stokes limit however no such relation is available.
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2.2 A priori estimates and the Cauchy problem

2.2.1 Integrability conditions on )/

The above Assumptions 1 and 2 on the parameters determining the behaviour of M and
v guarantee the boundedness of the moments required for carrying out the macroscopic

limit. We summarise these integrability conditions in the following Lemma:

Lemma 2.4. Let (M,v) be either given by (M, ) or (M*,v*). In both cases we assume that
the corresponding conditions on the parameters stated in Assumption 1 are satisfied. Then the
following integrability conditions hold

2 j+3
/ PPM@) o / WMy oo forn<j<2, (@33)
wizs  v() rv  v(v)

/ [v|F? ()M (v)dv < C, / lv|Fv(v)M(v)dv < C for0<k<4, (234
RN

where § = 0 in the case of heavy-tailed equilibrium distributions, and 0 < § = 1 (w.l.o.g.) in the
case of the Gaussian equilibrium distributions.

If only the conservation of mass and momentum hold, the order of integrable mo-

ments reduces as follows:

Lemma 2.5. For the heavy-tailed equilibrium distributions satisfying Assumption 2 the integra-
bility conditions (2.33) hold for j = 0 and (2.34) is satisfied for 0 < k < 2.

2.2.2 A priori estimates and well-posedness

Lemma 2.6. Let the equilibrium distribution M satisfy Assumption 1 or 2, then

WK fllL2ar-1) < Cllfll2(ar-1y -

Proof. The proof can be easily seen by first observing that
K Slaz sy = [ M (0 UPdo < CIU, (235)
RN

where we have used the boundedness of M in (2.34), which can now be employed again
together with the Cauchy-Schwarz inequality to conclude

2 2
U, |2 = ‘A_l/ vofdu go/ Ldv/ V0oPM dv < C| fII72(a-1) (2.36)
RN RN RN

O]

90



2.2. A priori estimates and the Cauchy problem

This continuity property of the linear collision operator allows to deduce well-posedness
of the Cauchy-problem (2.1) with initial data f"* € L2 (M ~'). The mild formulation
reads

A t
f(t,z,v) = f™(x —vt,v)e " + / e VUK f (s, — (t— s)v,v)ds .
0

If the assumptions guaranteeing continuity of KC as in Lemma 2.6 hold, then a standard
contraction argument yields local well-posedness, which can be extended to a global
result using the a priori estimate (2.41) below for ¢ = 1. Clearly also the Cauchy problem
for the rescaled kinetic equation is well posed for any € > 0:

Corollary 2.7. Let Assumption 1 or Assumption 2 hold and let f™ € L2 (M ~'). Then there
exists a unique solution f¢ € L°(L2 (M) to (2.23).

Since we want to determine the convergence of f¢ as ¢ — 0 we shall now investigate
the a priori estimates for the rescaled problem. The basic L2-estimate for kinetic transport
equations is obtained by integrating the equation against /M. Similar to the formal
derivation of the Fourier-Stokes limit in the introduction we shall introduce the micro-

macro decompositions

f£= Mo-Us+g°, (2.37)
ff= Me-U+g, =Kf*+g,, (2.38)

whose remainder terms fulfill

og°dv =10, / vog,dv =10, (2.39)
RN RN
due to the definition of the macroscopic moments and the conservation properties respec-

tively. In a similar fashion to [MMM11] and [BAMP11] we obtain the following lemma:

Lemma 2.8. Let Assumption 1 or Assumption 2 hold. Then the operator 1L is bounded in
L2(vM 1) and satisfies

[ / v 2
| Efpdv=— [ 37lf - KfPay (2.40)
for a positive constant C and for all f € L2(vM~1).

Proof. To prove the boundedness of 1 £ it remains to check the boundedness of K. In a
similar fashion to (2.35) one can show that ||[Cf||z2(,n-1) < C|U,|?, and we conclude the
boundedness with a slight modification of (2.36):

2
_ 14
= at [ vora] <c [ ifa [ vioPMdo < O urny-
RN RN RN
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To show (2.40) we first observe that due to the conservation properties of £ (2.11) we have
Kf. _ _
Ef dv = ¢Lfdv-U,=0.
RN RN
Using this we can rewrite

I
Ll = RNﬁf

dv— / —|f — Kf|*dv.

O]

This lemma now yields the basic ingredient for deriving the following a priori esti-
mates:

Proposition 2.9. Let Assumption 1 be satisfied. Then the solution f¢ of (2.23) is bounded in
L°(L2 ,(M~1)) uniformly with respect to e. Moreover it satisfies the decomposition (2.38),
where US and g5 are bounded by the initial data f™" in the sense that

SuPHfEHLg,U(Mfl) < Hfm”Lg,U(Mfl)v (2.41)
gl warny < €21 ez, oy s (2.42)
sup U5 (¢ ez < O™z ey - (2.43)

Proof. Using (2.40), the basic L?-estimate for the solution is obtained as follows

4 / crequds = —/ - KffPdvde = —/ 2 (g5)2dvda
2 dt L3o(M~1 R2N M rev M ren MY '

Integration in time implies (2.41) and (2.42). For the boundedness of the macroscopic
moments U in (2.43) it only remains to integrate (2.36) over = and taking the supremum
in time. O

Lemma 2.10. Let the assumptions of Proposition 2.9 hold. Then there existsa U € L°(L2), such
that ¢ —* M¢-U in L°°((0,T); L2 ,(vM 1)) forany T > 0. In particular we have the conver-
gence of the macroscopic moments US, U¢ —* U in L°°((0,T); L2). In the case of heavy tailed
equilibrium distributions M moreover strong convergence of Us — U¢ — 0 in L>®((0,T); L?)
holds. Under Assumption 2 the same statements are valid for U and U* respectively.

Proof. To see the weak*-convergence we first observe that the uniform bound of U; in
L°(L2) given in (2.43) implies the existence of a U € L{°(L?2) such that U —* U in
L*(L2). Moreover the bound (2.42) implies that f< — M¢ - U; — 0in L7, ,(vM™1),

which allows to deduce f¢ —* M¢-U in L*°((0,T); L2 ,(vM 1)) for any T > 0, implying
also for the macroscopic moment U¢ —* U in L>((0,7T); L?).

92



2.3. Weak formulation and auxiliary equation

To show the strong convergence of U; — U® in the case of heavy-tailed equilibria we
first note that integrating the difference of the decompositions (2.37)-(2.38) against ¢ gives

AU U = [ ¢(oF — g)dv = / dgSdv.
RN RN

In the case of M(v) = M (v) the integrability of M in (2.33) holds for § = 0 and we can
thus employ the Cauchy-Schwarz inequality as follows

2
WSt ) — Ut )y < € ( / ¢g§dv> da
RN \JRN
£)2 2
< C/ / V(gu)dvdx/ [9FM 4 < o
RN JRN M RN 14
where for the last inequality we applied (2.42). O

2.3 Weak formulation and auxiliary equation

2.3.1 An auxiliary equation

Analogously to Mellet [Mel10] and Ben-Abdallah et al. [BAMP11] we introduce an aux-
iliary function x*(¢, v, z) defined as the solution of

v(v)x® —ev- Vax® = v(v)e(t, z), (2.44)

where ¢(t, ) is a test function in D([0, 00) xRY) and hence x* € L, ((0, 00) xRY; LZ(RY)).
It is easy to verify that

X° = / e "WEL(0)p(t, x + evz)dz .
0
Considering
Xt —p= / ve " (p(t,z +evz) — p(t, z))dz, (2.45)
0

it can easily be deduced that |x® — ¢| < || Dy||scc|v|, which implies uniform convergence
in space and time, but not with respect to v. The proof of Lemma 2.5 in [BAMP11] can
easily be extended to give the following convergence results:

ox° — oo strongly in Lfo(Liv(M)), (2.46)
bOX° — PO strongly in L{°(L2 (M), (2.47)
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where the extension from ¢ = 1in [BAMP11] to ¢ given as in (2.7) is straightforward due
to the weight M. The proof relies on a estimate of the form

00 2
/ e Frvp(p(r +evz) — p(z))dz| drdv
0

I60¢ = @Mz oy = [ M
; R2N

o
< [ [ Moo + ev2) — ol dzds
RN Jo *

The fact that ||o(-+evz) —¢l|12 — 0ase — 0 forall v and 2, together with the integrability
condition (2.34), allow to apply the Lebesgue dominated convergence theorem. A similar

proof holds for the time derivative.

2.3.2 The weak formulation

Since the macroscopic equation for p° is closed in terms of the macroscopic moments U*®
(see (2.25)), it is sufficient to consider test functions ¢ (¢, z) € D(]0, 00) x RY) independent
of v. Note that this corresponds to building the inner product in Lfﬂw (M 1) of the kinetic

equation with ¢(t, ) M (v).

—/ / p°Oppdxdt — / p"o(t = 0)dx = 517/ V- mSdxdt (2.48)
0o JRN RN 0o JrRN

This equation will in the limit provide the incompressibility condition.

In order to derive equations for the macroscopic momentum and temperature we
consider the weak formulation of the rescaled kinetic equation (2.23) using testfunctions
as introduced in the previous subsection. As for the classical Stokes-Fourier equations
we shall consider the following moments corresponding to

v

P(v) =

o2 = (N+2)
2

We shall for each moment 1; consider a separated testfunction ¢; € D([0,00) x RY) with
its corresponding auxiliary function x;. Integrating the kinetic equation against v;x;

gives

[ oG dvdede— [ (= 0)dvda
o JRr2N R2N

=7 / Ui LfE XEdvdadt + 77 / Piv - Vexidodxdt
0 JreN 0

R2N

= 5—7/ M ¢ - UJ x; dvdxdt + 5_7/ UifS(—vxS + ev - Vox$)dvdadt
o Jren 0

R2N

=¢e 7 / / vipi M ¢ - U xGdvdzdt — ™7 / / v f€ dv @; dxdt
0 R2N 0 R2N
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where we have used the auxiliary equation (2.44). Taking into account the conservation
property of the collision operator (2.11) in the latter integral we finally obtain the weak
formulation

- / Vi fEOx; dvdadt — / Vi f"xE(t = 0)dadv
0 R2N R2N
= 57/ ViM ¢ - U v(x§ — pi)dvdxdt . (2.49)
0 R2N

In the following we will analyse the convergence properties of this weak form, in partic-
ular the right hand side. In the next subsection we will analyse the limiting behaviours of
the separate terms. These Lemmas will then be used in Section 2.4 to conclude the proofs
of the Theorems 2.1 and 2.2.

2.3.3 Convergence properties

We first derive the convergence results required for the macroscopic limit to the fractional
Stokes-Fourier system. At the end of the subsection we will derive the corresponding
convergence properties for the fractional Stokes limit for conservation of density and
momentum only.

In the following we will several times have to bound integrals of the form

I(t,z) = o f)g(t,x 4+ Tv)dv

in L7, for some 7 € R. This can be done by first applying the Cauchy-Schwarz inequality
and then interchanging the order of integration:

/OOO /RN ( . f(v)g(t,z + Tv)dv)2 drdt

/OOO /RN |f (v)|dv /RN |f(v)|g*(t, x + Tv)dvdadt

o0 2
J— 2 €T T v U — 2 21' ]
= [T fteana ([ 1rla0) = lal 161, @50

We shall first consider the terms arising from the time derivative on the left hand side of

172,

IN

the weak formulation in (2.49):

Lemma 2.11. Let Assumption 1 hold and let x; be auxiliary functions satisfying (2.44) for ¢; €
D([0,00) x RY) (i € {1,...,N}). Let moreover f. be the weak solution as in Proposition 2.9.
Then, as € — 0, the weak form of the time derivatives in (2.49) converges in the sense that

w .
/ Y fEOx; dvudxdt + / i fx5 (t = 0)dvdx
0 R2N R2N
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—>/ o M dv - </ / U@tcpidxdt+/ Umw(t = Q)dx>
RN 0 RN RN

Proof. Due to the strong convergence of 1d;x; — 1h0;p; in L>((0,00); L3 ,(M)) in (2.47)
the weak convergence of f¢ — M¢ - U in L>((0,T); L7 ,(M ")) and the fact that ¢; is a
test function, the stated convergence can be deduced. ]

For passing to the limit in the right hand side of the weak formulation in (2.49) we will

make use of the following expansions of the auxiliary function obtained by integration

by parts:
v()(X*(t,z,v) = o(t,x) = ev-Vap(t,x) (2.51)
+52/ e V2ol - D2p(t,x + cvz) - vdz
0
v(v)(x°(t,z,v) —p(t,x)) = 5/ ve v - Vyp(t,r + evz)dz (2.52)
0

We start with deriving the behaviour of the right hand side of (2.49) for ¢; = v; (i €
{1,...,N}):

Lemma 2.12. Let the assumptions of Lemma 2.11 hold, then
57/ / vM ¢ - U v(x; — pi)dvdxdt
0 R2N
—51_7/ / (p5, + 6) O, pidxdt + R© i€ {l,...,N},
0o JRN
where R — 0ase — 0.

Proof. We shall employ the expansion of v(x; — ¢;) according to (2.51):

87/ / viM ¢ - U v(x; — pi)dvdzdt
0 R2N

_ 61—“// / (/ vuM¢-U; vdv) -V dxdt
0 JRN \JRN

o [e.9]
—1—62_7/ / / vie 2T D2py(t, x + evz)vdzM ¢ - US dvdxdt
0o JrReN Jo
= IT+1I5.

We start with showing that I5 — 0 performing an estimation of the type (2.50):

[of* + o]

5] < C> D2l 2 IUS 12 /N Mdv < Ce27 0.
’ ’ R

The integral I gives rise to the Boussinesq equation. The integrand of I{ containing the
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macroscopic momentum is odd and hence vanishes, such that

o= [T 6 )0 pdade,
0 RN

which concludes the proof. O

Lemma 2.13. Let the assumptions of Lemma 2.11 hold. Then the fractional derivative arises from
the following integrals as € — O:

(i) For the case of heavy-tailed equilibrium distributions, i.e. M = M and v = i, we have

_5 vt _ < /o
gl P ove — 0)d —R(=AL)Y
1 [P e - o w(-807%
strongly in L7 .

(ii) For the case of Gaussian equilibrium distributions, i.e. M = M* and v = v*, we have
eV / VM*(x° — ¢)dv — —/ﬁ*(—AI)V*/ng
RN

strongly in L7 .

Proof. We shall first demonstrate the convergence for the heavy-tailed equilibrium distri-

butions stated in (i). We therefore split the domain of integration as follows:

J5 = E&/||<1 'O M (x5 — p)dv, J§ = N/ |* oM (x° — @)dv.

lv]>1

We expand the first integral using (2.51):

o
Jp = 51_7/ lo|*oMdv - Vo + 277 / lv|*e v D2p(t, x + cvz)vMdzdv .
ol<1 0

lv|<1

The first integrand is odd, therefore the integral vanishes. The second integrand is uni-
formly bounded in |v| < 1, hence J; — 0 as ¢ — 0 uniformly in ¢, 2 and also LZI. For the
integral .J5 we use the behaviours of M and #, as well as (2.45):

~ oo .
J5 = 5760/ v|4Na+'8/ ve ¥ (p(t, x +evz) — p(t, x))dzdv
lv[>1 0

~ oo
= 5_700/ v|4_N_a+ﬂ/ e’ (gp (t, x+ 628) — o(t, 33)) dsdv
lv[>1 0 v
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where we substituted s = i7z. We recall that 3 < 1 and perform the change of variables

. N
1 A
w=e—s  dv=—— (m) dw , (2.53)

’v’ﬂ 1-p €

where for the calculation of the determinant of the Jacobian-matrix Silvester’s theorem
can be applied. Recalling 5 = (o — § — 4)/(1 — ), we obtain

) (t, '
J; = / / s ezt ws) —olha)
1-— ﬂ |w|>e ’w| v

ot — ot )
- [T ARy e
1—ﬂ 0 ly|>es ’y‘ K

where substituted y = ws. Due to the definition of the principle value we have the

pointwise convergence in ¢, z of

J5 = JY
with J° being defined as
jO _ PV > —SSO t 'T—I_SU}) SO(t’LU)de’LU
B B RN Jo |w] N
ptet+y) —ptz) - [% 5
- BPV . e dy e °sTds
R Yy 0
Ptz +y) — ot 2)
= I'l1+9)k PV /RN IV dy (2.54)
= —%(—AW ¢
with k = %ﬁgl) For proving convergence in L7 , we proceed as in [BAMP11] and split
J into

(t, t
/ [ttt o _ulie)
lw|>1 jw|N+7

o(t,z + sw) — p(t,x) — sw - Vyo(t, )
- dsdw. (2.55
/w|<1/ w|N+T ( )

These integrals are defined in the classical sense. Splitting .J5 into the integral over the

domain {|w| > 1} and {e < |w| < 1} respectively, we obtain

1 - ~ t t - : x ta
T(JQE — JO) = / / T+ Sw) 4,0( 7]\%3: sw-V 4,0( x> dsdw
K |lw|<e ’w‘ K
I D2p(t, 2+ sw) - w
= dsdw, 2.56
ool (2:56)
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where we have performed integration by parts twice. Due to the fact that

o
1 3
e_sds/ - _dw<Ce*T 50
/o jwl<e |W]NFTT2

we deduce the (strong) L7 ,-convergence of J5 — J° — 0, which concludes the proof for
the heavy-tailed equilibrium distributions.
We shall now derive the fractional Laplacian for the Gaussian equilibrium distribu-

|2
tions M*(v) = CoRlE e as stated in (ii). We proceed in a similar fashion to [BAMP11]
and split the integral in (ii) as follows:

JFr = / VMY (XS — @)dv, J5F =7 / V*M*(x® — ¢)dv.
lvl<1 v|=1
As we shall see below the degeneracy occurs in the first integral, whereas the second
integral vanishes in the limit. Expanding J5* according to (2.51) we obtain

o
J5* =l M*vdv - Vo + 277 / e VT D2p(t, x + evz)uM*dzdvy .
[v]>1 lvj>1Jo
The first integral vanishes, since the integrand is odd. The second integrand is uniformly
bounded in {|v] > 1}, hence the second integral also converges to 0 uniformly and in
L} . We shall now turn to the integral J;* over the domain of small velocities. Observe
that we cannot expand v*(x® — ¢) according to (2.51) as above, since |<1 ‘”‘i%dv is
unbounded. Hence we expand v*(x® — ¢) only up to first order as given in (2.52) and

proceed as in [BAMP11]:
oo
JiT o= 81_7*/ / eV A - Vap(t, o 4 evz)dzM*dv
vj<1Jo

. * v
= ¢l / / e v-Vap (t, T+ 5—*5) dsM*dv .
v<1 Jo v

We again perform a change of variables similar to (2.53), noting that here 5* > 1, such
that the domain of integration is inverted:

N

v 1 € B*—1
—e— 0 dv=——[(—+ dw .
v w0 ()

Recalling v* = (8* + d)/(5* — 1) we obtain

1
pr—1

B 1 X etz tsw) — gt z) _%(ﬁ)ﬁd
T OB 1) e o e "
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As above we introduce the integral

Ox —580 t T+ S’LU) go(t,:n)
JU = (27T)N/2 — PV/RN/ e dsdw ,

satisfying the analogous relations given in (2.56). Moreover J%* can be split into two

integrals according to (2.55), from which we can deduce the L7, convergence of J** —
J%*. From the Gaussian equilibrium distributions being non-constant for small velocities
two more terms arise here compared to (2.56) and [BAMP11]:

R R e “’“’%(e-é(@)ﬁ“_

’w|N+'y

W]

_2
/ / o(t,x + sw) — so(t,u’ﬂ)*sw'vx‘»o(t’x)ds <e—;(;|)ﬂ - —1) dw
<lw|<1

+/ / e_sgo (t,z + sw) — go(t;vri) *— sw - Vzp(t, ) dsduw
w|<e ‘w| K

— LY+ L5+ L5

For the third integral L§* the convergence to 0 in L7, is obtained in the same fashion to
(2.56) above. For L{* we employ an estimation as in (2.50):

2
s . _1( e \F-I T
115"z, < 2||90||L?,z/0 €_Sds/ . jw| =N (1 () ) dw < C <1 — ezl
w|>

To see the convergence of the remaining term L5* we perform integration by parts twice
and bound

* 1( ¢ 6* 1
125"z, < ID2¢l, | / -2 (1 20T dsdu
" <|w|<1

We now split the domain of integration in the latter integral once more. For any a € (0, 1)

< Cre~

By dominated convergence, this implies the strong convergence of J5* to J% in L7,

which concludes the proof of the Lemma. O
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2.3. Weak formulation and auxiliary equation

Lemma 2.14. Let the assumptions of Lemma 2.11 hold and recall that ¢)n 41 = W*(# Then,

as e — 0, we have

/ / UN1M ¢ - U v(x® — ¢) dvdxdt — —H/ / A2 dadt .

Proof. We shall again employ the expansion of v(x* — ¢) according to (2.51):
5_7/ / UNAM ¢ - U v(x° — o) dodadt
0 R2N

= 51_7/ /N /N YnM ¢-Ujv dv - Vyp dudt
RV JR
0o J .
+62_7/ / / Unie” vt Dip(x + evz, tyodzM ¢ - Uy dvdzdt
r2v Jo

=17+ 15.

The part in the integrand of I containing the macroscopic density and temperature is
odd and hence vanishes, therefore we are left with computing only the part containing
the momentum:

2If = 517/ / (/ (MQ — (N+2))v®dev-mi) -Vepdrdt =
o JrRN \JRN

which holds due to the moment conditions in (2.2). We now turn to the second integral

term I3, which gives rise to the fractional Laplacian. We first order the moments accord-
ingly

215 = 527/0 /RQN/O (Mz — (N+2))e TD2g0(t x4 evz)vdzM ¢ - US dvdxdt
= N
= e27V(N + 2)/ / / e 2T D2p(x + evz, t)vdzMdv < 9‘€> dxdt
0o JrR2N Jo

2—y > > 1}2— v-ms ’U2 € _ e\ .
te //RN/ ((Jof2 = (N + 2))o - mS + [o]? (f, — (N + 1)65))

vE TD2g0 (x —|— evz, t)vdzM dvdxdt
g2

|v|496 2T D2p(x + vz, t)vdz M dvdadt

R2N

—FL6

We start with showing that L5 — 0 for both cases of equilibrium distributions due to
(2.27) and (2.28)

3 5
|L5| < Ce*77||D? ellz U5l /‘”H”’Mdv <Ce*7 0.

Moreover for the heavy-tailed equilibrium distributions the integral term Lj also van-
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Kinetic derivation of fractional Stokes and Stokes-Fourier systems

ishes in the limit due to (2.27) using the same argumentation. The third integral term L§
corresponds, after integration by parts twice and inserting the definition of v(x° — ¢), to
the integral in Lemma 2.13 (i) and hence converges towards the fractional Laplacian. For
the case of Gaussian equilibrium the roles of the integrals L] and Lj are interchanged,
namely L3 vanishes and from L we obtain the fractional Laplacian according to Lemma
2.13 (ii). O

We shall now state the corresponding convergence properties for the fractional Stokes
limit without temperature. In fact, in the weak form (2.49) we only need to consider the
moment ¢)(v) = v. Since in this case we only treat the case of heavy-tailed equilibrium
distributions as stated in Assumption 2, no distinction between the types of equilibrium
distributions has to made here. Hence for the fractional Stokes limit we skip the tildes for
M and v in the following.

Lemma 2.15. Let Assumption 2 hold and let x; be the auxiliary functions as defined above (2.44)
for corresponding p; € D((0,00) x RY) and let f¢ be the weak solution as in Proposition 2.9.

(i) The weak form of the time derivatives in (2.49) for 1) = v converges in the sense of Lemma
2.11 with the macroscopic moments U being replaced by U as € — 0.

(ii) For 4); = v; we have for the right hand side in the weak formulation of (2.49):

5_7/ / viM ¢ - U v(X5 — ;) dvdzdt
0 R2N
(e} o)
= —51_7/ / 0iOg, psdxdt — /{/ mi(—=A)2p; dzdt + RS
0o JRN 0 JRN

where RS — 0 foralli € {1,...,N}.

Proof. The convergence of the terms involving time derivatives in (i) is similar to the
proof of Lemma 2.11. To derive the integral identity in (ii) we first split the integral into

the terms containing p;, and m;, respectively:

6_7/ / viM ¢ - U v(X5 — ;) dvdzdt
0 R2N

oo [e.9]
= 6_7/ / viMpS v(x; — i) dvdxdt + 6_7/ / viMv-miv(x; — i) dvdxdt
0 R2N 0 R2N
€
2 .

= I{+ I
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2.3. Weak formulation and auxiliary equation

We expand v(x§ — ;) according to (2.51) in I:

o
I = 51_7/ /2N vivMdv - V 5 p5 dxdt
R

00 oo
LR / / / e—l/Z,UiUDa%gp(t? x 4 evz)vM dzdvp,dxdt
R2N

(o.9)
= 51_7/ / Py 0x, pidxdt + R
0 RN

where the latter integral vanishes in the limit ¢ — 0:
3
5] < 0202l Il [ haran < e .
e “ Jrny v

We shall now derive the fractional Laplacian from the integral 5 and therefore, similar
to above, split the integral into

I = ¢ 7/ / / viM v -miv(x; — ;) dudzdt
RN Jlv|<1

+e~ 'y/ / / viMpS v -miv(x; — i) dudzdt
RN Jjv|>1
= J]. + J2 .

Inserting (2.51) it is easy to see that J{ vanishes in the limit £ — 0. We insert (2.45) in the
integrand of J5 to obtain after substituting s = vz

J5 = 5_7/ / / / ve *vjv - mi M (%’ <t7$+638> —@i(t,ff)) dsdvdzxdt
0o JRN Jp>1Jo v

Recalling the definition of 7 = (a — 5 —2)/(1 — ) and using the same change of variables
as in (2.53) we obtain

(1 =B)(y+N)I;

) / /RN </w|>6/ \w|2 |w\7+N (pi(t,x + sw) — gpi(t,x))dsdw) -mSdudt
/ /RN </w>5/ e Vu ( |’7+N> wi(pi(t, z + sw) — %(taiﬂ))deﬁdw) -mSdxdt
/ /RN </w>e/ |w|'y+N (it + sw) — it m))dsdw> mS,;dxdt
/ /RN (/w|>€/ |w‘7+N5Vz‘Pz(t x+ Sw)dew> -m$, dxdt
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/ /RN (/w|—€/ |1U|'7+N S(pz(t T+ Sw)|u)|d5do> ) midajdt

L5+ b°,

where we performed integration by parts and used the fact that the outer unit normal on
the sphere is w/|w|. The convergence of L5 towards the integral involving the fractional
Laplacian

L5 — H/O - mi(—A)2 p; dudt

is deduced as in the proof of Lemma 2.14. Hence to conclude the proof it remains to show
that L5 and b° vanish in the limit. Therefore we first observe

(1-8)(y+N)Ly = / /N </| / |w|V+NSvM(t x—l—sw)dsdw> - mE dadt
R w|>e

N / /RN/|>/ Slw‘fy_i,-]\[ s(Vg - m3)pi(t, x4+ sw)dsdwdzxdt
€

- / / / 8]w|v+N s(Vg - m3)pi(t, ¢ + sw)dsdwdzdt
R2N

/ /RN/|</ |w|fy+N $(Vz - my)pi(t, x + sw)dsdwdzdt

For the first integral K§ we shall use the fact that V- m$ — 0in L7 .. Hence, if

/ |w‘w73rN/ se *p;i(t,x 4+ sw)dsdw (2.57)
RN 0

is bounded in L7, then K§ — 0. Proceeding as in (2.50) we can bound the L7 ,-norm of
the integral (2.57) over the domain {|w| > 1} directly by

Cllgilz, [ ol aw< c.
» T 1
For the integral (2.57) over the domain {|w| < 1} we observe that se™® = J5((s + 1)e™*).
Integrating by parts in s we can then bound the L7 ,-norm using an estimation of the type
(2.50) by

CIVatllzz, /| e
w|~

from which we can now deduce K{ — 0 (note that the boundary term is odd in w and
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2.4. Derivation of the macroscopic dynamics

hence vanishes). To see K5 — 0 we integrate by parts additionally in

53] < C||ml/||L2 ||D ‘PHL? / |w|_7_N+2dw < Ce? 0.

lw|<e

It now remains to show that the boundary terms vanish. We employ integration in parts
twice

b7 =

2 w;
7+N/ /RN /w_s/ TwDpp(tx + sw)w Wm fw |d0dwda:dt

!
1Dl 12 mi 2 /wl:s oo < 02T 0,

IN

2.4 Derivation of the macroscopic dynamics

2.4.1 Derivation of the fractional Stokes-Fourier system

The convergence of the solution f° of the Cauchy problem in (2.23) was already shown.
We will now derive the macroscopic equations determining the limiting solution stated

in Theorem 2.1.

Proof of Theorem 2.1. We start by deriving the incompressibility condition from equation
(2.48). Since 9y and p* are both uniformly bounded in L7, multiplying (2.48) with 7~
and using the fact that m® — m in L{ , we obtain the incompressibility condition in the
limite — 0.

We shall now turn to the weak form of the first moments. Due to Lemma 2.12 we
know that

—/ / v; fEOpx; dvdxdt — / v fXE(t = 0)dadv
0 R2N R2N

(05, + 05) O, pidxdt + R; | ie{l,...,N}. (2.58)

RN

Again, due to the boundedness of the terms on the left hand side and the remainder R°,

which vanishes in the limit e — 0, we obtain after multiplying by 71

(p;, +0;) 8xigoidxdt‘ < Cer! foralli e {1,...,N}. (2.59)
RN

Hence using the fact that U, — U in Lt »» we obtain the Boussinesq relation. Moreover,
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Kinetic derivation of fractional Stokes and Stokes-Fourier systems

carrying out the limit in the equation for m® we obtain
Oym = Vygp
in the weak sense, where p(¢, x) is the remainder of the Boussinesq relation:
p(t,) = lim &' (o} + 65) = lim == (5 = p+ (65 — 0)V/2/N))

which is bounded in Lgl, due to (2.59). Using divergence-free testfunctions, i.e. ), 0,i¢; =
0, we obtain Oym = 0.

We shall now turn to the equation for §. Herefore we use the weak form of the mo-

2_ . oo
ment corresponding to Yn 41 = W Lemma 2.11 and the Boussinesq relation im-

ply

[ e OnCdudadt = [ i = 0)dado
0 R2N R2N

- <1 + N) / 00 pdxdt — (1 + N) / 0" p(t = 0)dxdv
2 0 R2N 2 R2N

where we have used the Boussinesq equation for the limiting solution and the assump-
tion on the initial data p™+6™ = 0. Lemma 2.14 completes the derivation of the dynamics
for the limiting function f = M¢ - U. O
2.4.2 Derivation of the dynamics for fractional Stokes limit

We finally give the proof for the limiting solution stated in Theorem 2.2.

Proof of Theorem 2.2. The incompressibility condition from equation (2.48) can be deduced
as in the proof of Theorem 2.1 above. Lemma (2.15) implies

—/ / v; fEOXG dvdxdt — / v fxE(t = 0)dvdax
0 R2N R2N

= —61_7/ / ©iOg, po,dxdt — /{/ mi(—A)W%i dxdt + RS |
o Jr2N o JRN

where R — 0 as e — 0. Using divergence-free testfunctions, i.e. considering ® =
(¢1,--.,pn)T with V- & = 0, we obtain in the limit

—/ m- 8 ®dxdt — [ m™ - ®(t = 0)dx = m/ m - (A2 dadt
0 RN 0 RN

RN
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2.4. Derivation of the macroscopic dynamics

which gives

Oym = —k(—Az)"Zm

m(0,2) = m"(x)

in the distribution sense for divergence-free testfunctions. O
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Chapter 3

Anomalous energy transport in
FPU-{5 chain

Joint work with Dr. Antoine Mellet

We recall the reader that we have motivated this chapter in Section 1.3.2 where an intro-
duction and previous results are given.

This chapter is organized as follows: In the next section, we describe the original prob-
lem (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-a chain because the collision operator C' vanishes in that case.
This section is mostly based on the paper of H. Spohn [Spo06b].

In Section 3.2, we investigate the properties of the four phonon collision operators,
appearing in the context of the FPU-3 chain as well as its linearization around an equilib-
rium (this section is largely based on the work of J. Lukkarinen and H. Spohn [LS08]). The
main result of our paper is finally stated in Section 3.3 and its proof is divided between
Sections 3.4 and 3.5.
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3.1 Crystal vibrations: A kinetic description

In this section, we recall the results from the paper of H. Spohn [Spo06b] 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 micro-
scopic 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 momen-
tum variable is denoted by p;. We consider the dynamics associated to the Hamiltonian

H(g,p) = %Zp? + Vi(g) + VAV (g)
i€z

where V, is a harmonic potential (quadratic) and v/AV is a small anharmonic pertur-
bation (the kinetic equation is obtained in the limit A\ — 0). The general form of the

harmonic potential is

1 . w2
Vilg) = 5 > ali—fag + 70 > d 3.1)
ijezn iezn

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

V=Y @) or Vigg= >  ~lg—a)

(ISVAL
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3.1. Crystal vibrations: A kinetic description

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 [Pei29]. This derivation
was made more rigorous by H. Spohn [Spo06b] using Wigner transforms and asymptotic
analysis.

We will not give any details concerning this derivation (we refer the interested reader
to the work of H. Spohn [Spo06b]). We just claim that (formally at least) an appropri-
ately rescaled Wigner transform of the displacement field ¢ converges when A — 0 to a
function W (¢, z, k) solution of the Boltzmann phonon equation

AW + Viw(k) - VoW = C(W). (3.2)

The function W depends on the time ¢ > 0, the position z € 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 (3.1), we have:

~

w(k) = (w§ +a(k)? (3.3)
where @ (k) is the Fourier transform of @, defined by
G(k) = Y e 7 ™Ha(j).
jezr

The operator C in the right hand side of (3.2) is an integral collision operator which
depends on the anharmonic potential V' (¢q). Of course this operator C' is crucial in deter-
mining 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 (¢, x, k) and the microscopic variable ¢; and p;
is rather complicated, the total energy of the system is given by

/n /nw(k)W(t,x,k) dk dz — ;/\ﬁ(k)|2+w(k)2|§(k)|2dk

1
=D 5P+ Vi) (34)
1€Zn

3.1.1 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
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nearest neighbors interactions. The harmonic potential is thus given by:

1
Vila) = ¢ > (g1 — @),
iz

and the anharmonic potential V' is either cubic (FPU-a chain) or quartic (FPU-3 chain):
154 1,
V)= @ —a). (@) =30 orv(g) = 74"

ieZn

The corresponding microscopic dynamics is given by

d

%) = pi(t) (3.5)
i(t) _ L (t)—1~(t)+1- (t)—ﬁ[’ = qic1) — Y (gis1 — @)
Pit) = Jan 5 i 291 V(@ — qi-1) =¥ (Gi+1 — @)]-
3.1.2 The dispersion relation
When V}, is given by
1 1
Vila) = 5%% ;qg +3 ;(Qi—l—l — )%, (3.6)

equation (3.3) gives the following formula for the dispersion relation:

1 1/, :
w(k‘)2 — w% + 5 _ Z <6227rl<: + e—z27rk)

and so

1 1/2
w(k) = <w§ + 51 - Cos(27rk:))> , keT. (3.7)

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

w(k) = \/;(1 — cos(2mk)) = | sin(7k)].

3.1.3 The interaction operator C'

The operator C in the right hand side of (3.2) is determined by the non-harmonic pertur-
bation of the potential V.

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

1
V=2 4, (3.8)
ez
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3.1. Crystal vibrations: A kinetic description

k b
ks k

ki

Figure 3.1: Three phonons interactions

or

V=2 - a) 39

i€Z
(the latter one corresponds to the FPU-« chain), the collision operator is given by
C(W) =4r / / F(k, k1, ks)?
X [26(k okt — k)0 (w w1 — wo)(WiWa + WWs — WIWY)

+ 5(/€ - k‘l - k‘g)(S(w — Wi — WQ)(W1W2 — WW1 — WWQ) dk‘ldk‘z (310)

where we used the notation w; = w(k;) and W; = W (k;).
The formula for the collision rate F'(k, k1, k2) can be found in [Spo06b]. In particular,
when V is given by (3.8) (on-site potential) then

F(k‘, kil, k‘g)z = (Swwlwg)_l

When V is the nearest neighbor interaction potential (3.9) and wy = 0 (that is for the
FPU-« chain), the collision rate becomes

F(k, k1, k2)? = (8wwiwy) ™Y [exp(i27k) — 1][exp(i27k1) — 1][exp(i2mky) — 1]|%

Using the fact that
|exp(i2rk) — 1)? = 4sin®(nk),

we find

F(k, b, b)? = 8sin2(7rk) sin?(mky) sin2(7rk:2)‘
Wwiwo
Going back to (3.10), 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 k3 (k +
k1 — ko), while the second term describes the splitting of wave vector k into k; and k»
(k — k1 + k2). See Figure 3.1. These interactions conserve the energy (w + wi = ws), but

the momentum is conserved only modulo integers: the §-function in the first term yields
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the constraint k + k1 = ko +n, n € Z, k, k1, k2 € 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 $v? is replaced
here by the dispersion relation w(k). In order to further study this integral operator, it is
thus essential to characterize the set of (k, k1, ko) such that the §-functions are not zero,
that is:

k+ ki =ke

w(k) + w(]ﬁ) = w(kQ)

or
wk)+wk) =wk+k), (kk)eT, (3.11)

This is much more delicate than for the usual Bolzmann operator and for general disper-
sion relation w, it is not obvious that (3.11) has any solutions.
In our framework, that is when w is given by (3.7) (nearest neighbor harmonic cou-

pling) we actually can prove that

w(k) +wlkr) — w(k + k) > ?
s0 (3.11) has no solutions when wy > 0 and only the trivial solution k; = 0 when wy = 0.
It follows [Spo06b]:

Theorem 3.1. When w is given by (3.7) with wo > 0, then the three phonon collision operator
(3.10) satisfies C(W) = 0 for all W.

In particular, this implies that for the FPU-a chain, the collision operator vanishes,
and the corresponding Boltzmann phonon equation reduces to pure transport. This sug-
gests 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 sys-
tem. This is of course the reason why we focus in this paper on the FPU-§ chain.

Remark 3.2. As noted in [Spo06b], equation (3.11) might have non trivial solutions for
other dispersion relations (for instance w(k) = wp +2(1 — cos(27k))), so this three phonon
operator is of interest in other framework (different harmonic potential V},).

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

given by
1 4
LOESDI (3.12)

icZ
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Figure 3.2: Four phonons interactions

or

1
V= 1 ;(%‘Jrl — gt (3.13)

The corresponding collision operator then reads

covy=zn 3 [ [ [Fek bk

01,02,03=%1
X 5(16 + Ulkil + O'Qk‘g + 0'3]{33)5((41 + o1w1 + oWy + 0'3(,03)
X (WiWoWs + W (o1 WoWs + WiooWs + W1 Waos)) dky dko dks (3.14)

with
F(k‘, ]4}1, k‘Q, /63)2 = (16&)&)16020)3)_1

for on-site potential (3.12) and

3 .. 9
2sin“(mk;
Pk o b)? = [T 2
i=0 !

(3.15)

for nearest neighbor coupling (3.13).

The term proportional to W is the loss term, while the gain term is W1 W, W3 (which
is always positive). Again, we can interpret the different terms as pair collisions or merg-
ing/splitting of phonons (see Figure 3.2). In order to understand the collision rule, we
note that for pair collisions (k, k1) — (k2, k3) (which correspond to the terms such that
Z?’ oj = —1in the integral), we need to solve

j=1
w(k) + w(kl) = w(kz) + w(k: + k1 — kz) (3.16)
while for three phonons mergers (or splitting) (k, k1, k2) — k3 we have

w(k) +w(k1) —l—w(kQ) :w(k‘—i—kl +k2). (3.17)

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,
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when w is given by (3.7) (nearest neighbor couplings), it can be shown (see [Spo08]) that
(3.17) 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).
Asa consequence, the operator C can be rewritten as

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

(WiWoWs + WWoWs — WW W5 — WWWa) dky dka dks. (3.18)

When w is given by (3.7), we will see later on that (3.16) has non trivial solutions on a

set of full measure, that is
/ / (5((,0(]{5) + w(kl) — w(kig) — w(k: + k1 — k‘Q)) dk1 dks # 0.
TJT

In particular this operator C'is non trivial.

3.2 FPU-{ chain: The four phonon collision operator

In this section, we briefly summarize the properties of the four phonon collision operator
(3.18) which arises in the modeling of the FPU-# chain.

3.2.1 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) dlk = 0
:

for all functions W.
The four phonon collision operator (3.18), corresponding to the quartic potential, also

satisfies

/ COV) (k) dk = 0
:

which can be interpreted as the conservation of the number of phonons [; W dk. How-
ever, this quantity has no microscopic equivalent, and does not correspond to any phys-
ical principle. Rather it is a consequence of the symmetry of the operator, which follows

116



3.2. FPU-p chain: The four phonon collision operator

from the fact that 3 phonon merger cannot take place ((3.17) has no solutions). In partic-

ular, this equality does not hold for the three phonon operator.

Note that the first moment % is preserved in the wave kinetic equation case (where

k € RN). However, this conservation is broken here by umklapp processes.

3.2.2 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 (3.18)

as follows:

= 367T/// k+k‘1 k‘g*kg)é(&)%»wl*WQ*wg)
WWiWoWa W+ Wit — Wyt — Wit dky dis dks

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

/ W k)W) (k) dk (3.19)
T

_97r//// O0(k+k1—ko—k3)d(w+ w1 —wy —w3)

WWWaWa W=+ Wit — Wyt — Wi t)2dky dks dks
> 0.

3.2.3 Stationary solutions
It is easy to check that the distributions

1
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 [Spo06b]). 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 (3.18), we can check that

1

Wap(k) = @t bo(k) (3.20)

is an equilibrium for all a, b > 0.
Conversely, the entropy inequality (3.19) implies that if C(W) = 0 then ¢(k) =
W (k) is a collision invariant, that is

Y(k) + (k1) = (k) + P (ks)
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for all k, k1, ko, k3 such that
k+ki=ky+ks, and w(k)+w(ki)=w(ks)+ 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 [Spo0O6al].
The same result is proved by Lukkarinen and Spohn [LS08] in our framework (dimension
1).

As a conclusion, (3.20) are the only solutions of C(W) = 0 for the four phonon col-
lision operator (3.18). 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 (3.17) describing merging and

splitting of phonons has no solutions).

3.2.4 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) = %, we thus introduce the linearized operator

L(f) = = DCW)(V )

where DC denotes the derivative of the operator C.
By differentiating the equation C'(W, ;) = 0 with respect to a and b, we get:

L(1)=0 and L(w ') =0,

which suggests (as will be proved later) that the kernel of L is two dimensional and

spanned by 1 and w~ L. In our framework, the later mode, w™!

is singular (not integrable)
for £ = 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+th) dk = 0 and /c<w+th) dk =0
with respect to ¢, we deduce that

/L(f) dk =0, and /w‘lL(f) dk = 0.
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3.2. FPU-p chain: The four phonon collision operator

The properties of L will be further investigated in Section 3.4. For now, we just
state the following proposition without proof, since it is all we need to formally derive a

macroscopic equation.

Proposition 3.3. The operator L : L*(T', V (k) dk) — L*(Tt,V(k)~! dk) (where V is defined
by (3.31)) is a bounded self-adjoint operator which satisfies

(i) ker(L) = Span {1,w(k)~1}
(ii) R(L) = {h € LAT",V(k)~Vdk); [;h(k)dk = [+~ (k)h(k)dk =0}

We end this section by deriving the explicit formula for the operator L: A direct com-

putation gives (when W (k) = k))

DC(W)(W )
= 367r///F(k:, ki, ko, k3)20(k + k1 — kg — k3)0(w + wi — wy — w3)

S« W, Wy Ws [ Wil oWyt — it — fW—l] dky dko dks

= 36m T /// k‘k‘l,k‘g,k‘g 5(k+k:1—k:g—kg)é(w+w1—w2—w3)

Wwiwows

X |wsfo +wafo = wifi = wf] din iy dhy

Using (3.15), we see that
F (K, k1, ko, k3)*

WwWiwaows

=16

and we deduce:

L(f) = 5767TT2W///5(1< ki — kg — k)O(w + w1 — wa — ws)

X |:W3f3 4+ wofo —wifi —wf| dky dko dks. (3.21)

3.2.5 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-3 chain framework detailed above:

20,W + ew! (k)0,W = C(W), (3.22)

where C'is the four phonon collision operator (3.18) with collision frequency given by
(3.15), and we consider a solution which is a perturbation of a thermodynamical equilib-
rium:

We(t,x, k) = W(k)(1+ef(t,z, k))
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where W = # for some constant 7' > 0.
We introduce the operators

Q. ) = o DXV (WL ),
and )
so that (we recall that C' is a cubic operator):

VlVC(WS) =eL(f) + e"’%@(f, )+ E%R(f, £ f)

where L is given by (3.21).

The function f¢ solves

P07 + e/ (W0 f° = L) + 5QU% ) + & SRUF 17, 1),

Taking the limit ¢ — 0 in (3.23), we get
L(f%) =0
and so Proposition 3.3 (i) implies

fO>t,z, k) = T(t,x) + S(t, x)w(k) .

(3.23)

Since equation (3.23) preserves the L! norm, it is natural to assume that fO(t,z,k) €

L'(R x T). We note however that w(k) ~ |k| as |k| — 0, and so we must have

S(t,z) =0.
Next, integrating (3.23) with respect to k yields
0T +0,J°=0

with 1
= =(f%), J(tz)= g(w'f€>

where we use the notation (-) = [; - dk.

We now need to compute J = lim._,o J°. Recalling that L is a self adjoint operator,

we write

e HW'ff) = (LTHW)L(f?))
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3.2. FPU-p chain: The four phonon collision operator

and using (3.23), we replace L( f¢) in the right hand side:
e HW'fF) = (LTH W' 0uf?) = (LTHW)QUS, 7)) + O(e).
Formally, we thus get

lim e W' f¢) = (LW 0, T — (L™ (W)Q(T,T)).

e—0

Finally, a direct computation gives

Q(f, f) = 5767TT2L0///(5(]{7 + k1 — ko — k3)5(w + w1 —w2 — w3)
[2(00 —w3)[fife — ffa] + (w+wi)[fafs — ffl]} dky dks dks,

and it is readily seen that Q(7,T") = 0. We thus get the following relation
J = (L7 W)Wo,T
which is Fourier’s law with diffusion coefficient
k= —(L YW > 0.

We conclude this section with the following remarks:

(i) The non linear term Q(7',T") = 0 does not contribute to the limiting equation. In the
next section, we will drop this term altogether.

(ii) 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 f° = T, the term S plays
a significant role in the rigorous derivation of the diffusion equation (see next sec-

tion).

(iif) Perhaps the most important remark is that one need to check that « is well defined.
In fact, it can be proved that the integrand in the definition of the diffusion coeffi-
cient behaves like |k|~5/3 for small k. It follows that

K = 400

so the limit presented above does not give any equation for the evolution of 7'. Such
a phenomenon is not uncommon, and based on previous work (see [MMM11]), we
expect that by taking a different time scale in (3.23) 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.

121



Anomalous energy transport in FPU-£ chain

3.3 Main result

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

0 fC + ew (k)0yfT =T L(f5), z€R keT (3.24)

where
w(k) = |sin(7k)]

and L is defined by

L(f)—w///é(k+k1—kg—kg)a(w+w1—w2—w3)

[w3f3 +wafe —wifi —wf| dky dko dks. (3.25)

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 3.15.

Our main result is then the following:

Theorem 3.4 (Fractional diffusion limit for the linearised equation). Let f€ be a solution of
equation (3.24) and take oo = %, with initial data fo € L>(R x T). Then

fe(t,x, k) = T(t,x) L>®((0,00); L*(R x T))-weak *

where T solves the fractional diffusion equation

aT + T’§/5(—A$)4/5T =0  in(0,00) xR (3.26)

with initial condition .
T(0,2) = To(z) = / Folz, k) dk. (327)

0

The diffusion coefficient r € (0, 00) is given by
2
/{:/@1—26(0,00)
k3

where k1, Kk, k3 are defined in Proposition 3.19.

First, we note that it is enough to consider the case
T=1
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since we can recover the general case by a simple rescaling ¢ — T’t, 2 T a.

The main difficulty here, compared with previous work devoted to fractional diffu-
sion 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:
Fo(t x, k) = T(t,x) + e35°(t, 2)w(k) ™" + 3 (¢, 2, k)

where T¢ is bounded in L>(0, co; 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 3.6:

Proposition 3.5. The function S(t, x) converges in distribution sense to

S(t, ) = —2(—=A)3OT(¢, z).
K3
In particular, as mentioned above, this means that the mode w(k)~! vanishes in the
limit and the macroscopic behavior of the phonon distribution is completely described
by T" = lim._,o 7°. However, projecting equation (3.24) onto the constant mode of the

kernel of L, we will find the following equation of the evolution of 7"
AT + kg (—A)YOT + ko (—A)V28 = 0. (3.28)

We see that S = lim._,0 S° plays a role in the evolution of 7. 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 (degenerate collision frequency). And the term 3 5e (t,x)w(k)71,
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 7', we now need to obtain an equation for S. By

projecting equation (3.24) onto the w(k) ~! mode of the kernel of L, we will prove that:
Ko (=A)V2T 4 k3 (—A)/°S = 0. (3.29)

We note that there is no 9.5 in (3.29) (unlike the corresponding equation for 7'). The
reason is that due to the singularity of w(k)~! for k = 0, the quantity S diffuses faster
than T' (so we would have to take a smaller « in (3.24) in order to observe the diffusion of

S). At our time scale (given by a = £), S has thus already reached equilibrium, and can
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be expressed (in view of (3.29)) as

K2

S = —2(=A)310T,

K3

Inserting this expression into (3.28), we find
T + k(—=A)Y5T =0

where k = K1 — :—§ Of course, we will show that x > 0 (once the explicit expressions for
the r; are given, it will be a very simple consequence of Cauchy-Schwarz inequality - see
Lemma 3.21). 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 only the
natural constant mode, is due to the lack of merging k + k1 + k2 — k3 and splitting
k — k1 + ko + k3 interactions for phonons in the non linear collision operator C' (fewer

interactions = slower relaxation).

3.4 Properties of the operator L

The asymptotic behavior of the solution of (3.24) depends very strongly on the properties
of the operator L. This operator is studied in great detail in [LS08], and we will recall their
main results in this section.

The operator L can be written as

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

Kk, k) = w(k)w(k) /T 25(w(k) + w(ky) — w(k) — wlk + ki — &)

— S(w(k) + w(k) —w(ky) — w(k + K — ky) dky (3.30)

and
V (k) = w(k)? / S(w(k) +wky) —wk) —w(k + k1 — K)) dkydK'. (3.31)
T

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

V(k) = /TK(k’, k) dik'

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

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

_/TL(f)fdk; — i////é(k+k:1—k;g—kzg)é(w+w1—w2—w3)

(w3 fs 4+ wafo — wifi — wf]?dk dky dky dks (3.32)
> 0

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) = [ b)) ab (333)

is a compact operator (in an appropriate functional spaces)
The first step, in view of (3.30) is to study the solution set of the equation of conserva-
tion of energy:
w(k) +w(kr) = w(k') +w(k + k1 — k). (3.34)

We recall the following result:

Proposition 3.6 ([LS08]). The equation (3.34) has the trivial solutions k' = k and k' = k1, and
the (non trivial) solution
k1= h(k, k')

where
k' —

hk, k') =

K =k  k+ K
4 4

+ 2 arcsin <tan cos

(and there are no other solutions of (3.34)).

With this proposition in hand, one can now compute the kernel K (k, k') and the mul-
tiplicative function V' (k). We recall here the main result of [LS08]. The first one states that
the function V (k) is degenerate for k — 0 (note that W in [LS08] corresponds to our V):

Proposition 3.7 ([LS08, Lemma 4.1]). The function V : R — Ry is symmetric (V(1 — k) =

V' (k)), continuous and satisfies
c1|sin(wk)[?/? < V (k) < e sin(nk)[>/? (3.35)
forall k € R, for some c1, ca > 0. Moreover,

. . —5/3 .
’}g% <|51n7rk:| V(k:)) =1y > 0.
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Because of the degeneracy of V for £ = 0, we do not expect the operator L to have a
spectral gap in L?. We thus introduce the operator

Lo(f) := VTL(VTH2 )
We note that this operator has the form

Lo(f) = Ko(f) — f

with
Ko(f) = V2KV 2)).

To prove that Ly has good properties in L?(T), we need to study the operator Kj.
Again, it is proved in [LS08] that K¢ : L?(T') — L?(T!) is a compact, self-adjoint operator,
which implies that K : L*(T!, V dk) — L?(T!, V—1dk) is a compact, self-adjoint operator.

To be more precise, in [LS08], the kernel K is first written as

Kk, k) = 20(k) Ko (k, K )w (k') — w(k) Ky (k, K w(k)

where Fo(k, k) >0 2
kK >0 g R k) = (3.36)
F (k1) ok k)

Kok, ) = 42
for k, k' € [0,1] and
Fi(k, k') = (cos(rk) + cos(7rl<:'))2 + 4 sin(7k) sin(mk’).

and the main result of [LS08] is the following:

Proposition 3.8 ([LS08, Propositions 4.3 and 4.4.]). Let ¢ : [0,1] — R be given, and assume
that there are C,p > 0 such that
[(k)| < C (sinwk)?

forall k € [0, 1]. Then the kernels

(k) Kok, K)p(k)  and (k) Ky (k, ) (k)
define compact, self-adjoint integral operators in L*(T).
We immediately conclude:

Corollary 3.9. The kernel

Ko(k, k') = V12 (k)w(k) (2Ka(k, k') — K1(k, k) w(E )V 2K (3.37)
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defines a compact self-adjoint operator in L*((0, 1)). As a consequence, the kernel
K(k, k') = V2 (k) Ko(k, K )V'/(K)

defines a compact self-adjoint operator from L*(T', V (k) dk) onto L*(T, V (k)~! dk). In partic-
ular,

[ @pvetar<c [ 15wPye . 339
T T
Proof. Indeed, by Proposition 3.7 we have that

V2 (k)w(k) < ¢y (sinTk)Y/S

and the claim follows from Proposition 3.8. ]

Furthermore, we note that we have not used the full potential of Proposition (3.8). We

can thus improve (3.38) as follows:

Corollary 3.10. The kernel
Kok, K) == (sin(mk)) /5 Ko (2, k') (sin(xk')) " >0

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

/ () () (sin(rk)) =54V (k)™ dk < C / £ (k) (sin(mk)) 5™V (k) dk - (3.39)
T T
Proof. Using Proposition 3.7 we have that

V2(k)w(k) (sinwk) "/ < ey (sinmk) YO (sinwk) /O

= ¢ (sinmk)"
the claim follows from Proposition 3.8. O

We have thus showed that L : L2(T', V (k) dk) — L*(T',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 (3.32) implies that if L(f) = 0 then

////5(k+k:1k2k3)5(w+w1w2w3)

X w3 fs + wafo — wifi — wf]? dk dky dky dks = 0.
So f must satisfy

w(k)f(k) +w(k1) f(k1) = w(ka) f(ka) +w(k + k1 — ko) f(k + k1 — k)
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whenever
w(k) + w(k1) = w(ke) + w(k + k1 — ko).

We also say that w(k) f(k) must be a collision invariant. Such invariants have been char-
acterized in [LS08]:

Theorem 3.11 ([LS08]). A function v € L'(T) is a collisional invariant if and only if there
exists c1 and co such that
W(k) = c1 + cow(k).

As a consequence, we deduce:

Corollary 3.12. The kernel of L is the two dimensional subspace of L*(T', V (k) dk) spanned by
the functions 1 and w(k) ™" (note that both of those functions belongs to L*(T*, V (k) dk) thanks
to (3.35))

Finally, the compactness of K and inequality (3.32) implies

Lemma 3.13. There exists co > 0 such that
- [ pnsaez e [vls-nP
forall f € L3(TY, V (k) dk), where T1( f) denotes the orthogonal projection of f onto ker(L).

To summarize, we have thus showed:

Proposition 3.14. The operator L : L*(TY,V (k) dk) — L*(T*,V(k)~!dk) is bounded and
satisfies:

(i) The kernel of L has dimension 2 and is spanned by 1 and ﬁ

(ii) Forall f € L*(T',V (k) dk), we have

1
/Tl L(f)dk =0 and /T mL(f) dk = 0. (3.40)

(iii) There exists cy > 0 such that
- [ ez o [ Vel - neoP d

forall f € L*(TY, V (k) dk), where I1( f) denotes the orthogonal projection of f onto ker(L).
Note that the projection of f onto ker(L) can be written as
O(f) =T+ 5 [(V)wk) ' = (Vw )]
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with

- I o PPN B
=W /VUC)f(k) dkand § = mo/[<V>w(k) (Ve YV (k) | £(k) dk

where mg = (V)2(Vw™2) — (Vw™1)%(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 3.15 (Cauchy Problem). There exists a unique solution in L>((0,00); L>(Rx T))
for equation (3.24) 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,x, k) = folx — ' (k)t, k) + / Lf(z— (t — s)w/(k),s)ds
0
together with the estimate

1L z2®xTy < ClfllL2@xT)-

This last estimate is consequence of (3.38) and the boundedness of the function V. We
refer to [AG13] and [Moul3] for further details on this method. O

3.5 Proof of Theorem 3.4

3.5.1 A priori estimates

As a first step in the proof of Theorem 3.4, we establish some a priori estimates. The

coercivity property of L (Lemma 3.13) gives the following proposition:

Proposition 3.16. Assume that fo € L*(R x T). Then, the function f¢(t,,k), solution of
(3.24) satisfies
1O 2rxry < follr2rxm) forallt > 0. (3.41)

Furthermore, f¢ can be expanded as follows:
fe=T(f%) +&"7n, (3.42)

where
171 22, ((0,00)xRxT) < CllfollL2(RxT) (3.43)
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and I1( f¢) is the projection of f¢ onto ker(L), given by

()b, k) = T(6,2) + 5°(t, ) [(V)w(k) ™ = (V™)

with
Te(t,z) = <‘1/>/V(k)f5(t,x,k)dk,
Se(t,x) = nio/ {<V>Z((g—<vuﬂ>v<k)] fe(t, @, k) dk (3.44)

where T¢, S¢ are bounded in L>((0,00); L*(R)).

Proof. Multiplying (3.24) by f® and integrating with respect to x and k, we get

€ 2 1// €\ f€
2 n— — L dkdx = 0.
3l Oy =25 [ [ DU dbdo =0

Integrating with respect to ¢t and using (Lemma 3.13), we deduce

IS5 G € € IS5
OB ger + 0/// B~ TP dkdr ds < 351 agmens

which implies the proposition. The fact that 7%, S € L>°((0, o0); L?(R)) is a direct conse-
quence of this estimate and Cauchy-Schwartz. O

Because the singular terms in I1(f¢) (those involving w(k)~!) play a particular role in
the sequel, we will prefer to write II( f¢) as follows:

Ife = T° + @S“(a:,t)
w
with
Te(t,x) = T°(t,x) — S°(t,2)(Vw™)

Finally, we set
SE(t, x) = e ¥5(V)SE(t, ), (3.45)

leading to the following expansion of f<:
FE(t o k) = T(t, @) + €5 S5(t, w)w(k) " + 3 he (¢, 2, k). (3.46)

Note that while 7 and h® are clearly bounded (in appropriate functional spaces) in view
of Proposition 3.16, the scaling of S° may seem arbitrary at this point. However, we will
see later on that S° defined as in (3.45) indeed converges to a non trivial function (in some

weak sense).
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3.5.2 Laplace Fourier Transform

As in [MMM11], 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) = // LT £ (¢, 2, k) dt d.

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

Remark 3.17. 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(¢), its Laplace transform g(p) satisfies

R 1
l9(p)| < ];HgHLoo(o,oo) and [g(p)| < \ﬁHgHL (0,00) (3.47)

forall p > 0.

Taking the Laplace Fourier transform of the equation, we obtain:

epfe — e fo + iew! (k)EfE = K(ff) — V f*

which easily yields
— e« ~ —
fep,& k) = fo+ K(f9). (3.48)

evp+ V (k) +icw! (k)¢ ep+ V(k) +icw! (k)

WerecallthatL(f) = K(f)-VfwithK(f) = [ K(k,k')f(K')dk'. Thefactthat [ L(f)dk
0 and f (f)dk = 0 for all f 1mphes

z/K(k',k)dk’, Z /K (KK
Multiplying (3.48) by K (k’, k) and integrating with respect to k and %', we get
k" k) ~
E / , I
K(K k) - /
K(fe)(k)dkdk
//T€°‘p+V k) + iew' (k)€ (fe)(k)
eV (k)
k) dk
/l—Eap‘l‘V(k) + dew’ (k)é‘f (67 )

V (k) —~
’ /T Cp VR + i (e ) (k) dk
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We deduce

~

_ V(k)
0= /T ep+V(k)+ Z'gw/(k)ng(f, k) dk

—a V(k) Te
*5.AQ%+wmww%x‘QK“”“%

3

Similarly, multiplying (3.48) by K (K, k)ﬁ;‘z,), and we get:

s V (k) fol
0=¢ /T e p+ V (k) + iew (B)E

iy Vi K
tee /T<50‘p+V(k)+isw’(k)f 1> O

§ k)
O

Next, we write
K(f5) = K(I(f) + K(ff — 11(f9)) = VIL(f%) + K(f* — 11(f?))

where we rewrite

— ~ 1 -
) — T€ 3/5 - Qe
() = T5 4+ 7 s

We can thus rewrite (3.49) as follows:
FE(F0) + ai(p, )T (p, &) + a5(p,€)5° (p. &) + Ri(p.€) = 0
and (3.50) as follows:

F5(F°) + a5(p, )% (p, €) + a5(p, €) S5 (p, €) + R5(p, &) =0,

where for a = 8/5, we have:

fﬁf)_ﬁgaH44m+wu@mh@$ﬁm
s V (k) fo(&, k)
Fi(f)=¢ Lg?p—l—V(k)‘FiEw,(k)f w(k) o

(3.49)

(3.50)

(3.51)

(3.52)
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and

=
=M
~—~
A
3
S~—

oo

B V (k) B P
/T(€§p+V(k)+z‘gw/(k)§ 1)K(f 11(f¢)) (k) dk

€ 1 V(k) _ L e _TI(Fe

In order to prove the main theorem, we now need to pass to the limit in (3.51) and

(3.52). The following three propositions give the necessary results for that.
First, we have the following limits for the terms involving the initial data:

Proposition 3.18. The following limits hold for all P > 0:

F(P)Ep) — / (e, k) dk = To(€) in L((0, P) x R)
F5(2)(&p) — 0 in L*((0, P) x R)
when € — 0.

Next, we pass to the limit in the symbol a5 (p, &):

Proposition 3.19. The following limits hold pointwise (p,&) € (0,00) x R and strongly in

LY ((0,00) x R) forall p € (1,00):
8 . 3/5 3/5
ai(p,§) — —p—rlels  with =g ( > 2T dz (3.53)
a3(p,§) — —rzl¢] with ry = / 22 — (3.54)
€ _ 2 6 (v 3/5 ,—3/5
a5(p,€) — —rkslé[3 with r3 = ( ) 0 —Zz — (3.55)

Furthermore, af, a5, a5 € LS. ((0,00) x R) uniformly with respect to e.
Finally, we need to show that the remainder terms, involving f¢ — II(f€), go to zero:

Proposition 3.20. Forall 0 < a < P and K > 0, we have
R -0 inL?*((a,P) x (—K,K))

ase — 0 fori=1,2.

The proofs of these three propositions are given in Section 3.5.3.
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Proof of Theorem 3.4. We are now ready to prove Theorem 3.4. First, using Proposition

3.16, we see that up to a subsequence, T¢ (¢, x) converges weakly to T'(t, ) in L2((0,7) xR)

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

/OOO/RfE(p,é)w(p,S) dfdPZ/OOO/RTE(t,:z:)@(t,x) dx dt (3.56)

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 inequal-

ity:
([ ([ emaman)a) < [ ()

</001 p(p)dp < o0
~Jo V2 .

Thus T°¢ converges to Tin D ((0,00) x R). Since T¢ is also bounded in LE,

((0,00) x
R) (using (3.47)), we deduce that (up to another subsequence) it converges weakly in
12,,((0,0) x R) to 7.

In order to derive the equation satisfied by T, we need to pass to the limit in (3.51)
and (3.52). However, we do not know that S¢ (defined in (3.45)) is bounded in some
functional space. So we multiply equation (3.51) by a5 and (3.52) by a5 and consider their
difference, in order to get rid of the terms in Se:

0 = a5(pOFF () + (a5(p a5 (p.€) — (a5(p.€)°) T(p. &)
+a5(p, ) Ri (p.€) — a5(p, ) F5(F*) — a5(p. O R5(p. ).

Using Proposition 3.19, Proposition 3.20 and Proposition 3.18, we can now pass to the
limit in this equation in D’((0, c0) x R) and deduce:

—ral€[/° Ty + (—rale** (=p — k1 &%) = k3I) T =0 inD'((0,00) x R).

’2/5

Furthermore, factorizing —r3|£|*/° in this last equation we get

—rgl¢|*/? (fo —pT — (k1 + )y§|8/5T> —0 inD'((0,00) x R).
This implies that the function

o~ 2 o~
mmw:%—mu<m—2>a%ﬂ (3:57)
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3.5. Proof of Theorem 3.4

which belongs to L? ((0,0) x R), satisfies

loc

g(p,€) =0a.e. in (0,00) x R

which gives (3.26)-(3.27).

To complete the proof of Theorem 3.4, it remains to show that f* converges to T'(t, z)
(weakly in L>((0,00), L*(R x T))). Since f¢ is bounded in L>(0,0; L?(R x T), and in
view of the expansion (3.46), it is enough to show that £3/°S¢ converges to zero in some
weak sense.

This follows from Proposition 3.5, the proof of which uses equation (3.52) and some
bounds from below on a5(p, £) and will be detailed in Section 3.6. O

We end this section by proving that the diffusion coefficient  is indeed positive:

Lemma 3.21. The coefficients k1, ko and k3 are such that

2

K
K1 — =2 > 0.
K3
Proof. Indeed, this is equivalent to
Iﬁg < K1K3

and using the explicit formula for x1, k2 and k3, we see that this is equivalent to

oo 1 2 oo ,3/5 oo ,—3/5
< / — dz) < / 272 dz / 272 dz
0 1 + z 0 1 + 2z 0 1 + 2z
which is an immediate consequence of Holder inequality. ]

3.5.3 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 = n, it will be easier in the computation below to work
with k in the symmetric interval (—3, ) (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) cos(mk).
Finally, Proposition 3.7 implies:

Proposition 3.22. The function k — V (k) is even and non-negative on the interval (—%, 3).
Furthermore the function W (k) := V (k)|k|=>/3 for k € (—3, 3) satisfies

lim W (k) = wp := vor°/>
k—0
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and
Cyt <W(k) < Cy

for some Cyy > 0.

Proof of Proposition 3.18. The first part of the proposition follows immediately from Lebesgue
dominated convergence theorem, since

V (k) V (k)

€§p+V(l€)+i€w’(k)§‘ \/<€§p+V(k)>2+(gwl(k)§)2

<1

and
V(k)

esp+ V(k) + iew! (k)¢

For the second part, we note that

— 1 ase—0.

eip+ V(k) +icw (k)E| ~ esp+ V(k)

V (k) ' __V(®

and so

V(k)  fol&.k)
eip+V(k) wk) o

FE(FO)I(E,p) < /T

Nt Mimen [
S €5 , 0o -
’ F= esp+ |k[5/3
< O3 fol&, )|z (ry (1 + | n(e5p) ) (3.58)

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

3 38
1F5 (FO) |21 0.p)xr) < Ce5 || foll oo rmy P(1 + | In(e5 P))).

Proof of Proposition 3.19. First, we write

- V (k) _ etp+iew/(k)E
eip+ V(k) +icw! (k)€ e5p+ V(k) + iew! (k)€
e5p+ V (k) 8
— 3 55])
(e5p+ V(k))? + (ew!(K)€)?
View' (k)&

(39 + V(K))? + (ew (K)E)?
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3.5. Proof of Theorem 3.4

(e (K)€)?
(3D + V(K))? + (ew (K)E)?

(3.59)

Using the fact that V (k) = V(—k), w'(—k) = —w'(k), we deduce that
e[ esp+ V(k) o
002 | rvior s e ®
. /é . (e (K)§)" V (k) dk.
—3 (e3p+ V(k))? + (ew' (k)E)?

Dominated convergence immediately implies that the first term converges to —p, so we
only have to consider the term

oo

3 ew’ 2
da(p,g):5—5/_ 5 (e (k)E) V (k) dk.

SIS
—~~
™
o
3
+
<
—~
Yy
~—
~—
[\
+
—
(L)
E\
—~
S
~—
i
S~—
no

For some § € (0, 1), we write

d*(p, &) = di(p, &) + d5(p, )

where
i . (e (R)E)?
d 9 - 5 11 V k dkj
o /éiTZ)@WHWWMV+@W%KV .
= (€€)?
< Ce /ke(; » V) dk
Ikl > 8
< C(8)lePes
and
i : '(k)e)?
d5(p, &) =75 V(k)dk
(p.&) =& /g 55p+V )) (EW()) "
/5 (em cos(mk)€)? (k)\k]5/3 dk
55p—|—W V|k[5/3)2 4 (em cos(mk)€)?
/ (7 cos(mk))? W(k:)\k|5/3 dk.
% )“Zl‘z )2 + (7 cos(rk))2
We now do the change of variable
RS 3 3/5. —2/5
- dk = < (e[¢)*Pw*Pdw, (3.60)
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which yields

§5/3 .
dg(p, 5) _ 267% / el€] z (w) . Ws(w)dﬂwg(€|€’)3/5w72/5 dw
0 (65 &+ W%w)w) + 28 (w)
¢l
§5/3
—jgeg [ al W ()5 duw
5 Jo (5%% + Ws(w)w) + 28 (w)
where

2 (w) = (m cos(m(elé|w)*/?))?

W (w) = W((elglw)*).

In particular, the integrand converges pointwise (for all w and §), as ¢ goes to zero, to

2

7T 3/5

s WoWw

(wow)? + w2 ¢
and it is bounded by

2
2 T 00w3/5.
(Cytw)” + (7 cos(md))?

We deduce that

1d5(p, €)| < C|€|¥/°

for some constant C and that

7'('2

£ 6 o
ds(p,§) — 15\8/55/0 (72

, 8
5 wow®® dw = k1|5
wow)” +

(recall that wy = vo7®/?) which concludes the proof of the first part. Note that we have
also proved that
a§(p. )| < p+ O3] + ClE*P.

In particular, aj(p,&) is bounded in L7

7o ((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 < o00.

The convergence of a5 is proved similarly: Using (3.59), we find

eip+ V(k) V (k)

a3(p, §) == — 55p/_§ (5%p+ V(K))2 + (ew! (k)£)2 w(k

(k)
et : (e V) g
~1 (£5p + V(K))2 + (ew!(K)€)2 (k)
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3.5. Proof of Theorem 3.4

The first term is bounded by

3 1 )
<cgop/ k5 dk
0 esp+Cylks
1
2 1
305—1/2 k5 dk
0

and thus converges to zero as ¢ — 0 (here we used the change of variable w = es p‘lkg).

For the second term the same decomposition of the integral in the interval |k

< § and
|k| > §. The integral in |k| > ¢ is bounded by C(d)e|¢|?. For the integral in |k| < §, the
change of variable (3.60) gives that it is bounded by C|¢| and converges to
6 [ 2 wo
- ————— dw = Kal¢].
e e
Note that
05(p, )] < Cpes In(1 + Ce™5p™") + C(O)elél + Cle] (3.61)
soa5 € L7S

7 ((0,00) x R) implying, next to the pointwise convergence, the L] ((0,00) x R)
strong convergence for 0 < p < oo.

Finally, using (3.59), we find

[N

. _ e E%p—i-V(k) V (k)
3(p,€) p/_é (5%p+V(k))2+(5w’(k)§)2 w(k)?
3 (

— (e (1)¢)
3 (50 + V(R)? + (ew! (R)€)2 (K)
The first term is bounded by

dk. (3.62)
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C\E*%pfl w—%
dw
0 1+’LU
24 4 < w~
< Cezxps /
0

and thus converges to zero as ¢ — 0. For the second term, the same decomposition of
the integral in the interval |k| < ¢ and |k| > ¢. The integral in |k| > ¢ is bounded by
C(6)e¥/5|¢]. The integral in |k| < §, the change of variable (3.60) gives that it is bounded
by C|£|?/® and converges to

24

< Cezxp

IS

6 [e’) 2 .
g [ B = wfelE
5Jo (wow)* + 72w

Analogously as in the previous cases, we have that
45(p, )| < Cexep? + C(3)ePle] + Clef*"

soaj € L% ((0,00)xR) which, next to the pointwise convergence, implies the L} ((0, c0)x

R) strong convergence p € (0, 00).
O

It only remain to prove Proposition 3.20. For that we will require the following

lemma:

Lemma 3.23. For all n € (0, 1], we have

2

Vi) — 1| V(k)(sin(xk))5 " dk

/T e5p + V(k) + iew! (k)& H VB sindrk)

<CEpF+ DI + (e G6d)
and
2
V(k) - V(k) sin(7k))3 "
/T E%p—l-V(k)-i-iEw/(k)f ! W(k)z( (wk))s™" dk

<O|EpII 40+ )] B

We note that when n = 1 (that is when we do not have the term (sin(wk))%_” in
the integral), then the integral behaves like 5%. 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 (3.39) is thus essential here.

We first prove Proposition 3.20 (using Lemma 3.23), before giving the proof of Lemma
3.23:
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Proof of Proposition 3.20. Using (3.39), we get:

. _ s V(k) B T
Rip 9 =< F| [ <€§p+v(k)+m,(k)§ 1>K(f () (k) i

9 1/2
-8 V(k) — sin(mk))5 "
=° (/T e5p + V (k) + iew (k)¢ V() dk)
1/2
( / K(f¢ )2(sin(rk)) "3 TV L (k) dk)
2
V (k)

-1

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

< et /
:

o ([ -1 smeyt-va)
y |

esp+ V(k) + iew! (k)¢

and using (3.63), we deduce that for p < P and |¢| < K, we have

8 9-37 — — 1/2
Ri(p.€)| < O(P, K)e 3" ( [ -n@rve dk) |

Forall 0 < a < Pand K > 0, we deduce

- (fE)HZLoo((a,oo);LZV(TxR))

P rK 1
! 8

A

< O(PK)5.

(FMZ2(0.00:23, (xR0

7*377 8
5

< C(a, PK) €
< C(a, P, K)

where we have used (3.47).
Clearly, this implies Proposition 3.20 for i = 1.

Proceeding similarly, we have that

1/2

[B5(p, )] < Ce™ ((5p)3077 + (3077 + (el¢])?)
N R 1/2
x ( G —H(ff>>2V<k>dk) (3.65)

and therefore

/ / (B3 (p, ) dpdg < C(P, K)e ™5™ | (7%~ T2 mepszr, oy
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< C(a,P,K)e" 5

(FNZ20.00):23, (xR

< Cla,P,K)e 5" (3.66)

which converges to zero for any 7 € (0, 3). O

Proof of Lemma 3.23. We write:

/

V (k)
e5p+ V(k) + iew! (k)¢

“J =

_/ (Egp) + (2w (k)6)" V(k:)(sin(ﬁk))%_77 dk
( + (¢

— 1| V(k)(sin(rk))3 " dk

5%19 +iew’ (k)

2
V (k) (sin(mk)) 5" dk
esp—I—V() iew! (k)& (k)(sin(mk))

T (e5p+ V (k)2 + (e (k)€)2
=L+ 1
where
(€5p)> . 1

I = V(k)(sin(mk))s ™" dk

1 /<eop+v< o+ Eoer o)
1/2 ( % ) .

< 2/0 WV(]C)(SID(W]{})) dk

IN

s
2/1/2 %;&/3 dk
0 Cipt B

(note we do not need to use the (sin(7rk*))%*77 to control this term) and

._ (Ewl(k)f)Q sinl(r -
b ._/T(€§p+v(k) V (k) (sin (k)5 dk

(ew

1/4
= 2/0 V) + (e ()

1/4 56)2
<C — ) 24k 4 C?|€)?
= /0 RO 4 (c6)? ol

. . 12 (erg)?
5V (k) (sin(mk))3™ " dk + 2/1/4 V k)

here the (sin(wk))%*" is essential.

k5/3

. . . k5/3
Using the change of variable w = o7, 11 and w = “

=3 in Is, we find

3/5

< 8/5 8/5/C>O w
I < C(e°7p) . Oxw)p? dw

w/5-3n/5
IQ < 0(85)9/53?7/5/

7(1 CQ 2
N w + Ce|¢]
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where the integral in the right hand side are clearly finite (recall that 5 € (0, 1). Inequality
(3.63) follows.

We now proceed similarly to prove (3.64): First, we write

2
V(k

esp+ V (k) +iew! (k)¢ w(k)
e5p)® + (ew'(K)E)®  V(k
(k)

)Z(Sin(ﬂ'k‘))%_n dk

)2 (sin(rk))3 " dk

—~
™
oo
D~
+
<
—
&y
~—
~—
[\
+
—
™
S
—~
&y
~—
o
~—
[\
€

where

p)? V(k

[, -— (e ) sin(mk))3~
b /T (e5p + V(K))2 + (cw!(k)€)2 w(k)Q( (k)3 dk
1

(sin(rk))3 "dk

and

_ (ew!(k)€)? V(k) sin(mk)) -
o=, 1 (e (i T
2
(

//2 (ew V(k
o VI(k)?+ (ew'(k)§)? w(k)

b (€)° - 2
2/0 ws kO

)2 (sin(rk))3 " dk

IN
()

IN

. . kK53 . F kK53 . F .
Using the change of variable w = Z575, N I and w = o in I, we find

B s 3 0o w73/517
< cEipin [T
1 < C(esp)s Ot w? w

o0 ,y—2/5=3n/5

~ 3
< <1—n)/ w e 2
b < 00 [ du s O

which yields (3.64). O
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3.6 Proof of Proposition 3.5

The proof of Proposition 3.5 relies on the following crucial bound:

Lemma 3.24. There exists a constant c such that for all K and for all € such that e K < 1, the
following lower bound holds

|a5(p, )| > cemps +clé[5 for0<p<K, |¢{|<K. (3.67)

Proof of Lemma 3.24. We recall that a5(p, §) is given by (3.62). In particular, we note that
for all (p,§) # (0,0), we have a3(p,§) < 0. Furthermore, we can write (using the fact that
all the terms in (3.62) have the same sign):

. o [ Sp+V(R) V (k)
k) =2 p/o o V() 1 (e ey o hP
N (e (k)€)? V(k)
e /0 (e5p + V (k)2 + (! (k)€)? w(k)? -

Using the fact that for k € (0,1/4) we have C; ! [k[>/® < V (k) < Co|k[*/3, NG
and §k < w(k) < 7wk, we obtain the following lower bound (for some constant ¢ > 0):

6 i |k|4/3
—a3(p, k) > cs5p/ 5
0 (e5p+ Colk|3/3)2 + (em€)?

1 27.—1/3
+css/4 8 (eme)k
0 (e5p+ Colk[/3)? + (em€)?

2

dk. (3.68)

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 (3.67), we consider two cases, and in each

case we use only one of the integrals in (3.68):

(i) First, assume that p and £ are such that
€] < ep. (3.69)

Then, using only the first integral in (3.68), we get (using (3.69)):

2 k) > 3 /l11 |'I€|4/3
—Qa p, = c€5p
’ 0 (e3p+ Colk[5/3)2 + (meip)?

dk

and the change of variable w = (5% p)_%k yields

1
/4(521))2 o] /2 dw
o W G A

o~

(€5p)
(e3p)

—a5(p, k) > cesp

[\
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(ii)

and using the fact that e5 p < 1, we deduce (for a different constant c):

6

—a5(p, k) > cexsps.

[SIN]

Finally, using (3.69), we also get

and so (3.67) holds in this case.
Next, we assume that p and ¢ are such that
3
esp < [¢]

and using only the second integral in (3.68), we get (using (3.70)):

0 (elé] + Colk[>/3)2 + (em€)?

SIS

—a5(p, k) > ce”

and the change of variable w = (g|¢ |)_% k, yields:

1 2
2 3 (e€)5w=1/3
—as(p, k) > 52/4<ss>5 _
az(p, k) > ce”sm 0 (1+ Co|lw[p/3)2 + 72

2
> cf¢]s
(using the fact that ¢|¢| < 1). Finally, using (3.70), we also get

6

—a5(p, k) > ce?sp

2
5

and so (3.67) holds also in this case.

Proof of Proposition 3.5. We use equation (3.52) to determine Se:

N 1 N N
5 = — (~F5(fo) — B — a5T7) .
3

(3.70)

(3.71)

Note that we can do this since a5(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 3.24 and the estimate (3.61), we deduce that for a given K and
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foralle < K1, we have

a3(p.8) _ |a5(p.0)| _ Op*PIn(1+0™op™Y) | Celél® | CIe|
€ = € + 2 + 2
as(p,§)  |a5(p, &) | ~ ceBps clkls  clgls

< Cpsems In(1+ Ce®/° *1)+C’€\§|5 +C’\§]

< C(K)

forall 0 < p < K and |{| < K. Furthermore, this uniform bound, together with Proposi-
tion 3.19 implies that

a3 (p, §) K2, 43/5
G006

pointwise and in L} ((0,00) x R) strong.

Next, for ¢ sufficiently small we can use Lemma 3.24 along with the estimates on
F5(fo) in (3.58) to conclude that

ie F(f) >0 inD/((0,00) x R).
3

Finally, we need to bound the quantity

R5(p, 5)‘
a§(p, &) |

For that, we fix 0 < a < P and for p € (a, P) and |{| < K, estimate (3.65) then implies
1/2 R R 1/2
B39 < €t (0 e300 ([ v e )
T

Cemeh o ([ —nFvinar) e <
C= 100 ([ (P — Py v o) el = 5

<

and we are going to use the following consequence of Lemma 3.24:

c(a)eb?® if |¢] < 30

—a%(p, g) >
cl¢|?/® if |¢| > &3/°
We deduce
19 1277 1/2 ]
50,9 (7 = )2y (kya) i €] < <3/
a%(}%é‘) 1 37]

Celetn -]

(fﬂfg—H(ff))?wk)dk)m e > 35
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3/5

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

R5(p, )
a5(p, §)

forallp € (a,P) and [¢]| < K.
We deduce

(L],

< om0 [ - nrvm)

—19—12n

2 /2
dé dp) < C(a, PK)e™ 5 [|(f* = IL(f*))ll oo ((a,00):22 (TxR))

R5(p, §)
p,€)

az(p,

—19—-12
<C(a,P,K)e™ 5 |f°— () 22 ((0,00);22 (TxR))

1-12n

<C(a,P,K)e 25

which goes to zero as ¢ — 0.

We can now pass to the limit in (3.71) to conclude that
Qe 3 _ R2.3/55 .
S —>S_K\§| T inD'((0,00) x R)
3

which completes the proof of Proposition 3.5. O

3.7 Appendix: Origin of the collision frequency

Microscopic dynamics. Consider the microscopic level with the Hamiltonian
1 2 1 2 1 4
H(q,p) =5 Zpi +t3 Z(Qi-H —aw) P Z(Qi—i—l — i)
i€z i€Z 1€l
which gives the following dynamics

d

—q;(t) = pi(t 72
7%() pi(t) (3.72)
4 (t) = 1.1 ,+1 ,

dtpz = 4QZ+1 2Qz 4%71

+ B(git1 — @1)® — B(gi — qi—1)°-

Dispersion relation. The dispersion relation is defined in [Spo06b] expression (2.14).
The dispersion relation comes only from the harmonic part of the potential. In our case,

from

1
Vharm = g Z(Qi+1 - %’)2-
ieZ

147



Anomalous energy transport in FPU-£ chain

Consider the discrete Fourier Transform defined as

f(k’) _ Z 67i27rk:vfx'

rel

The wave vector k lies in the torus T! = R/Z. Alternatively, we can take k € I = [0, 1]
and assume that all functions are 1-periodic with respect to k.

We compute the discrete Fourier Transform of

o, 111
dq; harm = 4Q1+1 2(]2 4(]7,—1
to obtain .
9 _ 1 1 2k —i27k | ~ o ~
g Viarm() = 5 = 3 (€27 + 7™ (k) 1= VolR(k).

The dispersion relation is given by

w(k) = \/;(1 — cos(27k)) = sin(rk).

Note that w(k) > 0 for k& € I, and one can indeed look at w as a 1-periodic function
defined on R by w(k) = |sin(7k)| rather than a function defined on T!. However, w is not
differentiable at k = 0.

3.7.1 Four phonons collision operator.

The kinetic limit of the previous hamiltonian will give the 4-phonon Boltzmann equation

AW + ' (k)0,W = C(W) (3.73)

as we already saw in Section 3.1, with

C(W) = 367['///F(k, kl,kg, kg)zé(k + k1 — ]{72 — k3)(5(w + w1 — wg — (,U3)
(WiWoWs + WWoWs — WW W3 — WW,Wa| dky dko dks. (3.74)

The dispersion relation w and the collision frequency F' depend on the shape of the origi-
nal Hamiltonian. In most frameworks an on-site potential for the Hamiltonian is consid-

ered. This gives rise to a collision kernel F' of the form
F(ka klv k27 k3)2 = (W(k)W(kl)W(kQ)W(kg))_l-

However, for FPU-3 case the potential depends on the nearest neighbours (3.72)),
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giving
3

2sin?(mk;)
Fk, ki, ko k3)? = || =~
=)

We explain here how this expression is obtained.

Origin of the collision frequency. From the Hamiltonian dynamics (3.72), we define as
in [Spo06b]
1

NG <\@@(k)+i\/laﬁ(k)>-

The collision frequency appears in the dynamics of a:

a(k)

d .
%a(k,o') = —iow(k)a(k,o)
3 3
—iop K (k= K| () []ak;, o))
0’6{11}3/[01] ( ng J) 31;[1 ’
Therefore we compute
d 1 d . 1 .
aa(k) = jﬁaquf)‘i'l\/iﬁp(k)
1 R 1 1 ik A ~ —9mik A
= 72\@19( ) Zﬁ\@4( kG (k) — 24(k) + e kg(k‘))
+ip \/;\/E ((QiJ:_\C]i) (qlf%il)3>
-0
= L op) + i —w?q(k) + 80
V2 V2yw

= —iwa(k,t) +iBQ.

The first term will give the transport part in equation (3.73) and the /3 part gives the
collision term. Now we study Q. We have that

W - ()

= ///(61 — 1)(62 — 1)(63 — 1)@1@2@3(5“3 — k1 — kQ — kg)dkldkgdkg

denoting

Therefore

(gi1 — 40)° — (i — Gi1)® = / ((er = 1)(e2 —)(es — 1) — T—en)(T—e2)(T—e3))
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X 1G2G30(k — k1 — ko — k3)dk1dkadks

Now we use that

1 o
= e L)+ eR)
—A;
so that
o [ ((er=1)(e2 = 1)(e3 = 1) — (T=ex)(T = ea)(T = e3)) P
o=/ (VR (R (R o) (k) A Az As0 (k= —ha s dkr dkdk
=:P

(3.75)
® is what will give the collision frequency which is the square of ®.
Now by observing that

e27riki 1= e2m'k:i (1 _ e—27rikz‘> ie. (ei _ 1) — e,‘(l _ ei)

we can rewrite the numerator of ® as

N(k‘, ]{31, k‘g, ]{73) = 616263(1 — 61)(1 — 62)(1 — 63) — (1 — 61)(1 — 62)(1 — 63)
since k — k1 — ko — k3 = 01in (3.75) we have that
27ri(k1+k2+k3) — eQﬂ'ik

elege3 =€

SO

N(k’, ]{71, k)z,k‘3) = (ek — 1)(1 — 61)(1 — 62)(1 — 63).

Using analogously that 1 — ¢; = &;(e; — 1) we have that also
N(k’, kl, ]{Q,k‘3) = (1 — €k)(€1 — 1)(62 — 1)(63 — 1).

So summing the two previous expressions we check that NV is a real number since one is

the conjugate of the other, i.e.,

Nk, ki, ko, ks) = % ((ek ST —e)(d —ea)(I —es) + (1 —ex)(er — 1)(ea —1)(es — 1))

~— Re ((ek DA —eN(d —ea)(1 - eg)) .

To compute the collision frequency, we square expression ®. However since expression
N is a real number, squaring it corresponds to taking the modulus square that we will
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denote by | - |. We obtain

F(k7 kla k2> k3)

where we have used that

’61‘ — 1|2 =

/
—
S
S~—
W
&
—
N
N—r
&
—
PTA
oA
SN—
&
—
o
)
N~——
(S
—
oy
w
N—

j=0
ﬁ 4sin?(mk;)
=0 2w (kl)

(cos(2mk;) — 1)% + sin®(27k;)

cos?(2mk;) 4+ 1 — 2 cos(2mk;) + sin®(27k;)
2 — 2 cos(2mk;)

4sin? (1k;).
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Wave turbulence theory and
mean-field limits for stochastic
particle systems
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Chapter 4

Isotropic Wave Turbulence with
simplified kernels: existence,
uniqueness and mean-field limit for a
class of instantaneous

coagulation-fragmentation processes

This work has been done under the supervision of Professor James Norris.

The isotropic 4-wave kinetic equation is considered in its weak formulation using
model homogeneous kernels. Existence and uniqueness of solutions is proven in a par-
ticular setting. We also consider finite stochastic particle systems undergoing instanta-
neous coagulation-fragmentation phenomena and give conditions in which this system

approximates the solution of the equation (mean-field limit).
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4321 Mean-field limit for bounded jump kernel

4322 Proof of Theorem4.18 . . . . . . ... ... ... .....

4.3.2.3 Proof of Theorem 4.7 (unbounded kernel)

433 Second result on mean-field limit . . . . . ... ... ... .....

433.1 A coupling auxiliary process . . . . . ... ... .....
4332 Proof of Theorem4.8 . ... ................

44 ConclusSions . . . ¢ v v v i i it it et et et et e e e e e e

4.5 Appendix: Some properties of the Skorokhod space . .. ... ... ..

4.6 Appendix: Formal derivation of the weak isotropic 4-wave kinetic

equation . . . . .. e e e e e
Notation
Ry = [0,00);
B = space of bounded measurable functions with bounded support;
D = {(wi,w2,ws3) € R3’r|w1 +way > w3l
k wavevector, it belongs to RV
w(k) dispersion relation;
T = T(ky,ko,ks, k) interaction coefficient;
P(R4) space of probability measures in R
M(Ry) set of finite measures on R;..

4.1 Introduction

Wave turbulence ([ZDP04, ZLF92, Naz11], [ST06, Entry turbulence]) describes weakly
non-linear systems of dispersive waves. The present work focuses in the case of 4 inter-

acting waves.

We start with a brief presentation of the general 4-wave kinetic equation and move

quickly to consider the isotropic case with simplified kernels, which is the object of study

of the present work, and present the main results.

We give a brief account on the theory of wave turbulence in Section 4.1.3. The rest of

the text consists on the proofs of the main theorems.
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411 The 4-wave kinetic equation.

Using in shorthand n; = n(k;, t), ny = n(k,t), w; = w(k;) and w = w(k), the 4-wave
kinetic equation is given by
d

@”(kat) = 47r/ TQ(khkm ks, k)(ninans + ninang — ningng — nansng) (4.1)
R3N

><(5(w1 + Wy — w3 — w)é(kl + ko — kg — k)dkldkgdkg,.

where k € RY is called wavevector; the function n = n(k,t) can be interpreted as the
spectral density (in k-space) of a wave field and it is called energy spectrum; w(k) is the
dispersion relation; and

T2k == T'(k1, ko, k3, k)

is the interaction coefficient.
E = wk)nk)dk, W = n(k)dk
RN RN

correspond to the total energy and the waveaction (total number of waves), respectively.
These two quantities are conserved formally.

Properties of the dispersion relation and the interaction coefficient. w(k) and T3
are homogeneous, i.e., for some o > 0 and 5 € R

w(gk) = €'w(k),  T(Eky o, ks k) = €T (ky ko ks k) €> 0.
Moreover the interaction coefficient possesses the following symmetries
Tho3k = Torsk = Tiokz = Takra-

Example: shallow water. In the case of shallow water we deal with weakly-nonlinear
waves on the surface of an ideal fluid in an infinite basin of constant depth . small. In
this case ([Zak99]) we have that o = 1, 8 = 2, dimension is 2 and

1 1

(1, ko, ks, k) = =0 (k1 koksk)1/2

(k1 - ko) (ks - k) + (ki - ks) (ks - k) + (ki - k) (ks - k3)] .
(4.2)
In general T" will be given by very complex expressions, see for example [ZLF92].

Resonant conditions and the § distributions. The delta distributions appearing in equa-

tion (4.1) correspond to the so-called resonant conditions:

ki +kys = ks+k
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wki)+wks) = wks)+wk).

This imposes the conservation of energy and momentum in the wave interactions.

4.1.2 The simplified weak isotropic 4-wave kinetic equation.

We focus our study on the weak formulation of the isotropic 4-wave kinetic equation de-
fined against functions in B (RN ); the set of bounded measurable functions with bounded
support in RY.

More specifically, we assume that n(k) = n(k) is a radial function (isotropic). Then,
using the relation w(k) = k¢, we study the evolution of the angle-averaged frequency
spectrum ;. = /i(dw) which corresponds to

N-1
|5 |wN;an(w1/°‘)dw,

p(dw) ==

«

where SV~! is the N dimensional sphere. The total number of waves (waveaction) and

the total energy are now expressed respectively as

W = /Ooo,u,(dw) 4.3)
E = /Ooow,u(dw). (4.4)

The weak form of the isotropic equation is given formally by

t
s = o + /0 Qs 1, 1) ds 45)

where @ is defined against functions f € B(R;) as

QU] = 5 [ plden) (s K (o1, 02,0
X[flw1 + w2 —ws) + flws) — flwa) = f(w1)]

where D := {R} N (w1 + wa > w3)}. See appendix 4.6 for the formal derivation of this
equation.

Formally K = K (w1, w2, ws3) is written as

8 N-a
O£|SN71|4 (wl + w2 _W?)) o (4.6)

K(wl,wg,UJ3) =
72, 1/a 1/a 1/a 1/
4d51d52d53dST (wl S1,Wsy’  S2,Ws 53,(w1+w2—W3) S)

(SN=1)

xé(wi/asl + w%/QSQ — wé/as;g — (w1 + wo — w;),)l/o‘s).
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Notice that formally K is homogeneous of degree

aim2a (4.7)

«

Our starting point is equation (4.5) considering simplified kernels K. In this work
we do not study the relation between the interaction coefficient T and K. Specifically, we
will consider the following type of kernels:

Definition 4.1. We say that K is a model kernel if
o K R:j_ — R+,
e K is continuous in R = [0, 0)3;
e K is homogeneous of degree \;

o K(wi,ws,ws) = K(wa,w1,ws) for all (wy,ws, w3) € R3.

Some examples of model kernels are:

1
Klonwnn) = & @l + olufuf) withp gt =),
K(wi,wa,w3) = (wiwaws)™?, 4.8)
1
K(Wl,(,dg,bjg) = g(W% +w% +w3/\)

The main question we want to address is:

FOR WHICH TYPES OF KERNELS K THERE IS EXISTENCE AND UNIQUENESS OF
SOLUTIONS FOR EQUATION (4.5) AND, MOREOVER, CAN THIS SOLUTION(S)
BE TAKEN AS THE MEAN-FIELD LIMIT OF A SPECIFIC STOCHASTIC PARTICLE
SYSTEM?

The present work gives a positive answer for a particular class of kernels as explained
in the next section, but first, for the motivation of the problem, we need to answer the two

following questions:

a) Why is it relevant to study the weak isotropic 4-wave kinetic equation with simpli-
fied kernels?

The present work is inspired on the article [Con09] from the physics literature on
wave turbulence. In [Con09] the author works with the 3-wave kinetic equation and
considers its isotropic version also assuming simplified kernels. The idea is that the
3-wave kinetic equation can be interpreted as a process where particles coagulate and

fragment. This interpretation allows to use numerical methods coming from the theory
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of coagulation-fragmentation processes, which can be applied to this type of simplified
kernels.

As in [Con09], ignoring the specific shape of the interaction coefficient T is not un-
common in the wave turbulence literature; in general the shape of T is too complex, too
messy to extract information. Moreover, the most important feature in wave turbulence,
the steady states called KZ-spectrum, depend only on the parameters o, § and N. That
is why in the physics literature T plays a secondary role, sometimes no role at all.

It is believed that only the asymptotic scaling properties of the kernel will affect the
asymptotic behaviour of the solution. This is similar to what happens in the case of
the Smoluchowski’s coagulation equation, where homogeneous kernels give rise to self-
similar solutions (scaling solutions) in some cases. The hypothesis that solutions become
self-similar in the long run under the presence of an homogeneous kernel is called dy-
namical scaling hypothesis, see [MC11] for more on this. In the case of wave turbulence
we expect this self-similar solutions to correspond to the steady states given by the KZ-
spectrum.

Proving the dynamical scaling hypothesis for the simplified isotropic 4-wave kinetic
equation under the assumptions of Theorem 4.6 (existence of solutions) will imply prov-
ing the validity of the KZ-spectrum for this simplified kernels (if there is correspondence
between the two). This would provide a great indication of the mathematical validity of

the theory of wave turbulence.

b) Why consider the isotropic case? There are examples in the physics literature where
the phenomena are considered to behave isotropically (like in Langmuir waves for isotropic
plasmas and shallow water with flat bottom).

The main reason though to consider the isotropic case is that it makes easier to get
a mean-field limit from discrete stochastic particle systems. Suppose that we want to
find a discrete particle system that approximates the dynamics of (4.1). For given waves
with wavenumbers k;, ko, k3, we want to see if they interact. On one hand, due to the
resonance conditions k defined as

k=k; + ks —k3
is uniquely determined. On the other hand, on top we must add the constraint
W= w1 + w2 — ws

and this in general will not be satisfied. Therefore, if we consider systems with a finite
number of particles, in general, interactions will not occur and the dynamics will be con-
stant.

We go around this problem by considering the isotropic case. By assuming that n =
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n(k) is a rotationally invariant function, we add the degree of freedom that we need.

4.1.2.1 Summary of results

Next we summarise the main results in the present work. These results are the analogous
ones presented in the papers [Nor99, Nor00] for the Smoluchowski equation (coagulation
model).

Remark 4.2 (Strategy). We will adapt the proofs by Norris in [Nor99] and [Nor00] for
coagulation phenomena. In the proof by Norris in [Nor99] sublinear functions ¢ : R —
R are used, i.e.,

o(Az) Ao(z), A>1
plx+y) < o)+ p(y).

IN

These functions are the key to get bounds because of the following property: let (1}):>0
be a stochastic coagulation process with n particles, if initially

(o, 1p) <A
for some A < oo, for all n € N, then
{p,ugy < Aforall n,t.

Actually, what we obtain is that

(o, uf) < (@, ug)

thanks to the sublinearity of ¢; say that two particles of masses =,y € R coagulate
creating a particle of mass = + y, then

o +y) <o)+ oY) (4.9)

by sublinearity.

In general, this idea to get bounds cannot be applied to the type of stochastic particle
processes that we are going to consider because they also include fragmentation pheno-
mena; we will have that in an interaction two particles of masses wi,ws € R disappear
and two particles of masses w; + w2 — w3, w3 € Ry are created.

To get bounds on this stochastic process using the method above we need an expres-
sion analogous to (4.9), i.e.,

(w1 +wa — w3) + ¢(ws) < p(w) + p(wa).
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Therefore we can use Norris method with the appropriate adaptations for the particular
case where ¢(w) = w + ¢ for a constant ¢, which we will take to be one.

Notice that this works as a consequence of the conservation of the energy (given by
the w’s, see (4.4)) and the conservation of the total number of particles at each interaction.

Definition 4.3. Consider p(w) = w + 1. We say that a kernel K is sub-multiplicative if
K(w1, w2, w3) < p(wr)p(ws)p(ws). (4.10)

A. Existence and uniqueness of solutions.

Definition 4.4 (Solution and types of solutions). We will say that (u):<7 is a local solution
if it satisfies (4.5) for all bounded measurable functions f of bounded support and such
that (w, ) < (w, o) forall t < T. If T = +oo then we have a solution. If moreover,

/ " wpe(dw)

is finite and constant, then we say that (j;):<7 is conservative.
We call any local solution (yt)¢<7 such that

t
/ (©* ps)ds < oo forallt < T
0

a strong solution.

Remark 4.5. Observe that we consider the possibility of having not conservative solutions,
implying loss of mass. This will correspond to gelation in coagulation and the concept of
finite capacity cascades in Wave Turbulence (see [Con09]).

Theorem 4.6 (Existence and uniqueness of solutions). Consider equation (4.5) and a given
po measure in Ry. Define p(w) = w + 1 and assume that K is submultiplicative model kernel.
Assume further that (p, p0) < oo (i.e., initially the total number of waves (4.3) and the total
energy (4.4) are finite). Then, if (pu)i<7 and (v¢)i< are local solutions, starting from o, and if
(vt)e< 15 strong, then py = vy for all t < T'. Moreover, any strong solution is conservative.

Also, if (¢?, o) < 0o, then there exists a unique maximal strong solution (1)t <¢ (o) With

C(po) = (@2, po) M, po) ™.

The proof of this theorem will be an adaptation of [Nor99, Theorem 2.1].
B. Mean-field limit (coagulation-fragmentation phenomena). We will consider a sys-
tem of stochastic particles undergoing coagulation-fragmentation phenomena. The ba-

sic idea is that three particles (w,ws,w3) with wy + wp > w3 will interact at a given rate
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K (w1, w2, ws). In the interaction, first w; and wy coagulate to form wy +ws and then, under
the presence of w3 the coagulant splits into two other components which are w; + w2 —ws

and a new w3 (fragmentation). So interactions are
w1, w2, w3] = (w1 + wa — w3, w3, w3

Note that we assume that K is symmetric in the first two variables because in the inter-
actions the role of w; and ws is symmetric.

We will define and build for each n > 1, (X}*):>0 a instantaneous coagulation-fragmentation
stochastic particle system of n particles (Section 4.3.1) following the previous ideas.

We will approximate the solutions to the isotropic 4-wave kinetic equation using this
coagulation-fragmentation phenomena. We present here two mean-field limits each of

them requiring a different set of assumptions:

Theorem 4.7 (First mean-field limit). Assume that for p(w) = w'=7, v € (0, 1) it holds that
K is a model kernel with

K(w1,w2,w3) < P(w1)p(wa)p(ws)-

Assume also that (w, X{}) is bounded uniformly in n by (w, po) < oo, and
Xy — po  weakly.

Then the sequence of laws (X[")nen is tight in the Skorokhod topology. Moreover, under any weak
limit law, (put)¢>0 is almost surely a solution of equation (4.5). In particular, this equation has at

least one solution.

The proof of this theorem will be an adaptation of [Nor99, Theorem 4.1].

Denote by d some metric on M, the set of finite measures on R, which is compatible

with the topology of weak convergence, i.e.,

d(pn, ) = 0 ifand only if (f, un) — (f, 1) (4.11)

for all bounded continuous functions f : R — R. We choose d so that d(u, 1) < ||u— /||
foral p, /' € M.

Theorem 4.8 (Second mean-field limit). Let K be a model kernel and let p be a measure on
Ry. Assume that for p(w) = w + 1 it holds

K(w1,w2,w3) < p(wr)p(ws)p(ws)

and that (@, p1o) < oo and (%, o) < oo. Denote by (1)< the maximal strong solution to (4.5)
provided by Theorem 4.6. Let (X]*)nen be a sequence of instantaneous coagulation-fragmentation
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particle system, with jump kernel K. Suppose that

d(pXq', puo) — 0

asn — oo. Then, forallt < T,

sup d(p Xy, ops) — 0
s<t

in probability, as n — oo.

The proof of this theorem will be an adaptation of [Nor99, Theorem 4.4].

Many mathematical works have been devoted to the study of the coagulation-fragmentation
equation. We base our work on [Nor99] and [Nor00O] but the reader is also referred to
[EW00], [EMRRO5], [LM02], [W'05], as an example.

C. Applications For the physical applications we consider K given by expression (4.8),

ie. K(wi,ws2,w3) = (wiwows)™3, which is submultiplicative (since w* < w + 1, A € [0, 1)).
If X € [0,3) then we can apply all the previous theorems. For the case A\ = 3 the

theorems also apply with the exception of the first mean-field limit, Theorem 4.7.

Here are some examples:

o Langmuir waves in isotropic plasmas and spin waves: = 2, « = 2, s0 A = 1 (the
dimension is N = 3).

o Shallow water (isotropic in a flat bottom, [Zak99]): 5 = 2, o = 1, s0 A = 3 (dimension
N =2).

o Waves on elastic plates: f = 3, « = 2,50 A = 2 (dimension N = 2).

However, these results cannot be applied to other systems like gravity waves on deep

water, nonlinear optics and Bose-Einstein condensates.

4.1.3 Some notes on the physical theory of Wave Turbulence

The theory of Wave Turbulence is a relatively recent field where most of the results are
due to physicists. Next, we present some concepts of the theory extracted from [ZDP04,
ZLF92,Nazl11], [ST06, Entry turbulence]. All the results are formal and require a rigorous
mathematical counterpart.

Wave turbulence is formed by the so-called weak wave turbulence (whose central
object is the kinetic wave equation) and the so-called ‘coherent structures’.

Wave turbulence takes place on the onset of weakly non-linear dispersive waves. The
assumption on weak non-linearity allows the derivation of the kinetic wave equation of
which (4.1) is an example for the case of 4 interacting waves. In the general case, N waves

interact in resonant sets transferring energy.
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Differences between physical systems are given by the dimension of the system, the
number of interacting waves and the medium itself (which is described by the dispersion

relation and the interaction coefficient).

A. Derivation of the wave kinetic equation and the Cauchy theory. There is not a
rigorous mathematical derivation and Cauchy theory for the kinetic wave equation. In
this work we prove existence and uniqueness of solutions for the isotropic weak 4-wave

kinetic equation in some restricted setting.

o General procedure: in [Naz11, Section 6.1.1] it is given a scheme of the general proce-
dure to derive the kinetic wave equation. We do not reproduce here the explanation
there but point at some of the key steps:

— the starting point is a nonlinear wave equation (mostly written in Hamiltonian

form);

— then the equation is written in Fourier space in k using the interaction repre-

sentation between waves;

- using the weakness of the nonlinearity hypothesis, a perturbation analysis is

done expanding around a small nonlinearity parameter;

— perform statistical averaging.

o Example: shallow water. In the case of shallow (or deep water) the vertical coordinate
is considered to be
—h<z<n(r), r=(zy)

and the velocity field V' is incompressible and a potential field,
divV =0, V=Vo
where the potential satisfies the Laplace equation
AP =0
with boundary conditions
O|.—, = V(r,1), Q|,——p=0.

The Hamiltonian is consider to by the sum H = T + U of kinetic and potential
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Isotropic Wave Turbulence and mean-field limits

energies defined as follows:

T = /d’r/ (VP)“dz,
2 —h

U = ;g/?]ZdT’—FU/(W—l)dT

where g is the acceleration of gravity and o is the surface tension coefficent. Za-
kharov [Zak98] derived the equations of motion for n and ¥ as

oy _oH 9V __iH
ot U’ o o’

In [Zak99], Zakharov derives the kinetic wave equation for shallow and deep water

starting from these equations.

o The delta distribution. One of the main issues to study the validity of the kinetic
wave equation is the presence of the two delta distributions that make sure that the

energy and the total momentum are conserved.

e N-waves. At the beginning of this work the 4-wave equation was presented. In the
general case, the kinetic equation will correspond to IV interacting waves, where N

is the minimal number such that the interaction operator is non-zero, i.e., such that

(i) the N-wave resonant conditions are satisfied for a non-trivial set of wave vec-

tors (here ‘non-trivial set’ must be made precise):

w(kl)ﬂ:w(kg)ﬂ:...ﬂ:w(k]\r) = 0;
k1:|:k2:|:...:|:kN;

(ii) the N-wave interaction coefficient ' must be non-zero over this set.

B. The Kolmogorov-Zakharov (KZ) spectra. The Kolmogorov-Zakharov spectrum cor-
responds to steady states of the system.

o Derivation, validity (locality) and stability. The derivation of the KZ spectrum is ex-
plained in [ZLF92, Chapter 3]. For the derivation, only the homogeneity index of
the interaction coefficient T is needed. However, the validity of the KZ spectrum
depends on the condition of ‘locality’, i.e., that only waves with similar wavelength
interact. This condition is translated in the finiteness of the interaction integral (see
[ZLF92] for more details) and it does depend on the particular shape of 7. On the
other hand, one should check the stability of the KZ to small perturbations.
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o Case of shallow water: for this case, the corresponding Kolmogorov-Zakharov solu-

tions are ([Zak99]):
”i(fl) ~ L—10/3

(2) ~ k’_3.

Ty,

Observe that there are two solutions; the first one corresponds to the energy flux
and the second to the flux of action (corresponding to the waveaction).

Historical note. The kinetic wave equation was first derived by Nordheim in 1928
[Nor28] in the context of a Bose gas and by Peierls [Pei29] in 1929 in the context of thermal

conduction in crystals.

C. Some examples. We have already seen the case of shallow water, but there are many
more examples.

The Majda-McLaughlin-Tabak model is explained in [ZDP04] in dimension 1 where
the dispersion relation is given by

wk) =k a>0

where k = ||k|| and

Tuioge = (Kikoksk) /! (4.12)
for some 3 € R. The particular case = 3 corresponds to the Majda-McLaughlin-Tabak
(MMT) model.

We have a four-wave interaction process with resonant conditions:
ki +ky =k3s+k
V2 4 [ka| /2 = [ks| /2 + [k[M/2.

In this case wave numbers that are non-trivial solutions to these conditions cannot
have all the same sign. Moreover, non-trivial solutions can be parametrized by a two

parameter family A and £ > 0:
k= =A%, k= A1+ 64877 ks=A%1+8)7 k=AP(1+¢% (413)

When g = 0 the collision rate is bounded. In [ZDP04] the authors obtain the following
Kolmogorov-type solutions for « = 1/2 and 3 = 0:

n o~ |k|75/6 (4.14)
n ~ |kt (4.15)
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The derivation of the kinetic wave equation is done from the equation

oy o a1 (1o P |71 a " B
dispersive

non-linearity
where v(z, t) denotes a complex wave field.

Other examples in wave turbulence are (taken from [Naz11]):

¢ 4-wave examples

surface gravity waves; N =2, a =1/2, 5 =3;

langmuir waves in isotropic plasmas, spin waves; N =3, a =2, 3 = 2;

waves on elastic plates: N =2, a =2, 5 =3;

Bose-Einstein condensates and non-linear optics: a = 2, 5 = 0;

- Gravity waves on deep water: N =2, =1/2, 5 = 3.
e 3-wave examples

— capillary waves: N =2, a = 3/2;
— acoustic turbulence, waves in isotropic elastic media; N =3, a = 1;

— interval waves in stratified fluids: N =1, a = —1;
e other examples

— Kelvin waves on vortex filaments: N = 1, 6-wave interaction, o = 2.

4.2 Existence of solutions for unbounded kernel

In this section we will follow the steps in [Nor99, Theorem 2.1] (see Remark 4.2).

Remark 4.9. We make some comments about Theorem 4.6:

(i) The statement is correct even if
K(wi,w2,w3) < Cp(wi)p(w2)p(ws)
for some positive constant C' < oo. This only changes the {(u) into
C(1o) = (¢*, 1o) ' C ™o, o) "
Also notice that by scaling time, we can eliminate the multiplicative constant.

168



4.2. Existence of solutions for unbounded kernel

(ii) Notice that in the coagulation case, existence of strong solutions is assured for times
T' = (p?, o) 1. We expect that in the 4-wave equations we can assure existence of
strong solutions for larger times. The reason that we do not get that is because when
bounding (4.30), we ignore some negative factors.

(iii) We will need to use that for p(w) = w+ 1, it holds that for any local solution (p)¢<7

(p, ) < {p, o) forallt <T. (4.16)

This is a condition for yi; being a solution (see Definition 4.4). Notice that in partic-
ular strong solutions fulfilled this condition automatically as they are conservative
(this is explained in expression (4.29)).

(iv) We could have defined our set of test functions as including also measurable func-
tions with linear growth (and in an unbounded interval). This way the theorem
works the same and we would have that (p, u;) = (@, o) for all t where the so-
lution exists, i.e., for that particular set of test functions we would only consider

conservative solutions.

(v) A main difference with the result obtained in [Nor99] and [Nor00] is that we do not
allow K to blow up at zero.

421 Proof of Theorem 4.6

The rest of this section will consist on the proof of this theorem, which we will split in
different propositions. We will follow the idea and structure as in [Nor99, Theorem 2.1].
We want to apply an iterative scheme on the equation to prove existence of solutions
and for that we need estimates on ||Q(u)|| and ||Q(n) — Q(i')||, which, unfortunately,
are unavailable in our present case for unbounded kernels. To sort this problem, we will
consider an auxiliary process that approximates our looked for solution and that operates
on bounded sets.

This auxiliary process will take the form (X, AP);>¢ for some bounded set B. AP
gives an upper estimate of the effect on X7 of the particles outside B and X will be a
lower bound for our process in B.

Let B C [0,00) be bounded. Denote by Mpg the space of finite signed measures
supported on B. We define L? : Mp x R — Mp x R by the requirement:

<(f> a)vLB(:ua /\)> = % /D(f(wl + wo — W3)1w1+w2—w3€B + a@(wl + w2 — w3)1w1+w2—w3¢B
+f(ws) = f(w1) = fw2)) K (w1, wa, ws) p(dwr ) p(dwa) p(dws)

[e.9]

+ (V42X e, ) ; (ap(w) = f(w)) p(w)u(dw)
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Isotropic Wave Turbulence and mean-field limits

for all bounded measurable functions f on (0,00) and all a € R where D = {R3 Nw; +
wa — ws > 0}. We used the notation ((f,a), (1, A)) = (f, u) + a.
Consider the equation

t
(e, Ae) = (p0; Ao) +/ LP (115, As) ds. (4.17)
0
We admit as a local solution any continuous map
t— (//Lty)\t) : [O,T] — MB x R

where T' € (0, c0), which satisfies equation (4.17) for all ¢ € [0, T7.

Proposition 4.10 (Existence for the auxiliary process). Suppose 1o € Mp with j19 > 0 and
that Ao € [0,00). The equation (4.17) has a unique solution (., \t)+>0 starting from (o, Ao).
Moreover, piy > 0 and Ay > 0 for all t.

The proof is obtained by adapting the one in [Nor99, Proposition 2.2].

Proof. By assumption (4.10) it holds that for ¢p(w) = w + 1

K(w1,w2,w3) < p(wr)p(ws)p(ws)

Observe that ¢ > 1. By a scaling argument we may assume, without loss, that

(@, o) + X0 < 1,

which implies that
ol + [Ao] < 1.

We will show next by a standard iterative scheme, that there is a constant 7" > 0
depending only on ¢ and B, and a unique local solution (u, \¢):<7 starting from (10, Ao).
Then we will see that i > 0 for all ¢ € [0, 7.

This will be enough to prove the proposition: if we put f = 0 and a = 1 in (4.17) we

get

d

1
A 2/ P(wr + we — w3) 1y, 4oy —wsg K (Wi, w2, ws ) p(dwr) p(dwa) p1(dws)
D

T2+ 20{p. ) /0 " (@)l dw).

So, since y; > 0, we deduce that Ay > 0 forall ¢ € [0,T]. Next, weput f = panda =1
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4.2. Existence of solutions for unbounded kernel

to see that

Gendt = 5 [ (ol +wa—w0) +plwn) — plon) ~ pln) @18)

x K (w1, wa, ws)u(dwy ) p(dwe) u(dws) =0
which is zero given that p(w) = w + 1. Therefore,

|z + M| < (@, pr) + Ar = (@, o) + Ao < 1.

We can now start again from (ur, A7) at time 7' to extend the solution to [0,277], and so

on, to prove the proposition.

We use the following norm on Mp x R:

G, M= [lll =+ AT

Note the following estimates: there is a constant C' = C(p, B) < oo such that for all
i € Mpandall \, N €R

ILZ (NI < Ol DI (4.19)
ILZ (1, A) = LE( NI < C(HM = 1 (all® + Neell I+ 0% (4.20)
AL IVDIN = Nl + NPl = 2]

A= Nl + IV (el = 11+ = pll) )

A

Observe that we get these estimates because we are working on a bounded set B.
We turn to the iterative scheme. Set (11, \Y) = (o, \o) for all ¢ and define inductively

a sequence of continuous maps

£ (U, A1) 1 [0,00) — Mp x R

t
(G AT = (10 ha) + / LP(, A" ds.
0

Set
fa) = [|(kg, A

then fo(t) = fn(0) = ||(120, Ao)|| < 1 and by the estimate (4.19) we have that

t
fasi(t) <14 C /0 fu(s)? ds.
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Hence
falt) < (1 =20t)7Y2 fort < (20)7".

This last assertion is checked by induction. Suppose that it holds for n then

fap1(t) <1+ C’/Ot(l —205)3%ds =14 (1 — 20s) V2520,
Therefore, for all n setting T' = (4C)~!, we have

le Al < V2 E<T. (421)
Next set go(t) = fo(t) and forn > 1
gn(t) = (', A7) = (= A
By estimates (4.20) and (4.21), there is a constant C' = C(B, ¢) < oo such that
t
gn+1(t) < C’/O gn(s)ds t <T.

Hence by the usual arguments (Gronwall, Cauchy sequence), (u3’, A\}') converges in M g x
R uniformly in ¢ < T, to the desired local solution, which is also unique. Moreover, for

some constant C' < oo depending only on ¢ and B we have
(e, M) <C - t<T.

Finally, we are left to check that ;s > 0. For this, we need the following result:

Proposition 4.11. Let
(t,w) — fi(w):[0,T7] x B—R

be a bounded measurable function, having a bounded partial derivative Of /Ot. Then, forallt < T,

@ o) = (D100, ) + (0, LP (1, ).

The proof is a straightforward adaptation of the same Proposition (with different L)
in [Nor99, Proposition 2.3].
Fort < T, set

t
6u(w1) = exp / ( / K (w1, wn, w3) s (dewa) s (des) + (A2 + 200, 1)) eo(m)) ds
0 Ra_ﬂ(wl “+wao ZLU3)
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4.2. Existence of solutions for unbounded kernel

and define G; : Mp — Mp by

G0} = 5 [ () + 2 = w9) s -y + (PO 3)
xK(wl,wg,wg)ﬁt(wl)_IHt(wQ)_IGt(wg)_l
X pu(dewr ) pldwz) p(dws)

Note that G;(u) > 0 whenever p > 0 and for some C' = C(p, B) < oo we have

IGew < CllulP (422)
I1Ge(r) = Ge(u)Il < Cllpe = 'l (all® + e/ Mpell + N1211%) - (4.23)

N

Set fi; = 6:y1¢. By Proposition 4.11, for all bounded measurable function f we have

00

o7 Ht)  ((£01,0), L7 (e, M)

d, . .
g i) = (S
so, using the symmetry of w; and wy in L? we get

d,, . .
£<f7 fe) = (f, Ge(fie))- (4.24)
Thus, the function 6; is simply designed as an integrating factor, which removes the neg-
ative terms appearing in L5.

Define inductively a new sequence of measures ji}* by setting /i = o and for n > 0

t
= o+ [ GG ds.
0

By an argument similar to that used for the original iterative scheme, the proof is com-
pleted: we can show, first, and possibly for a smaller value of 7" > 0, but with the same
dependence, that ||z} || is bounded, uniformly in n, for ¢ < T', and then that || — fi|| — 0
as n — oo. Since fif > 0 for all n, we deduce ji; > 0 and hence y; > 0 forall ¢t < T O

We fix now py € M with pp > 0 and (¢, po) < oo. For each bounded set B C [0, o0),
let

W =Lao, M= [ gl (4.25)
[0,00)\B

and denote by (1, \P);>¢ the unique solution to (4.17), starting from (uf, \F’), provided
by Proposition 4.10. We have that for B C B/,

pf <ul, {epl) + A = (o, ul )+ A

The inequality will be proven in Proposition 4.12 and the equality is consequence of ex-
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pression (4.18) and the fact that

(o, 1By + N8 = (o, i) + NE

by expression (4.25).
Moreover, it holds that for any local solution (v;).«7 of the 4-wave kinetic equation
(4.5), forallt < T,
B B B
pe < vt (pou’) + A7 = (o, 1) (4.26)

We prove the first inequality in Proposition 4.13. The second inequality is consequence
of
{p.11) < (0, 0) < (i, o) + AT = (0, ) + AP (4.27)

We now show how these facts lead to the proof of Theorem 4.6. Set 1 = lim g4(g o) ul

and \; = limpt[p o) AP . Note that

, = lim Py <o, < 00.
(s t) Bmm;w ne) < (o, po)

So, by dominated convergence, using that K is submultiplicative, for all bounded mea-

surable functions f,
/ f(wl + w2 — w3)1w1+w2—w3¢BK(w17w27w3)MtB(dw1):UJtB(dw2)utB(dw3) — 0,
D

and we can pass to the limit in (4.17) to obtain

d

Gl = 5 [ (Fort =)+ fwn) - flon) — f(en)

2
X K (w1, wa, ws) e (dwr ) ey (dws) pr (dws)

— (A7 42X, ) ) (fep, )

For any local solution (1)<, forallt < T,

Mt S Vg, <()0a /’Lt> + )\t 2 <()07 Vt>~

Hence, if \; = 0 for all ¢ < T, then (yt):<7 is a local solution and, moreover, is the only

local solution on [0, T). If (1)< is a strong local solution, then

t t
/ (%, ps) ds < / (¢% vs) ds < o0
0 0
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for all ¢ < T'; this allows us to pass to the limit in (4.17) to obtain

d
A= (A + 20{p, 1)) (0%, ) (4.28)

and to deduce from this equation that \; = 0 for all ¢ < T It follows that (1)< is the
only local solution on [0, T"). For any local solution (v4)¢<7,

/ wly<pi(dw) = / wly<nvo(dw)
0 0

1 t
+ 2/ / {(wl + w2 — w3)lw1+w2—w3§n + w3lus<n — wiluw <n — w21w2§n}
0 JD

X K (w1, wa, w3 )vs(dw )vs(dwe ) vs(dws).

Hence, if ()< is strong we have that

t t
/ (W?, vs) ds < / (2, V) ds < .
0 0

Then, by dominated convergence, the second term on the right tends to 0 as n — oo,
showing that (1)< is conservative.
Suppose now that (2, 1p) < oo and set T = (¢, uo) (i, 110) ~1. For any bounded set
B C [0,00), we have
d 1
Gy < 5 [ oter i =) + oo - o) - plen)’}
X I (w1, wa, wa) g (duwn) o’ (dws) i (dess)

< [ ol elnnd (o (i (dn) (4:30)
< o) u)?
< (o, mo)(#? uf)?
where we used that
(w1 + w2 — w3 + 1)2 + (w3 + 1)2 — (w1 + 1)2 — (w2 + 1)2 = (01 + @2 —(:)3)2 +c532 — 52—

= 2WWo + 243 (W3 — Wy — W)

< 2W1wWe

with @; = w; + 1, and using that in our domain w; + wy — w3 > 0,sofort < T

<§027Nt> < (S - <907/~L0>t)71

where S = (¢?, o) ~!. Hence (4.28) holds and forces \; = 0 for ¢t < T as above, 5o (i )i<T
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is a strong local solution.

Proposition 4.12. Suppose B C B’ and that (uP, \B)i>0, (P, A\E )i>0 are the solutions of
(4.17) for each one of these sets corresponding to the initial data given by (4.25). Then for all
t>0,uf <pf.

The proof is obtained by adapting the one in [Nor99, Proposition 2.4].

Proof. Set
t
Bu(w1) = oxp / ( / K (w1, wa, w3 (dun)u (deos) + (VB)? + 228 <90,uf>)90(w1)> ds.
0 R2 N(w1+wa>ws)

Denote by m; = 6;(uf" — uP). Note that 7y > 0. By Proposition 4.11, for any bounded
measurable function f,

d 00 /
£<f>ﬂ—t> = (f atta:utB _:utB>

+((f0:,0 )aLBl(Nt AP ) L (uf, 2F))
= [ 10K (o, onn) (' (o) ()P (o) — (i i ()

+ ((AtBV+2AtB<<p,utB>)/Ooo(f@)(wl)w(wl)(u?'(dw1)—MtB(dwl))
+ 5 [ (80 = ) K, w0, 00)
% (Lo osassem i (deon ) uf (duon) ' (deos) = Loy ooy aose el (deon )P (deon)af (d) )

5 [ (B orwn,00)

x (" (dn ) af? (deon)uf” (dws) = puf (don ) uf (oo (dos))
- /D (00 @)K (w1, wn,ws) (f (deon)pof () (duos) — pof (deon ) uf (duom) uf (deos) )
(08 2 o)) [ 0ol ()
(P24 2P o)) [ o) enplenuf (@)

_l_
S~

(f00) (D) K (w1, w2, w3) (il (den )y () nf (dos) = P (deon)f? () nf (deos) )

+ (P2 + 208, u8)) = (N2 + 227 (o, 1) ) ) (fbusp, )
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where
1
I = 2/(f0t w1 + wy — w3) K (w1, wa,ws)
D
B’ B B B
% (Lo s nem il (deon ) (deon)f (dss) = Lo s ne il (din)uf (deoo) (dos)
1
+ 5 (fet wlaw25w3)

D
x (1 (dan ) uf? (deon)uf? (dess) = uf (daon ) (o) (ds) )

Now, squaring the equality

(o ul) + 08 = (oo ) + 2
we have that
(2 + 20 (oo nf)) = )2 =227 (o) = (o, i) = (o, i)
and therefore

d
£<f> 7Tt> =

(1 (A uf? (o) uf” (o) = uf? (deon ) uf (doo)af (o))

Therefore, m; satisfies an equation of the form

d
%T"t Ht<77t)

where H; : Mp — Mp/ and it holds H;(7) > 0 whenever 7 > 0 and where we have

estimates, for¢t <1,
[He(m)[| < O]

for some constant C' < oo depending only on ¢ and B’. Therefore, we can apply the same
sort of argument that we used for nonnegativity to see that m; > 0 for all ¢ < 1, and then
forall t < oco.

Explicitly, H; is

1

Ht = 5 /D(fet)(wl + wg — w3)K(wlaw27 w3)
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X (1w1+w2—wgeB'9{ Hwn)m(dan ) (dwo) i (dws)
Loyt —wsen HE (dwn)0;  (weo) (dws) puf (dws)

Lot -wnef (dwn)uf (deon) 07 (ws)m(dos) )

+ 1/D(f9t)(w3)K(W1,w27w3)

2
x (07 () (deon ) af (dewa ) (o) + 07 () m(du) uf (deon ) ()

0 () (o) (deon of () )
+ [ RRCI PRI
x (' (deon)O7 (w2 ) (o) af (dess) + uf? (deon ) (dwa) 07 (o) m(ds) )
+ [ U Plnplen)pen) - K(orwnun)

(' (i) () (o)l (dcs) + pf? (don ) (doon) B, (5o )
where we have used that

1w1+(d2*w3€B’:UJtB(dwl):utB(dWQ)MtB/(dw3) - 1w1+W2—w3€BUtB(dwl)ﬂf(dw2>/‘§/(dw3)a

given that if wi, ws < band w3 > b then it must hold that w; + ws — w3 < b.
d

Proposition 4.13. Suppose that (1)< is a local solution of the 4-wave kinetic equation (4.5),
starting from 9. Then, for all bounded sets B C [0,00) and all t < T, uB <.

The proof is obtained by adapting the one in [Nor99, Proposition 2.5].

Proof. Set 6; as in the previous Proposition and denote v? = 151, and 7, = 0, (v — pP).
By a modification of Proposition 4.11, we have, for all bounded measurable functions f,

S ) = (F00/01,v — 1)+ (F0L5, Q) — (01, 0), L (P AP)).

Now, proceeding as before we have that

%@”7 ) = /(fet)(w1>K(w17w27w3)(VtB(dw1>MtB(dw2)NtB(dw3) — pif (dwr) pf (dws) i (dws))
D
(OB 20 b)) /O (60 (1)) (deon)

1

+ 5 [ (8 = ) K, w0.00)

X Ly s —wseB (Vi(dwr vy (dwa)vi(dws) — pp (dwn) g (dws) i (dews) )
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4.3. Mean-field limit

g K e en)
X (ve(dwn )ve(dwz)vy (dws) — pf (dwn ) (dwso) i’ (dws))

- /D(f9t)(W1)K(W17W27W3) (v (dwn )i (dewa)vi(dws) — pf (dwr)pf (dw2)pp’ (dws))

_— /0 " (00) () o) (dn)

5 [0+ — ) K, 0)

D

X1w1+w2—w3€B (Vt(dwl)yt(dWQ)Vt(dwg) - NtB(dwl)MF(dW2)MF(dwg))
. ;/jj(f@t)(W3)K(W1,w2,W3)

X (vi(dwr )i (dwa)vf (dws) — pif (dwr ) g (desa) puf (dws))

+ / (f6e) (wi)p(wr )p(wa)o(ws) (v (dwr )y (dws)vy(dws) — v (dwr) pf (dws) g (dws))
R3\D

+ /D(th)(wl)(SO(wl)sO(M)sO(W?)) — K (w1, w2, w3))
X (v (dw1)vi(dw2)vi(dws) — v (dwy) pf (dwa) g (dess) )

where x; = (AP)? + 207 (o, 1) + (o, )2 — (0. 10)* > 0.
Therefore, analogously as in the previous Proposition 4.12, we have that

i(ﬂt) = Hy(m)

dt
where H; : Mg — Mg is linear and ﬁt(w) > 0 whenever m > 0. Moreover fort < 1

1H:(m)|| < Cll|

for some constant C' < oo depending only on ¢ and B. O

4.3 Mean-field limit

4.3.1 The instantaneous coagulation-fragmentation stochastic process

Define
D = {(w1,w2,w3) € Ri | w1 + we > ws}.

We consider X a probability measure on R written as a sum of unit masses

1 n
i=1
for wi,...,w, € Ri. X{ represents a system of n waves labelled by their dispersion
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Isotropic Wave Turbulence and mean-field limits

Wiy oo yWn.

We define a Markov process (X{'):>o of probability measures on R;. For each triple
(wi,wj,wy) € D of distinct particles, take an independent exponential random time T;;;,
i < j, with parameter

1
EK(wi,wj,wl). (4.31)

Set Tj;, = Ty, and set T' = min;;; T; 5. Then set
X{ =Xy fort <T

and .
X7 =X+ ﬁ(éw + 0wy — Ow; — Ow;)
with w = w; + w; — w;. Then begin the construction afresh from X7.

We call the process (X["):>0 an instantaneous n-coagulation-fragmentation stochastic

process.

Remark 4.14. Note that we should be careful not to pick the same particle twice as one
particle cannot interact with itself. Suppose that w; = w; = w; then, the Markov Chain
does not make a jump. The same happens with w; = w; or w; = w;. Finally the case

w; = wj needs to be considered. For that, we define
p(A x B x C) = p(A)u(B)u(C) — (AN B)u(C)

as the counting measure of triples of particles with different particles in the first and
second position. Also, define

p(Ax B x C) = p(A)p(B)u(C) = n~ u(AN B)p(C). (4.32)

Note that
3™ = (np) M. (4.33)

Generator of the Markov Chain: For all F € Cy:
GF(X) = / [F(X“r25) — F(X)] K (w1, w2, wg) X ™ (dwy, dws, duws)
D
where )
X@Wiw2ws — X 4 - (Ouws + Owy+wo—ws — 0wy — Oy ) -
Interpretation of the stochastic process. Three different particles, say wi, w, ws interact

at a random time given by the rate (4.31).
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4.3. Mean-field limit

The outcome of the interaction is that w; and wy merge and then, under the presence
of ws, they split, creating a new particle w3 and another one with the rest w = w; +ws —ws.

(Coagulation-fragmentation phenomena, which takes place instantaneously).

The martingale formulation. Now, for each function f € C,(R) the Markov chain can

be expressed as

t
XD = (£ X0+ M /0 (f, Q™ (X™)) ds (4.34)

where (M™/),> is a martingale. Note that using (4.33) we have that

(f, Q™ (1))

= ;/ l(f((m +ws —ws3)+ flwsg) — flwr) — f(w2)>*12K(w1,w2,W3)(nu)(1)(dw1,dw2,dw3)
DN n

- ;/ (f(wr +wo —ws) + flws) — flwr) = Flwa)) K (wr,wa,ws)pu™ (dwr, dwsy, dws)
D

from this expression it is clear why we needed to rescaled the collision frequency by n?.

4.3.2 First result on mean-field limit

We will start working in the simpler case where K is bounded and see that the un-
bounded case will come as a ‘modification” of the bounded one.

4.3.2.1 Mean-field limit for bounded jump kernel
Uniqueness of solutions for bounded kernel

Lemma 4.15. It holds that () given in (4.5) is linear in each one of its terms and the following

symmetry

(f,Qu, v, 7)) = (f, Qv 11, 7))
but

(f,Qu,v,7)) # (f,Qu,7,v))

(f,Qu,v,7)) # (f,Q(,v,p)).
Moreover,

Qps ity p) — Qv,v,v) = Q(u+v,p—v,pu) + Q(u+v,v,u —v) + Q(p,v,v — ) (4.35)

Proof. The first part of the statement is immediate from the definition. The second part
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Isotropic Wave Turbulence and mean-field limits

will make use of this symmetry property along with the linearity in each component:

Qus p ) — Qv,v,v) = Qp,py p) + Qs py 1) — Qu, v, 1) + Qp, v, v)
—Qp,v,v) — Qv,v,v)
= Qu+v,pp)+Qp,v,v—p) —Q(p+v,v,v)
= Qu+v,pup) = Qu+vv,p) +Q(u+v,v,p) —Qu+v,v,v)
+Qp, v, v — )
= Qu+tv,p—v,p)+Qutv,v,p—v)+Quv,v—p)
O

Proposition 4.16 (Uniqueness of solutions). Suppose that the jump kernel in (4.5) is bounded
by A. Then for any given initial data, if there exists a solution for (4.5), then the solution is unique.

Proof. Suppose that we have p¢, 1, € P(R4) solutions to (4.5) with the same initial data.

We will compare these solutions in the total variation norm:

t
e — villrv = sup (f,pu — i) = sup / (fs b —tn).
lflloo=1 [l fllec=1J0

Then by expression (4.35) we have that
fos — Us = Qps + Vs, fhs — Vs, phs) + Qs + Vs, Vs, frs — Vs) + Qps, Vs, Vs — fhs)-

Therefore, for any f € Cy(R4) such that || f||oc = 1 it holds

[(fy fos = D) < 24A[[ps — vslTv .

Finally applying Gronwall on

¢
e — vellry < 24/\/ s — vsl|lrv ds
0

we have that the two solutions must coincide. O

Remark 4.17. Existence of solutions for this case can be proven directly using a classical

argument of iterative scheme (as done previously for the unbounded case).

The following theorem is an adaptation of part of [Nor99, Theorem 4.1]. Much more
detail is provided here than in the original reference. To give the details, the author
was much guided by an unpublished report [CGM*12] that studied the homogoneous

Boltzmann equation with bounded kernels.
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4.3. Mean-field limit

Theorem 4.18 (Mean-field limit for bounded jump kernel). Suppose that for a given measure
o it holds that
(w’ X6L> < <w7 N0>

and that as n — oo

Xy — o weakly

Assume that the kernel is uniformly bounded
K< A <o

Then the sequence (X™)¢>o converges as n. — oo in probability in D(]0,00) x P(R4)).
Its limit, (ut)e>0 is continuous and it satisfies the isotropic 4-wave kinetic equation (4.5). In
particular, for all f € Cy(R4.)

Sup<f7XZ7’> — <f7,ut>>

s<t
sup [M/™| — 0,
s<t
t t
sup / QXM ds / (f. Qus)) ds
s<t JO 0

all in probability. As a consequence, equation (4.5) is obtained as the limit in probability of (4.34)
as n — oo.

Corollary 4.19 (Existence of solutions for the weak wave kinetic equation). There exists a
solution for (4.5) (expressed as the limit of the X}*).

Proof. We have that the limit (4 );>0 satisfies (w, ) < (w, o) by the following
<Wlw§k7 N> = nli—>nc}o<W1w§k7 th>

and we have that
<O‘)1W§k7XZ1> S <w7XZZ> S <w7,U’O>-

So by making k£ — oo we get the bound. O

4.3.2.2 Proof of Theorem 4.18

We want to take the limit in the martingale formulation (4.34). For that we will follow the
following steps in [Nor99]:

(i) The martingale (M™7),cN converges uniformly in time for bounded sets to zero

sup [M™/| =0  in probability
0<s<t
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Isotropic Wave Turbulence and mean-field limits

(Proposition 4.20).

(ii) Up to a subsequence (X/")n,en converges weakly as n — oo in D([0,00) x P(Ry)
(Proposition 4.21). This will be split in three steps:

(1) We will prove that the laws of the sequence ((f, X}"))nen are tightin D([0, c0), R)
(Lemma 4.22).

(2) From this deduce that actually the laws of the sequence (X}*),en itself is tight
in P(D([0,00) x P(R4))) (Lemma 4.23).

(3) Finally use Prokhorov theorem to prove the statement.

(iif) Compute the limit of the trilinear term (Proposition 4.24). For this we will need to

prove that:

(1) The limit of (X}")t>0 as n — oo is uniformly in compact sets of the ¢ variable
(Lemma 4.26). This will be a consequence of proving that the limit itself is

continuous (Lemma 4.25).

(2) Prove that actually in the limit we can forget about the counting measure X (")
and consider just the product of the three measures X (dwi)X (dw2)X (dws)
(Lemma 4.27).

(iv) Using the uniqueness of the wave kinetic equation, we have that all the convergent
subsequences converge to the same limit. Hence the whole sequence converges; if
a tight sequence has every weakly convergent subsequence converging to the same
limit, then the whole sequence converges weakly to that limit ([Bil13]).

(v) We have that the weak limit of (X}"),en satisfies the kinetic wave equation (4.5) so

it is deterministic. Therefore, we actually have convergence in probability.

(vi) Finally, as an application of the functional monotone class theorem we can extend
this result to functions f € B(R,).

Step 1: control on the martingale

Proposition 4.20 (Martingale convergence). For any f € Cy(R4), t > 0

sup |[M™| =0  inL*R)
0<s<t

in particular, it also converges in probability.
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4.3. Mean-field limit

Proof of Proposition 4.20. We use Proposition 8.7 in [DNO08] that ensures that
T
E |sup | M2/ 2| < 4E / o™ () ds
0

s<T

as long as the right hand side is finite, where

2
@I = 5 [ (Rt =) + S - S - flwn)) 436)

1
X EK(‘UM w2, W3)(nu5)(1) (dwl, d(,UQ, dW3)

(this statement is consequence of Doob’s L? inequality). Therefore, using (4.33) we have
that )
E [sup\Mg’fF] < =32|/f|I2 A% (4.37)
s<t n

This implies the convergence of the supremum towards 0 in L? which implies also the

convergence in probability. O

Step 2: convergence for the measures

Proposition 4.21 (Weak convergence for the measures). There exists a weakly convergent
subsequence (X" )ken in D([0,00) x P(Ry)) as k — oo.

Lemma 4.22. The sequence of laws of ({f, X}"))nen on D(]0, 00), R) is tight.
Lemma 4.23. The laws of the sequence (X/')nen on D([0,00) x P(Ry)) is tight.

Proof of Proposition 4.21. By Lemma 4.23 we know that the laws of the sequence (X}*),en

are tight. This implies relative compactness for the sequence by Prokhorov’s theorem. [

Proof of Lemma 4.22. We use Theorem 4.40. To prove the first part (i) of the Theorem we

|f7Xt ‘ Zf

so forallt >0, (f, X{") € [=[|lloc, [|Floc]-
The second condition (ii) of the theorem will be consequence of the following inequal-

use that

Z\f( < oo

=1

ities:

1
: [ aup M M;lvﬂ?] < Lo Az - (@.38)
rEls,t)

and

< 16]| fII2A%(t — 5)%. (4.39)

" om i
Elril[g) (/ (f,Q (Xp)>dp>
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Isotropic Wave Turbulence and mean-field limits

which imply that

E | sup [(f, X" — X2

rée(s,t) n

<A ((t PR s)> (4.40)

for some A > 0 depending only on || f||~ and A.
First we use Markov’s and Jensen’s inequalities to get

Efw/((£,X"),8,7)] _ (Ew'((f,.X"),6.T)%)"*
n B Ui

P(w'((f, X™),6,T) >n) <
(w’ is defined in Theorem 4.40). Now, for a given partition {¢;}",,
g p =1

sup  [(f, X, = X)) <2 sup  [(f, X7 - X7 ).
r1,m2€ [t —1,t) rE[ti_1,ts)

Denote by i* the point where the maximum on the right hand side is attained (the number
of points in each partition is always finite). Now we want to consider a partition such
that max;|t; — t;—1| = d + € for some € > 0 so

w'((f,X"),8,T) <2 sup (f X2 = X2 ) as.
TE€[tix _1,tix _1+0+e) ‘

Therefore we are just left to check that

4
E| sup  [(£XP-XDP| <L
re(s,s+o+¢) 2

which is fulfilled thanks to the bound (4.40) by taking, for example,

P
=4/1+-1 —1-—
) +2A €

for € small enough. O

Proof of Lemma 4.23. We will use Theorem 4.39 to prove this. To check condition (i), we
consider the compact set W € P(R.) (compact with respect to the topology induced by
the weak convergence of measures) defined as

W e {T € PR,) : /R+w7'(dw) < o}.

Consider (L"), the family of probability measures in P(D([0, c0); W)) which are the
laws of (X™),,cn. We have that

LM(D([0,00); W) =1 foralln eN
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4.3. Mean-field limit

by the conservation of the total energy and its boundedness (assumption (B1)):

n n

1 ;1 ;
/ wXi (dw) = i wyt = - wy" = / wpg (dw) < C - as..
R+ i=0 i=0 R+

Now, to check condition (ii) we will use the family of continuous functions in P(Ry)

defined as
F={F:PRy)—=R: F(r)=(f,7) forsome f € C;p(Ry)}.

This family is closed under addition since Cy,(R) is, it is continuous in P(R.), and sepa-
rates points in P(Ry): if F'(7) = F(7) for all F' € F then

- fR)d(T —=7)(k) =0 VfeCyRy)

hence 7 = 7.
So we are left with proving that for every f € C,(R;) the sequence {(f, X")}nen is
tight. This was proven in Lemma 4.22. O]

Step 3: convergence for the trilinear term

Proposition 4.24 (Convergence for the trilinear term). It holds that

t t
[ Qe s = [ QU s weakiy

Lemma 4.25 (Continuity of the limit). The weak limit of (X[ )i>0 as k — oo is continuous in
time a.e..

Lemma 4.26 (Uniform convergence). For all f € Cy(R.), it holds

sup [(f, Xi* — ps)| — 0 weakly

s<t
as k — oo.

Lemma 4.27. It holds that

sup [(f, Q™ (X*) = Q(us))| — 0 weakly

s<t
as k — oo.

Proof of Proposition 4.24. By Lemma 4.27 we can pass the limit inside the integral in time.
O
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Proof of Lemma 4.25. We have that for any f € C(Ry)

n n 4
[, X%) = (X)) < — |1 flloo
N
applying Theorem 4.41 we get that (f, i) is continuous for any f € Cj(Ry) and this

implies the continuity of (p):>0. O

Proof of Lemma 4.26. We know by Lemma 4.25 that the limit of (X"*)ien is continuous.
The statement is consequence of the continuity mapping theorem in the Skorokhod space
(proven using the Skorokhod representation theorem 4.38) and the fact that g(X)(t) =
sup,<; | X|is a continuous function in this space. O

Proof of Lemma 4.27. We abuse notation and denote by (X}"),en the convergent subse-
quence. We split the proof in two parts, we will prove for all f € C,(R5):

(i) sup < |(f, (Q — Q(”)) (X)) — 0asn — oo,

(11) SUPg<t |<f7Q (X?) - Q (/’LS)H — 0asn — oo.

(i) is consequence of

(@MY (XM = 5o [ (=) + Flen) 27 ()
XK (wa, wa, w3) X (dws) X (dws)
< 2l @41)

Now, for (ii) we compute we have that

sup [(f, Q(XJ) — Q(us))| < ;/K(w17w2vw3)|f(w1+w2w3)+f(w3)f(wl)f(w2)|
D

s<t

X sup | X3 (dw1) X (duws) X (dws) — prs(dwn) s (dws ) ps (dws) |

(4.42)

We conclude (ii) with an argument analogous to Lemma 4.26 and the fact that
Xi @ Xy @X{" = @ e ®

weakly (consequence of Lévy’s continuity theorem). O
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4.3. Mean-field limit

4.3.2.3 Proof of Theorem 4.7 (unbounded kernel)

Remark 4.28. The proof that we already wrote in the case of bounded kernels works here
in most parts substituting A by M where

/R wX™(dw) < M = (w, po).

The only places where we need to be careful are Lemmas 4.26 and 4.27.

Lemma 4.29 (Convergence of a subsequence). There exists a subsequence (X;™), . that
converges weakly in D([0,00) x P(Ry)) as k — oo.

Proof. The proof is exactly the one as in Section 4.3.2.2 and Proposition 4.21 using the
bound on the jump kernel K, for example in the proof of Lemma 4.22, in the bounds of
expressions (4.38) and (4.39), the value of A will be substituted by M 3, O

Lemma 4.30. Forany f € Cy,(R4), t > 0 it holds that

1
€ [sup 33| < a2l 1R ba%
t n

s<

Proof. The proof is the same one as in Proposition 4.20 using the bound on the jump
kernel K. O

Lemma 4.31. It holds that for any t > 0

sup |(f, Q" (X1) = Q(us))| — 0 weakly

s<t
for f continuous and of compact support.

Proof. Here everything works as in Section 4.3.2.2, but we need to find the bounds (4.41)
and (4.42). We use a similar approach as in [Nor99].
Firstly, we will prove an analogous bound to (4.42).
Fix ¢ > 0 and define p(¢) = e~'/7. Then for w > p(e) it holds
P(w)

— <e.
w

Now choose « € (0,7/[2(1 — v)]). We split the domain into F? := {(w;,w2,ws) : w1 <
p(e),ws < pf(e),ws < p(e)} and FY its complementary. In F} the kernel is bounded

and we have, with obvious notations,

sup |(f, Q1(X{) — Qi(us))| = 0 weakly.

s<t
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On the other hand, in F¥, at least one of the components is greater than p” (). Assume,
without loss of generality that ws > p”(¢). Then

I(f, Q2(X{"))| = ‘/D{f(Mﬂsz—WS)Jrf(ws)—f(W1)—f(w2)}K(w17w27w3)

fo(dwl)Xf(dwg)Xf(dwg)

IN

A flloo /D P(w1)P(w2)P(ws) X' (dwr) X' (dwa) X;' (dws)

4 Flloo max { (" ()" e, o), (p())' 7 €, 10)?, £ (w10} }
< el forn=1-2k(1—7)/y>0.

IN

and analogously

[(f, Qa(e))| < ce.

This implies that
limsup sup [(f, Q2(X") = Q2(ps))| < 2ce”

n—oo  s<t

but € is arbitrary so the limit is proved.
We are left with proving an analogous estimate to (4.41), which is obtained straight-

forwardly since we restrict ourselves to continuous functions of compact support. ]

Proof of Theorem 4.7. Thanks to the previous Lemmas we know that there exists conver-

gent subsequence X" — p; weakly as k — oo such that

t
0

(f, ) = (o) + / (f. Q(ue))ds

for any f is continuous of compact support. Now using the bounds on the jump ker-
nel and that (w, ;) < (w, o) and a limit argument, we can extend this equation to all

bounded measurable functions f. O

4.3.3 Second result on mean-field limit

4.3.3.1 A coupling auxiliary process

Write .
1
X5 = > bun
i
for w; € Ry. Define for B C Ry bounded
1 n
xXpn == Gy -
n.
itw;EB



4.3. Mean-field limit

Consider A(Jf "™ such that for each B’ C R, bounded such that B ¢ B’ it holds
XPm<XE" (o, XEMY 4 AT = (0, XY+ AT (4.43)

Set
1
B,n B,n B,n
V= (ABTR 4 2AB e XE - Y plupelen).
k,j:w;¢B Or w,¢B

Note that 7 decreases as B increases and v0°°) = (AJ™)2 + 200" (0, X2™) > 0.

For i < j take independent exponential random variables T}, of parameter K (w;, w;, wy)/n>.
Set T;jr = Tjix. Also, for i # j, take independent exponential random variables S,
of parameter (p(w;)p(w;)p(wk) — K (w;,w;,wk)) /n? (in all these cases we assume that
wi + wj > wy). We can construct, independently for each i, a family of independent
exponential random variables S, increasing in B, with SP having parameter ¢(w;)v?.

Set

TP = min T A S, /\SB
’ k,j:w;¢B Or wkggB( ijk ij:) i

TP is an exponential random variable of parameter

1 " . n
SY e)e)e(wn) + e(@)r? = elw) (AP + 248" (0, X)) -
k,j :(.Uj¢B Or w,¢B

For each B, the random variables
(Tijk,TiB : 1, j, k such that w;, w;,wy, € B, i < j)

form an independent family. Suppose that i is such that w; € B and that j is such that
w; ¢ B or kis such that w;, ¢ B, then we have

TP < Ty
and for B C B’ and all i, we have (as a consequence of (4.43))

B B’
TP < TP

T = (minTjj | A (minT? ).
(i) (e

Now set
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We set (X", AP™) = (X2 AJ™) for t < T and set
(X" = L6, = 180, + 200, + Louisew,—wp, AGT)

ifT = Tijk, Wi, Wi, WE, Wi + Wj — Wk € B,

B, B,

n J

Bm 4B, ,
(X7 Ap™) = if T = Tyjp, wi,wj,wi € B, w; +wj —w & B,

(Xg™ = 20w, AT + ho(wi)), T =TF, w € B,

Bn B .
(X", Ay™), otherwise
\

One can check that X:,]‘? "™ is supported on B and for B C B’
Xp" < X7 e X2+ A = (. X7 ) AT (444)

We repeat the above construction independently from time 7, again and again to obtain
a family of Markov processes (X>", AP™),5¢ such that (4.44) holds for all time.

Remark 4.32. Notice that Aj" and X" in the definition of ©” must be updated to AZ"

and XYJ? "™ in the new step.

For a bounded set B C [0, c0), we will consider
Xy " =1pXg, A" =(plpe, X§).
Markov Chain generator Forall F' € C’b(MB ), 1€ M?E we have

n - n
gF(M>)‘) = 2/ {F ('uwl,wg,w_;,)\) _F(:uv/\)}1w1+w2—w3€BK(wlaw2aw3),u( )(dwhdw%dwii)
D
n AW ,wW2,W, w w9 —Ww, n
+ 2/D{F (,u 1W2,Ws  Aw1tws 3) fF(u,)\)}1w1+w2_w3¢BK(w1,w2,u)3),u( )(dwl,dwg,dwg)

o {F (1, A%) = F(u, A)} (A + 20 (0, 1)) o(w) pu(dew)

where

. 1
peneREs =+ g (5w3 + 5w1+w2—w3 - 5w1 - 5w2) )
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4.3. Mean-field limit

FE = (B — Gy — )
Awitwe—ws oy %go(wl + wo — w3);
A= A+ %so(w);
peo= %@J

Associated martingale. Remember the definition
p (A x B x C) = p(A)u(B)u(C) —n~ ' (AN B)u(C)

which has the property n?u(™ = (nu)("). Define for any bounded measurable function f
onR; and a € R:

LPO (N (f,a) = ((f,a), LB (1, \)
1
= 5 /R5 (f(wl + wy — W3>1w1+w2—w36B + a‘P(Wl + wo — w3)1w1+waW3¢B

+f(ws) = flwr) — flw )) (w1, w2, ws) ™ (dwi, dws, dws)

(20 (o) / (@) p(w)u(dw)
Ry

and
PB’(n) (:U’a A)(fv a) = % (f(wl + w2 — W3)1w1+w27w3€B + a@(wl +wo — w3)1w1+w2—w3¢B

D

2
+flws) = flwr) = Flwn)) K (w1, wa,wo)u™ (dur, dan, davy)
(2 + 20 (o)) / (ap(w) — [())? p(w)u(dw).

Then, for all f and a

t
= (£, X" + a7 — (f, X5 — aAg" — / LBM(XBn AB™(f,a)ds
0

is a martingale with previsible increasing process

t
M), = / PBO (X B ABY(f ) ds
0

4.3.3.2 Proof of Theorem 4.8

Remember the metric d in M/ defined around expression (4.11).
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Proposition 4.33. Let B C [0, 00) be bounded and iy be measure on Ry such that (, po)
and that
" (0B) =0 foralln > 1.

Assume that for p(w) = w + 1 it holds
K (w1, wa,w3) < p(wi)p(wz)p(ws).
Consider (uf, \B)i>¢ the solution to (4.17) given by Proposition 4.10. Suppose that
A" 1) = 0, 1A = 2] 0
asn — oo. Then forall t > 0,

supd(X 27, pP) — 0, sup [AD" = AP| =0
s<t s<t

in probability.

< 00

Proof of Proposition 4.33. Set M = supn<<p,Xé3 ™) < oo. For all B and all continuous

bounded functions f and all a € R

M = (f, XP™ 4 ahPm — (f, xP™Y —anf"

t
- [ OB AP (S a)ds
0
is a martingale with previsible increasing process

t
(M), = / PR (XBn B (fa) ds,
0

(which is the analogous expression to (4.36)).
There is a constant C' < oo, depending only on B, A, ¢, such that

ILE(XP" AP (fa)] < Ol flloo + lal)
(LP — LBy (X AP™(fa)] < Cn (| f]loo + lal),
\PEO(XB AP (fa) < Cn M| f oo + |al)?,

where L is defined in expression (4.17).
Hence by the same argument as in Theorem 4.18, the laws of the sequence (X",

(4.45)

(4.46)
(4.47)
(4.48)

AB,n)

are tight in D([0, 00), Mp x R) (inequality (4.48) is the analogous to (4.36); the inequality

(4.46) is analogous to (4.39)).

Similarly, the laws of the sequence (XB" AP [" J") are tight in D([0, ), Mp x
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4.3. Mean-field limit

R x MpxpxB X MBxBxB), where

IMdwy, dws, dws) = K(wi,w,w3) Lo, tay—wsen X" (dw)) X" (dw2) X2 (dws),
TM(dwr, dws, dws) = K (w1,w2,w3) Ly, 1wy wsenXe " (dwi) X" (dw2) X7 (dws).

Let (X,A,I,J) some weak limit point of the sequence. Passing to a subsequence
and using the Skorokhod representation theorem 4.38, we can consider that the sequence
converges almost surely, i.e., as a pointwise limit in D([0,00), Mp X R X Mpyxpxp X

Mpy«pxB)- Therefore, there exist bounded measurable functions
I,J:[0,00) x Bx B x B —[0,00)
symmetric in the first two components, such that

It(dwl,de,dwg) = [(t,wl,(,UQ,W3)Xt(dwl)Xt(dw2)Xt(dW3)
Jt(dwl,de,dwg) = J(t,wl,(,UQ,W3)Xt(dwl)Xt(dWQ)Xt(dW3)

in Mpypxp and such that
I(t,Wl,LdQ,Wg) = K(w17w27w3)1w1+w2—w363
J(tvwlaw27w3) = K(W17W2yw3)1w1+w2—w3§é3

whenever wy + ws — w3 ¢ OB (notice that we assumed K to be continuous).
Now, passing to the limit in (4.45) we obtain, for all continuous functions f and all

a € R, forall ¢t > 0, almost surely

(), (Xe ) = ((F,0). (X0, Ao))
/ oy e =) ) = o) = o)

xI(s, w1, w2, ws)Xs(dwy)Xs(dwe) Xs(dws) ds
= L, (et =)+ e = sl = fles)

X J(8,w1,ws, ws)Xs(dwy ) Xs(dwa) Xs(dws) ds
[ (02 2o X) [ (apl) - F(w) plw)Xuldo) ds.

0 Ry

Consider now an analogous iterative scheme to the one done in Proposition 4.10 for

this equation. Denote by (v}"),en the sequence approximating (X;);>o. We deduce that

¢
v = po, Vf+1<<uo+/(l/§+l/?*y?*ﬁg)ds
0
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for v(A) = v(—A) and for all n > 0, (notice that we have extended the measures in the
previous expression to the whole R by taking value 0 in subsets of (—o0, 0))'.
By induction we have that

o) (e}
v Ly = ZZVSk*IQSZ.
k=1 1=0

This implies in our case (taking n — co) that X; ® X; ® X; is absolutely continuous with
respect to 7893 for all t > 0, almost surely. For G = {(w1,w2,ws3) |w1 + wp — w3 € 0B}, we
have that v$3(G) = 0 because of the assumptions on jip and that v53(G) = (y0%70%70)(G).
Therefore we can replace I(t, w1, w2, ws) by K (w1, w2, w3)1w, +ws—wsen and J (¢, wy, wa, w3)

by K (w1, w2, ws3)l,, 1w,—ws¢n- Since the equation obtained after this substitution is the
same as (4.17) and (uP,\P) is its unique solution, we conclude that the unique weak
limit point of (X &7 AB") in D([0,00), Mp x R) is precisely (uf, \P);>o.

O

The proof of Theorem 4.8 is exactly the same one as in [Nor99, Theorem 4.4] and we

copy it here just for the sake of completeness.

Proof of Theorem 4.8, from [Nor99]. Fix § > 0 and ¢t < T. Since (ut)i<7 is strong, we can
find a compact set B satisfying 15" (0B) = 0(%) for all n > 1 and such that \? < §/2. Now

d(pXq, po) — 0,

SO
AXP" uE) =0, |AFT=2E|—o0.

Hence, by Proposition 4.33,

supd(X2", 1) — 0, sup|APm — AP 0,
s<t s<t

in probability as n — oo. Since {uf : s <t} is compact (the support of ju, is contained in

1

(fvxvxD) = /IR3 Flw1 + wa — ws)v(dwr ) v(dw2)v(dws)

*The reason for this being true is that, for any given o, 3" (9B) = 0 for all n > 1 holds for all but
countably many closed intervals in Ry
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B)(®), we also have

sup d(pX 2", oul) =0
s<t

in probability as n — oo. By (4.26) and by the bounds on the instantaneous coagulation-
fragmentation particle system (4.44), we have that for s < ¢

lo(s — uP)l = (o s — uB) <NB < AP <6/2
lo(X7T — XPM|| = (o, X7 — XPm) < APm<AP"
< AP AT =P
< 5/2+ AP — NP

A

Now (remember the properties of the metric d defined in (4.11))

d(eXT ops) < lo(X2 = XM+ d(eXP™, oul) + le(us — 1)

B7
< 4 d(eXPm oul) + A7 = AP,
SO
P <SUP d(p Xy, ops) > 5) -0
s<t
as n — 00, as required. O

4.4 Conclusions

In this work we have dealt with the weak isotropic 4-wave kinetic equation with simpli-
fied kernels. When the kernels are at most linear we have given conditions for the local
existence and uniqueness of solutions. We have also derived the equation as a mean-field
limit of interacting particle system given by a simultaneous coagulation-fragmentation:
three particles interact with a coagulation-fragmentation phenomenon where one of the
particles seem to act as a catalyst.

As we saw in the introduction, this theory can be applied to physical scenarios that
include Langmuir waves, shallow water and waves on elastic plates. Moreover, using the
interacting particle system, numerical methods can be devised to simulate the solution
of the equation (as done by [Con09] for the 3-wave kinetic equation), by adapting the
methods in [EW00].

Finally, these numerical simulations would allow the study of steady state solutions

SRemember the definition of the metric d given in (4.11). Since d(X B uB) — 0, we have that for all f
bounded continuous function on R4

/fso(XsB’" —uF) = /fsolB(XsB’" —uF) >0

since ¢ restricted to B is also bounded and continuous.
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and to check if they match the Kolmogorov-Zakharov spectra.

4.5 Appendix: Some properties of the Skorokhod space

Theorem 4.34 (Prohorov’s theorem ([EK09]), Chapter 3). Let (S, d) be complete and separa-
ble, and let M € P(S). Then the following are equivalent:

(i) M is tight.

(ii) For each e > 0, there exists a compact K € S such that

inf P(K%)>1—¢
PeM

where K¢ := {x € S : infyek d(z,y) < e}.
(iii) M is relatively compact.

Let (£, ) be a metric space. The space D([0, c0); E') of cadlag functions taking values
in E is widely used in stochastic processes. In general we would like to study the con-
vergence of measures on this space, however, most of the tools known for convergence
of measures are for measures in P(.S) for S a complete separable metric space. Therefore,
it would be very useful to find a topology in D([0, 00) x E) such that it is a complete and
separable metric space. This can be done when FE is also complete and separable; and
the metric considered is the Skorokhod one. This is why in this case the space of cadlag
functions is called Skorohod space.

Some important properties of this space are the following;:

Proposition 4.35 ([EK09], Chapter 3). If x € D([0, 00); E), then x has at most countably many
points of discontinuity.

Theorem 4.36 ([EK09], Chapter 3). If E is separable, then D([0, c0); E) is separable. If (E, )
is complete, then (D([0, 00); E), d) is complete, where d is the Skorokhod metric.

Theorem 4.37. The Skorokhod space is a complete separable metric space.

Theorem 4.38 (The almost sure Skorokhod representation theorem, [EK09], Theorem 1.8,
Chapter 3). Let (S,d) be a separable metric space. Suppose P,,, n = 1,2,...and P in P(S)
satisfy lim, oo p(Ppn, P) = 0 where p is the metric in P(S). Then there exists a probability
space (2, F,v) on which are defined S- valued random variable X, n = 1,2,... and X with

distributions P,, n = 1,2,...and P, respectively such that lim,,_,~ X,, = X almost surely.

Theorem 4.39 (Tightness criteria for measures on the Skorokhod space, [Jak86] Theorem
3.1). Let (S, T) be a completely reqular topological space with metrisable compact sets. Let G be
a family of continuous functions on S. Suppose that G separates points in S and that it is closed
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under addition. Then a family {L" },en of probability measures in P(D([0, 00); S) is tight iff the
two following conditions hold:

(i) Foreach e > 0 there is a compact set K. C S such that

LM(D([0,00); K:)) >1—¢, meN.

(ii) The family {L" }nen is G-weakly tight.

Theorem 4.40 (Criteria for tightness in Skorokhod spaces ([EK09], Corollary 7.4, Chapter
3)). Let (E, 1) be a complete and separable metric space, and let { X, } be a family of processes with
sample paths in D([0,00); E). Then {X,,} is relatively compact iff the two following conditions
hold:

(i) For every n > 0 and rational t > 0, there exists a compact set A, ; C E such that

liminf P{X,(t) € A} ,} > 1 -1,

n—oo

(ii) For every nn > 0and T > 0, there exits 6 > 0 such that

lim sup P{w'(X,,,6,T) > n} <.
n—oo
where we have used the modulus of continuity w' defined as follows: for x € D([0,00) x E),
0>0,andT > 0:
w'(x,8,T) = inf max sup r(z(s),z(t)),
{ti} ¢ S,te[ti_l,ti)
where {t;} ranges over all partitions of the form 0 =ty < t; < ... < t,—1 < T < t,, with

minlsl‘gn(ti — ti—l) >dandn > 1

Theorem 4.41 (Continuity criteria for the limit in Skorokhod spaces ([EK09], Theorem
10.2, Chapter 3)). Let (E,r) be a metric space. Let X,,, n = 1,2,...,and X be processes with
sample paths in D([0, 00); E) and suppose that X,, converges in distribution to X. Then X is
a.s. continuous if and only if J(X,,) converges to zero in distribution, where

J(z) = /O e () A 1] du

for

J(x,u) = Os<1t1£u7’(a:(t), x(t—)).
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4.6 Appendix: Formal derivation of the weak isotropic 4-wave

kinetic equation

Suppose that n(k) = n(k) is a radial function (isotropic).

The waveaction in the isotropic case can be written as

W= | (k= /R

+><5N71

N-1 o) o
n(k)EN ks = 51 / n(ww & dw,
a 0

where SN~ is the N — 1 dimensional sphere. From this expression, one can denote the
P P

angle-averaged frequency spectrum p = p(dw) as

N-1| s_.
p(dw) = |Sa |wNTn(w)dw.

The total number of waves (waveaction) and the total energy are respectively

W= /Oooﬂ(dw)
E - /Ooow,u(dw).

The isotropic version of the weak 4-wave kinetic equation can be written as

t
= flo +/ Q(ps, pis, prs) ds
0

where () is defined against test functions g € S(R4.) as

0.QUupp)) = 5 [ pldouldn)p(den) K w1, w0.00)

x[g(w1 + w2 — w3) + g(ws) — g(w2) — g(w1)]
where D := {R3 N (w1 + w2 > w3)} and

8w N-—a
K(wi,w2,w3) = W(W1+w2—w3) «

(4.49)

(4.50)

(4.51)

/( ey ds;dsydssds 72(w}/asl,w;/a52, wé/a53, (w1 4 wy — w3)'/s)
gN-

1/

6w, “s1 + wé/aSQ - wé/ass — (w1 + wp — w3) ")

Next we explain the formal derivation of the weak isotropic 4-wave kinetic equation
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(4.5). We have that

/ Op(w)dw = on(k)dk
(0,00) RN

= 47T/ 72(145181,]{7282,]{}383,]{55)
0Q4x 54
X5<k181 + koso — kgs3 — ks)é(wl + Wwo — w3 — w)

X (ninang + ningn — ninsn — ngngn)(kklkgkg)N_ldkds

41
2, 1/a 1/a 1/a 1
= —oN—T1 dwor2sdsorasT? (wy’“s1, wy' “ 52, wy' “s3,w"s)
alS 1* Jrt xga
1 1 1
xé(wl/asl + w2/a52 — wg/as;g - wl/as)é(wl +wy — w3 —w)
N—«a

X () plwn)p(ws)w 5+ p(wn)pu(w)p(w)ws *

N—«a N—«a

—p(wn)p(ws)p(w)wy © = p(w2)p(ws) p(w)wy =)
= /R4 dwo123F (w1, w2, w3, w)d (w1 + w2 — w3 — w)

+

N N—-—«a

X (p(wn) plwa) plws)w s + plwn) p(ws) plw)wg *

N—-—«a N—«a

—p(wr) plws) p(w)wy @ — plwa) p(ws) p(w)w; =)

for Sz = (SNfl)i, dwOlgg = dwdwldWdeg, d80123 = d81d82d83d8, and

4 _
F(wi,ws,ws,w) ]\;T_Ml/ dsmggTQ(w%/asl,w;/as%w;}/as;;,wl/o‘s)
alS 4 Jsa
X(S(wi/asl + w%/QSQ - w?l)/as;; — wl/as).
Hence, p,, satisfies
Op(w) = /3 dwi2s F (w1, we, w3, w)d (w1 + wa — wg — w) (4.52)
R
i N—a N—-—«a
X (p(wr)p(wz)plws)w = + p(w)plwz)p(w)ws © - (4.53)
N—«a N—«a

—p(wr)p(ws)p(w)wy & — plwe) p(ws)p(w)w; * )

Its weak formulation
e = "+ /3 Q(fis, s, i) ds
0

is defined against functions g € S(R4.) as

0.QUupp)) = [ el S

+
X [Fi2300(w33)g(w) + Fi2036(wp3)g(ws)
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— Fio320(w3f) g(w2) — Fo2316(wdi)g(w1)]

N—«a
= /4 dworaapi(wr) p(wa)p(ws)w ™= Fia306(w3s)
R+

x[g(w) + g(ws) — g(w2) — g(w1)]
= ;/D dwrazp(wr) p(we) p(ws) K (w1, wa, ws)
x[g(w1 + w2 — w3) + g(ws) — g(wa) — g(w1)] (4.54)

To conclude we assumed that 7' is symmetric in all its variables. We used that changing
labels we get that

dw123 F12300(w35)g(w) + Fi2030 (wp3)g(ws) — Fio320(w32)g(w2) — Foos18(w57)g(w1)
= dwi23F12300 (w33)9(w) + Fi2038(wg3)g(ws) — Fao126(wi3)g(wa) — Fos216(wsi)g(wr)
and the properties of the function F' to factorise it. We used the notation ¢ (WIZ;])) = 0(w; +
w;j —w; — wp) and

N—a
@ F(w17w27w37w1 +w2 _w3)'

K(w1,ws,ws) = 2(w1 + wy — ws)

For the last line we used the sifting property of the delta distribution i.e.

/ ’ F)S(t — d)dt = fld) ford € fa.) . (4.55)

0 otherwise

Remark 4.42. In reference [ZLF92, Section 3.1.3], the authors state that even in isotropic
medium, the interaction coefficient 7' in the 4-wave case cannot be considered to be
isotropic too. In the 3-wave case it is possible, but not for the 4-wave. We can rewrite

_ _ ki ko k
rT(kl,kQ,kg,kW:Tﬁkzﬁfz(1 2 3)

for some dimensionless constant Ty and some dimensionless function fs.
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