Deterministic and Stochastic approaches to Relaxation to

Equilibrium for Particle Systems

Ll " ::é:: ﬁﬁl

R

Josephine Angela Holly Evans
King’s College
University of Cambridge

A thesis submitted for the degree of
Doctor of Philosophy
July 2018



Summary

This work is about convergence to equilibrium problems for equations coming from kinetic theory.
The bulk of the work is about Hypocoercivity. Hypocoercivity is the phenomenon when a semi-
group shows exponentially relaxation towards equilibrium without the corresponding coercivity
(dissipativity) inequality on the Dirichlet form in the natural space, i.e. a lack of contractivity.
In this work we look at showing hypocoercivity in weak measure distances, and using probabilis-
tic techniques. First we review the history of convergence to equilibrium for kinetic equations,
particularly for spatially inhomogeneous kinetic theory (Boltzmann and Fokker-Planck equations)
which motivates hypocoercivity. We also review the existing work on showing hypocoercivity using
probabilistic techniques.

We then present three different ways of showing hypocoercivity using stochastic tools. First we
study the kinetic Fokker-Planck equation on the torus. We give two different coupling strategies to
show convergence in Wasserstein distance, W5. The first relies on explicitly solving the stochastic
differential equation. In the second we couple the driving Brownian motions of two solutions with
different initial data, in a well chosen way, to show convergence. Next we look at a classical
tool to show convergence to equilibrium for Markov processes, Harris’s theorem. We use this to
show quantitative convergence to equilibrium for three Markov jump processes coming from kinetic
theory: the linear relaxation/BGK equation, the linear Boltzmann equation, and a jump process
which is similar to the kinetic Fokker-Planck equation. We show convergence to equilibrium for
these equations in total variation or weighted total variation norms. Lastly, we revisit a version
of Harris’s theorem in Wasserstein distance due to Hairer and Mattingly and use this to show
quantitative hypocoercivity for the kinetic Fokker-Planck equation with a confining potential via
Malliavin calculus.

We also look at showing hypocoercivity in relative entropy. In his seminal work work on
hypocoercivity Villani obtained results on hypocoercivity in relative entropy for the kinetic Fokker-
Planck equation. We review this and subsequent work on hypocoercivity in relative entropy which
is restricted to diffusions. We show entropic hypocoercivity for the linear relaxation Boltzmann
equation on the torus which is a non-local collision equation. Here we can work around issues
arising from the fact that the equation is not in the Hérmander sum of squares form used by
Villani, by carefully modulating the entropy with hydrodynamical quantities. We also briefly
review the work of others to show a similar result for a close to quadratic confining potential
and then show hypocoercivity for the linear Boltzmann equation with close to quadratic confining
potential using similar techniques.

We also look at convergence to equilibrium for Kac’s model coupled to a non-equilibrium
thermostat. Here the equation is directly coercive rather than hypocoercive. We show existence
and uniqueness of a steady state for this model. We then show that the solution will converge
exponentially fast towards this steady state both in the GTW metric (a weak measure distance
based on Fourier transforms) and in W5. We study how these metrics behave with the dimension
of the state space in order to get rates of convergence for the first marginal which are uniform in

the number of particles.
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Chapter 1

Introduction

This thesis is about proving quantitative rates of convergence to equilibrium for a range of equations
coming from kinetic theory. In this introduction first we introduce kinetic theory, Boltzmann’s
equation and give Boltzmann’s H-theorem as the main historical example related to convergence
to equilibrium for kinetic equations. We introduce a range of equations which will be discussed
throughout this work. After this we give a review of some of the existing work on convergence
to equilibrium, briefly discussing the entropy-entropy production method, and then focusing on
spatially inhomogeneous kinetic equations. We also discuss hypocoercivity particularly in this

context. Lastly we briefly describe the contents of each of the chapters.

1.1 Kinetic Equations

Kinetic theory was developed in the 19*" century, most notably by Boltzmann and Maxwell, in
the modelling of dilute gases. Kinetic equations model the evolution of a gas in an intermediate
scale between the microscopic description which is given by Newton’s laws and a macroscopic fluid
descriptions of the observed behaviour.

If we have a system of N particles performing either deterministic or stochastic dynamics we

can write their joint distribution at time ¢,
FN(t,Zl, ey ZN).

In this case z; is either v;, the velocity of the i*? particle, or (x;,v;), the position and velocity of the
it" particle. We look at the situation where this equation models a large number of indistinguishable
agents, for example gas particles. In this situation the dynamics are relatively simple, Newton’s
laws, but the equation is very high dimensional. Kinetic equations are derived by looking at the
average behaviour of one particle as the total number of particles tends to infinity, i.e. if II; is the

marginal distribution of the first particle then

f(t.z) = lim TL[Fy](2).

Under appropriate assumptions on the scaling and dynamics it is then possible (at least formally)

to write an equation for f and also show that f describes the average behaviour in the system in

9
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the sense that the empirical measure

N 1 ad
= N Z 5(%‘,7“@')
i=1

will converge weakly towards f.

We study particles interacting in a gas by Newton’s laws, then they will follow the equations

Ti =Uj,

b =Y Fji+F,
J

where Fj ; is the force acting on particle ¢ due to particle j and F' is an external force. For collisional

gases the equation derived in this process, via the Boltzmann-Grad scaling, is Boltzmann’s equation

Of +v-Vof =Q(f, f).

Here

Q)= [ [ Blo=vl o= 0) ) (7)) = f(@)glo.) dod.

;v v — v ,_v+v*_|v—v*|

2 2 o 2 2

We also sometimes write this using the w formulation where we reparametrise to have

V=0 —(v—v.) ww, v, =0+ W0—0) ww.

*

and this transformation is invertible. B is called the collision kernel. Here f represents the density

Here

in phase space of a single particle in the ensemble. We can observe here the general structure of a
collisional kinetic equation

Ohf +v-Vaof =L(f),

where the v -V, operator comes from the transport term in Newton’s law. The L(f) operator acts
only in v and is the result of collisions between particles or between particles and a background

medium. We can derive macroscopic quantities from this density.

pla) = [ a0y,

is the local density,
: /
u(z) = — [ vf(x,v)dv,
(@) =~ [ vhe)

is the local speed and
1 / 9
T(x)=—— v —u(x x,v)dv,
(z) @ | (@) f(z,v)

is the local temperature. The steady state solution of Boltzmann’s equation was derived by Maxwell
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and shown to be the unique asymptotic equilibrium by Boltzmann. It is known as the Maxwellian

M) = p(27T)~¥? exp <21T|v|2> .

Here p, T are the spatial averages of the local quantities above. Since this is a steady state of the
equation it becomes natural to ask whether the solution to Boltzmann’s equations will eventually

come close to the Maxwellian and if so how fast this will happen.

Boltzmann’s H-theorem

The first and most celebrated work relating to convergence to equilibrium for a kinetic equation
is Boltzmann’s H-theorem, which can be found in [23, 109]. Boltzmann showed that the entropy
of a solution to the Boltzmann equation will always increase. We will give a sketch of the proof in

this section.

Definition 1.1. If f is a probability density then we define the entropy of f by
H(f)= » f(v)log(f(v))dv.

In order to look at how entropy behaves along the flow of Boltzmann’s equation it is helpful to

look at a dual formulation of the Boltzmann equation.

Lemma 1.1. Suppose f(t,z,v) is a smooth solution to the spatially inhomogeneous Boltzmann

equation then, if ¢ is a smooth function depending only on v, we have

G L reoswao=5 [ [ ] B0 00 60/) + 6(01) — 6(0) = 9(0.)) dodvd
Proof. We use the fact that if we define k as (v — v.)/|v — v,| then
(0, 04,0) < (V' vl k) and  (v,v4,0) < (vs, v, —0),

R

are invertible transformations with Jacobian 1 which leave B constant. Also a ¢ only depends on

v the transport term vanishes. This gives,

d
G [ s dv—/Qﬁ

[ ] BUe)sel - f@)re.) se)dode.do
Rd JRd Jgd—1

:/Rd /R [ BI@)S(@)o()dodv.do
_/Rd /R [ BI@)I(@)o()dodv.dv
:/Rd /R [ BI@)f ()0 dodu.dv

- /Rd /Rd /Sd,l Bf(v) f(v.)$(v.)dodv.dv

1 / N blv) — ol oo
:5/Rd /R /g, Bf(v)f(v.) (6(v) + $(v]) — (v) — ¢(v.)) dodv,do.
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Here to get the last expression we just average the previous two. O

We can use Lemma 1.1 to look at the derivative of H(f).

Theorem 1.1 (Boltzmann’s H-theorem). If f(t,v) is a smooth solution to the spatially inhomo-

geneous Boltzmann equation with finite entropy then

aH(f):*D(f)SO

and

D(f) =0 (o) = C2nT) 2 exp (= gplo = uP).

for fired C,T;u. The C,T,u possible are determined by the initial conditions.

Proof. We have that by Lemma 1.1 taking ¢ = log(f) assuming f > 0 everywhere,

G [ r@etseyao=g [ [ [ i) (W) dordv,dv

L pa@se - senseos () aoan.ae

We know that the function
(a —b)log(a/b)

is positive. So it follows that
d

dt

From this we see that H(f) will always be non-increasing. We can see that the dissipation is only

H(f) <0.

zero when
N FL) = fv) f(vs)

for all values of v,v, and 0. We can integrate the left hand side in ¢ to see that the product
f(v)f(vs) only depends on |v — v,| and (v + v,)/2. i.e.

We can write this in terms of the total momentum

m = U + Uy,
and the total energy
I A Y
2 2

Therefore we have that

log(f(v)) +1og(f(v+)) = g(m;e).

We can differentiate this in v to give

(Vlog(f))(v) = Ving(m, €) + deg(m, e)v.
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Symmetrically,
(Viog(f))(vs) = Ving(m, €) + Oeg(m, e)v..

Therefore

(Viog(f))(v) — (Viog(f))(v«)
is parallel to v — v,. Immediately we can write

(Vlog(f))(v) = (Vlog(f))(0) + a(v)v,

for some scalar function «. Then we also have that for all v,
a(v)v — a(ve)ve = a(v)(v — ) + (a(v) — a(vy))vs,

is parallel to (v — v,) for all v and v,. This shows that a(v) = a(v.) whenever v is not parallel to

v, therefore o must be constant. Therefore for some p € R? we have

(Vlog(f))(v) = av + p.

It follows from this that f is a Maxwellian. O

1.1.1 Equations

First we make a distinction between spatially inhomogeneous and spatially homogeneous kinetic
equations. We call an equation spatially homogeneous if we do not track the transport part of
the equation and look only at the velocity process. We can see that this is the equation we would
follow if f did not depend on x for all t. The equation is the same just removing the transport

operator. For the Boltzmann equation it is
of =Q(f.f), f=f(tw), teR,veRT
On the other hand we can look at a pure transport equation
O f+v-V.f=0.
Here, we can solve this explicitly to get

ft,z,v) = f™(x — vt,v).

We can see from this that the transport operator does not have a unique equilibrium state. However,
when we combine this operator with a spatially homogeneous kinetic equation it often produces a

global equilibrium state.

We can also look at equations where instead of just transport we have both transport and
confinement. This allows us to have equilibrium states where the z variable is in the whole of R<.

This represents an external confining force. We write this equation as
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Throughout the rest of this thesis we use the notation M(v) to refer to the normalised
Maxwellian with « = 0 and 7" = 1. That is

M(v) = (27)~ 2 exp (_“’;) .

The kinetic Fokker-Planck equation

The kinetic Fokker-Planck equation is one of the simplest equations in kinetic theory. It is also
known as the Kramers-Fokker-Planck equation. It is a kinetic version of the Fokker-Planck equation
which was developed by Fokker [44], and Planck [106]. The Fokker-Planck and kinetic Fokker-
Planck equation were later independently derived by Kolmogorov [87]. It is a basic model for a
solute being dispersed by a medium. It is derived from Langevin dynamics, where the time scale of
observation is much larger than the correlation time of the solute-fluid interactions (see e.g. [118]).
We write it

Of +v-Vof = (VaU(2) - Vof) = Vo - (Vof +0f). (1.2)

Here the phase space is either RY x R? or T¢ x R?. The equilibrium state is

1
e V@ M(v) = exp (— (U(x) + 2v|2>) .
This is an equation for the law of a particle satisfying the stochastic differential equation.

dX, = Vidt,
(1.3)
dV, = —Vidt — (VU (X;)dt) + v2dW;.

The spatially homogeneous version of this equation is called the Fokker-Planck equation corre-

sponding to the Orstein-Uhlenbeck process,
Of =V - (Vof +0f). (1.4)

We look at long time behaviour of the kinetic Fokker-Planck equation in Chapters 2 and 4 and

briefly mention it in Chapter 5.

The linear relaxation Boltzmann equation

The linear relaxation Boltzmann equation is the simplest example of a scattering equation from

kinetic theory. It is also known as the linear BGK equation. We write it
atf+v'vxf_(va(x)'vvf) =lmf—Ff Hmf= (/d f(x,u)du) M(”) (1'5)
R
Here again the phase space is either R4 x R? or T¢ x R%. The equilibrium state is

e~U@ M(v) = exp <_ (U(a:) + ;v|2>) .
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This is an equation for the law of a particle satisfying the stochastic differential equation, in

integrated form,

Xy = Xo+ [y Veds
(1.6)
Vi=Vo— (fot ngU(XS)ds) 4 fo (w = Voo ) P(ds, dw).

Here P is a Poisson point process with intensity Leb x v where dy = M(v)dv. The spatially
homogeneous version of this equation is particularly simple. The solution has probability e~* to

be in its original state and probability 1 — e~ of being in a normal distribution.

There are variants of this equation which we do not study but exhibit similar behaviour. First

we can generalise the collision kernel

Of+v-Vuf = (V,U(z) - V,f) = k(v,u) f(x,u)du — f. (1.7)

Rd

Here k(v,u) represents the rate of jumping from velocity u to velocity v.

Second we can look at the equation when the rate of collision depends on space

We look at the linear relaxation Boltzmann equation in Chapters 3 and 5.

The linear Boltzmann equation

We also look at the linear Boltzmann equation. This is a scattering type equation which can be

derived from microscopic dynamics with particles interacting with a heat bath. The equation is

Here () is the Boltzmann collision operator as given before. This equation is much simpler than
the full Boltzmann equation. It is linear and is the equation of the density for a Markov process

provided B is sufficiently nice. The spatially homogeneous linear Boltzmann equation

6tf:Q(f>M)’ (1'10)

has been well studied. The convergence to equilibrium problem is studied in [115, 93, 17]. We look

at the linear Boltzmann equation in Chapters 3 and 5.

Kac’s Model

Kac’s model is a probabilistic model meant to have many of the same qualitative behaviours as the
particle system leading to the Boltzmann equation. Here the spatial variable is treated as hidden

information. It was introduced by Marc Kac in [85]. The N-particle model is

8,Fy = N(Q[Fx] — Fy). (1.11)
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Here,

| " h(0) P (R ()0
N| = (J;f) . /, N LY 5 )

1<J
and Rf’ ; is a rotation in the 7 and jt" variables of angle #. There is no spatially inhomogeneous

version of Kac’s master equation as the randomness can be thought of replacing the z-variable for

the particle system. We study Kac’s model in Chapter 6.

1.1.2 Entropy-entropy production inequalities

A major way of showing convergence to equilibrium with a given rate is to show an entropy-
entropy production inequality. If we can prove such an inequality quantitatively this will give us
quantitative rates. If f; is the solution to an equation then we define the entropy production, D,

by
d

SH(f) = =D(). (112)

Then an entropy-entropy production inequality relates the functional D(f) to H(f). It is usually

of the form

D(f) = ©(H(f)), (1.13)

where O is an increasing function. This is most useful when © is linear then we get that

d
SH(J) < ~CH(J),

for some constant C'. This combined with Grénwall’s inequality allows one to show exponential

convergence towards equilibrium.

The Fokker-Planck equation
A first example of this is to look at the Fokker-Planck equation.

Of =V (Vof +vf). (1.14)
We can define h = f/M and get the equation

Oth = (Vy —v) - Vyh. (1.15)

Then instead of looking at the absolute entropy we can look at the entropy relative to M.

Definition 1.2. The relative entropy of a measure v to another u is given by

Hvlp) = /1og (j:) d.

We also sometimes write this with the argument h where dv/du = h rather than with the argument

v

H,(h) = / hlog(h)dy.

Then in the same way as for the Boltzmann equation we can look at the production of this

entropy. We have that if h is a solution to (1.15) and if p is the measure which has density M
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then

SHUI) = [ @) og(h)d

=/«vfw»vmm%mmM

Vh|?
- [Ty,

We define the relative Fisher information,

2
1 = [ an

Now we would like to have a relationship between H(f|n) and its time derivative.

Definition 1.3. We say that a measure p satisfies a logarithmic Sobolev inequality if there exists
a C such that for all h we have

H(f|p) < CI(f|w).

Then we have due to [63] that u, in our situation which is a standard Gaussian, will satisfy a

logarithmic Sobolev inequality with C' = 1/2. Using this inequality we have

SH(fln) < ~2H(flp).

Therefore, after Gronwall’s inequality we have

H(f(t)|p) < e > H(h(0)|n).

This shows that H(f|u) converges exponentially fast towards zero. We also have the Csiszar-
Kullback-Pinsker inequality which can be found in [117] in Chapter 22 remark 22.12. It was
derived independently by Csiszar [43], Kullback [88] and Pinsker [105].

Lemma 1.2 (Csiszar-Kullback-Pinsker Inequality). If u and v are two probability measures then

1
[V = pliry </ SH@IW).

This shows that the relative entropy controls the total variation distance and also that H,(v)

can only be zero when p = v almost everywhere.

The Boltzmann equation

Entropy-entropy production inequalities for the spatially homogeneous Boltzmann equation are
more complicated. In 1999, Bobylev and Cercignani [18] showed that for physical collision kernels
there is no hope of a linear entropy-entropy production inequality as we see in the Fokker-Planck
case. In 1988-89 Desvillettes established an entropy-entropy production inequality using compact-
ness tools [45] The first quantitative entropy-entropy production inequality was established by
Carlen and Carvalho in 1992 [36] and looks like

D(f) = C(fo)O(H(f)),
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where © is very flat around 0 and fj is the initial condition. It was then shown by Toscani and
Villani in 1999 [111] that when B is sufficiently well behaved one can prove an entropy-entropy

production inequality of the form

D(f) = Ce(fo)H(f)'™,

for any € > 0.

1.1.3 Other Metrics/Entropies

Entropy and relative entropy are not the only ways to measure the convergence of a solution
towards equilibrium The entropy or relative entropy we define sits within a class of other entropies

which we call ®-entropies. These are introduced properly in chapter 4. In general they take the

fo(t)

The most important examples are the entropy from above where

form

O(t) =tlog(t) —t+1
and the squared entropy
d(t) = (t —1)°.

This second one also corresponds to the Sobolev space L?(1~1) when y has a density. There are

also the p-entropies which interpolate between them when p € (1, 2] and
O(t) = (t—1)P.

Exponentially Weighted Sobolev spaces

Suppose that f; is a density and a solution to an equation with equilibrium state g then let us
write for € > 0
f=up+eh.

Then we have that the relative entropy is

() = [(n+ ) og(1 + /).

Assuming that € > 0 is small this is approximately
1 1
H,(f)~ e/h+ 62§/h2M_1 +0(e) = 62§/h2,u_1 + O(€%).

Therefore in a perturbative setting it makes sense to study the equation in L?(u~1). We see that
if H(f|u) is a Lyapunov function for a linear or non-linear flow then L?(;~1) will be a Lyapunov
function for the flow or the linearised flow.

In many situations Sobolev spaces are the most natural way of studying convergence to equi-
librium. We can look at entropy-entropy production inequalities in this situation. For example for

the Fokker-Planck equation if we look at g = f/u then the L?(u~1) norm of f is the L?(u) norm
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of g, and we have
d
@Hgtﬂiz(#) = =2||VogellZ2 (-

Then instead of the logarithmic Sobolev inequality we can use the Poincaré inequality, which can

be derived by linearising the logarithmic Sobolev inequality to get

d
qillgellZzg < =206l 2 -

Using L?(p~1) or H¥(u~!) also gives us many other tools such as spectral theory, geometry of

Hilbert spaces, and much more.

Probabilistic metrics

All the equations we look at model the time evolution of a probability density. In fact many of
them also correspond to a stochastic process. It therefore makes sense to study the behaviour of
the solution in probabilistic distances. This allows us to use tools from probability and also to look

at weaker convergence of solutions. We can look at total variation
I = vy = sup (1(A) —v(A) — p(A%) +v(A%)) = 2sup [n(A) —v(A)]. (1.16)

We also look at Wasserstein-p distances corresponding to a metric d. That is

W(p,v) = inf < / d(z, y)’%(dx,dy)) l/p, (1.17)

where the infimum is taken over all couplings 7, where 7 is a measure on X x X if X is the state
space and 7 has marginals p and v. Lastly, in the chapter about Kac’s model we will look at
the Gabetta-Toscani-Wennberg metric on probability measures with finite second moment and the

same first moment [59]:

derw (@, v) = sup M

€40 €2 (1.18)

A simple example of how this can lead to different types of proof is looking at constructing
a coupling of two solutions to show convergence to equilibrium in Wasserstein distance for the

Fokker-Planck equation. We can generate two different solutions to the SDE with different initial

conditions but the same driving Brownian motion (i.e. a synchronous coupling). We have that
AV = V?) = =(V! = VP)dt.

Therefore,
E((V = V)?) < e E((Vy — V§)?)-

We can use this to evolve any coupling of 1(0), #(0), the initial data, to a coupling of two solutions
wu(t),v(t). This gives that
Wa(u(t), v(t)) < e Wa(u(0), v(0)).
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1.1.4 Spatially inhomogeneous equations

We will look at convergence to equilibrium problems for spatially inhomogeneous kinetic equations.

Recall that is an equation of the form

Here f(t,-,-) is a probability density on phase space. We have that v € R? and = € R? or T<.
Importantly @, acts only in the velocity variable. For simplicity of exposition, let us look at the

common situation where

where M (v) is the Maxwellian, (27)~%/2exp (—|v|?/2). This means a global steady state will be
the Gibb’s state
p(x,v) = exp(=U(x)) M(v) or p(z,v) = M(v).

Let us again assume this will be the unique global equilibrium. If we look at entropy dissipation

L2 or H' spaces weighted by p~! then we have that

d

A = [ Qupow(s/u)dn

or
d
aHf(t)H%w—l) = 2(Qu(f), flr2(u—)-

The transport operator is anti-symmetric on these spaces so the terms coming from this will

disappear. More explicitly for relative entropy the term coming from the transport part is

/ (v Vof — VaU(z) - Vo f)(0g(f /1) + 1) = / (v Vo — V,0(@) - Vo) (Flog(f/n))

Integrating by parts means that this term disappears. This means that the production of the
entropy will vanish on functions of the form p(x)M(v). This shows that the equation cannot be
coercive in these norms or indeed in any norms where the transport operator is antisymmetric.
This situation is typical for hypocoercivity. We see convergence in the velocity variable but not

the spatial direction.

In 1974 Ukai showed the existence of a spectral gap for the spatially inhomogeneous Boltzmann
equation for hard spheres [114]. This paper is non-quantitative as it relies on compactness through
Weyl’s theorem. Exponential convergence was shown for the Vlasov-Poisson-Boltzmann equation
[66] and the Landau equation [65] via non-constructive estimates on the average of the collision
operator over small times, this approach was applied to the Boltzmann equation in a perturbative
setting [67]. This approach was then made constructive in order to show exponential convergence
for the Vlasov-Maxwell-Boltzmann system in a perturbative setting [68], the Boltzmann equation
in a perturbative setting in [69] and to show almost exponential convergence for various spatially
inhomogeneous kinetic equations in a perturbative setting in [110]. The work [91] also shows

polynomial convergence to equilibrium for the Boltzmann equation in a perturbative setting.
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1.1.5 Desvillettes-Villani method for inhomogeneous equations

Prior to hypocoercivity and the works of Guo and Liu, Yang and Yu quoted above the only
quantitative tool for dealing with such equations is the method of Desvillettes and Villani [46, 47]
which shows quantitative convergence to equilibrium like O(t7°°) i.e. faster than any inverse
power of t. This method is conditional on existence and regularity of solutions and works in a
non-perturbative setting. This method was used by Desvillettes and Villani to show convergence
to equilibrium for the kinetic Fokker-Planck equation and the full Boltzmann equation (not in a
perturbative setting). It has also been adapted to work for linear relaxation equations in [33]. The

result for the kinetic Fokker-Planck equation is

Theorem 1.2 (Desvillettes-Vilani 2001 [46]). If f is a solution to the kinetic Fokker-Planck equa-
tion (1.2), p the equilibrium. Then if there exists a, A such that

ap < fo < Ap,

and the confining potential U satisfies
5 |7]?
Ulz) = wg 5 T ¥(z) + U,

with wo, Uy constants and ¥ a smooth function which goes to zero as |x| — oo, and Uy chosen
so that exp(—=U) integrates to one, then for every e > 0 there is a constant Cc(fo) > 0 which is
explicitly computable and only depends on U, fy, € such that

[£(t) — pll < Ce(fo)t Ve

For the Boltzmann equation the situation is much more complicated. They achieve convergence
rates like O(t7°°) in polynomially weighted Sobolev spaces conditional on a priori smoothness and
lower bounds.

We very briefly sketch the proof for the kinetic Fokker-Planck equation. Now suppose that u

is the global equilibrium state, and the local equilibrium state we write as pM. Then
d
T H ) = =2H(flpM). (1.19)

This encodes the fact that the dissipation of H(f|u) depends on how far f is from the set of local
equilibria It is then natural to look at how H(f|pM) behaves in time. They then show that for
any € € (0,1) that

d2 K 1—e¢

SIH(TIoM) > o H(fln) — Culfo) H(floM)* . (1.20)

They then show that any solution to this pair of equations has H(f|u) converging to 0 like 1/t =1/,

1.2 Hypocoercivity

The name hypocoercivity was first used by Villani in his mémoire Hypocoercivity [116]. He credits
the name to Thierry Gallay to emphasise the link with hypoellipticity. Let us begin by giving a

definition of hypocoercivity
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Definition 1.4. If we have an equation
of+Lf=0,

and we write f(t) to be the solution to this at time t, then we say the equation is hypocoercive in

the norm || - ||, if there exists constants C, \ such that for all initial data f(0) we have
IF @I < Ce™ || £(0)]]-

This is not necessarily a very helpful definition since this concept pre-dates hypocoercivity sig-
nificantly. This inequality on the semigroup is equivalent to the generator L having a spectral gap
in the norm || - ||. Hypocoercivity is generally a name for an extension of the entropy-entropy pro-
duction method. We therefore wish to prove convergence of the above form by proving functional
inequalities. These functional inequalities must necessarily be not on the entropy and entropy pro-
duction but on different functionals which we can relate to entropy. However, hypocoercivity has
become a name used for theorems which show exponential convergence for spatially inhomogeneous
kinetic equations and equations with similar types of degeneracies even if they do not work via

functional inequalities.

The operator is called coercive if this inequality is true with C' = 1. In this case, if || - || is a
Hilbert space norm, it is more normal to say an operator L is coercive if it satisfies the functional
inequality

(LA+L)F2, F) 2 AlA-

This is equivalent to the earlier definition. We can see that if (Lf, f) > || f||* then we have formally

SN = ~((L+ L)), £(1)) < ~2ALF O

Therefore by Gronwall’s lemma we have

IF @I < e > £(0)]%.

On the other hand if we know that the equation is coercive we have that at t = 0,

d

&l LF@)? < =2X]|£(0)]1%.

Therefore we have

((L+L)f(0)/2, £(0)) = AlLF(O)]].

Since we can choose f(0) freely this gives equivalence. On the other hand we cannot differentiate
the hypocoercivity inequality with C' = 0 to get information on the operator L. Hypocoercivity is

usually used in the situation where
(Lg,g) =0,
for some class of functions which is larger than the set of global equilibria.

A key aspect of hypocoercivity is to try and prove constructive theorems which give explicit
forms for C' and A. In particular constructive estimates for C' which are important because it

allows us to know the time after which the convergence effects shown by the inequality will act. An
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inequality of the form shown in hypocoercivity does not give any convergence until ¢ > log(C)/\,
so if C' is unknown and potentially very large the result may not hold in the time frame for which
the model is valid. This means it is not sufficient to know the spectral gap for a non symmetric
operator. However, even the spectral gap is not computed when using many methods based on
compactness.

Before hypocoercivity, there were many influential works showing convergence to equilibrium.
We have discussed [66, 65, 67, 68, 69, 91, 110]. Another very influential paper was [80] which studies
convergence to equilibrium for the kinetic Fokker-Planck equation with a confining potential in L?
norm. This paper shows what we would now call hypocoercivity as well as hypoellipticity for
the kinetic Fokker-Planck equation with a confining potential. This is a first example of what we
will call L2-hypocoercivity which is theorems which show hypocoercivity directly in weighted L2
distances. This paper was one of the influences for Villani’s seminal mémoire Hypocoercivity, [116].
In this work Villani named and formalised the study of hypocoercivity. He proved a more general
result for hypoelliptic type operator in both H' and entropy distance, as well as reformulating the
work in [102] and discussing this in the context of his earlier work with Desvillettes [46, 47]. In this
section we review in more detail the proofs of hypocoercivity in H'!, relative entropy and directly

in L2. We then also review the proofs of convergence for kinetic equations using probabilistic tools.

1.2.1 H' Hypocoercivity

The key works in H! hypocoercivity are [102, 116]. We present a version of the proof in [116] in
a simple setting. First we review equations in what Villani calls Hormander sum of squares form.

That is
Of+) A*Af+Bf=0,

where A* is the conjugate in L?(u) for some probability measure p and B* = —B. We review the
results in a simple 2D setting where the space is spanned taking only one order of commutators
and we make several more simplifying assumptions on the commutators. We also look at the case
where A and B are differentials. It does not materially change the calculations. A key example of

an equation in this sum of squares form is the kinetic Fokker-Planck equation.
8tf +uv- va = vv : (va + Uf)

Showing convergence to equilibrium for the kinetic Fokker-Planck equation is the main goal of the
methods based on Hérmander sum of squares form. The abstract form introduced in [116] allows
us to see the importance of the commutator brackets.

Let us look at an equation of the form
Oif+Bf +A*Af =0, f = f(2),z € R? (1.21)

where A, B are first order differential operators, with A = a(z) - V,B = b(z) - V. We have a
probability distribution g with A* the conjugate in L?(u), B* = —B and Ap = 0. let us write
C =[A,B].

Theorem 1.3 (Theorem 18 in section 1.4 of [116] in a simplified setting). Let f(¢,z) be a solution
of (1.21) with initial data f(0,z). Suppose that p satisfies a Poincaré inequality. Suppose that
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C = ¢(2) -V and aa” + cc¥ > M, and [A*,A] = 0,[C*,C] = 0,[A,C] = 0 and ||[C, B]f|| <
allAf|l+ c2l|Cfll. Then we will have

1F @l uy < Ke™ O 1 uy-

Proof. We have that
d 9 T
G0 = ~(BL D) 120 = (AL AR 1209 = ~(AL AR 12y = = [ V7 (alz)ale)T) ¥ fa

Since a is one dimensional the matrix aa” has rank one so the dissipation will vanish when V f is
perpendicular to a at each point. We need to be able to see dissipation in the other direction. Let

us look at

F(f) = 1 f ez + anllAf 22 + 280(AF, Cf) L2 +nlICfl1L2 ()

with 32 < a7 so that this is equivalent to H'. We have

%&Wf) = —2||Af|* = 2an(Cf, Af) — 28n||Cf|1> — 2yn([C, B]f,Cf)
— 2am|| AAf|]* - 28n(AAf, ACf) — 2yn|| ACF|]?
< =2l AP = 2an||CFINIALI = 2800 C FI1? + 2yner AL INIC FI| + 2ynes||C £
= = 2| AfII> = 2n(B8 — ve2) | CF|1? + 2n(a + yer) [ASIIC |
— 2 —nla+ye)/OlIAfI? = n(2(8 — yez) — ela+ver)) [CFI*.

Now we can choose € small enough so that the coefficient in front of ||C f]| is negative and then 7

small enough so that the coefficient in front of ||Af|| is negative so that

d
aygu)s—émAﬂP+HCNﬂ

— OV
oA oNC
<= SIVAP == 051P
< —AF(f).

In the last line we use the equivalence between .% (-) and the H! norm. By Grénwall’s lemma this

gives us that

F(f(t) < e MF(£(0)),
then the equivalence between .7 (-) and H' gives
IF O < Ke M O)F -
O

Remark. Here one of the key properties of the equation that we used is that, although the operator
A did not show diffusion in all the directions, it mized with B to give C which we could use to
generate convergence in the other direction. This is very similar to the kind of mechanism used to

prove hypoellipticity.
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Now let us look at proving hypoellipticity in a similar way. This is an adaptation of some of
the material in [79], which was originally shown in in [78] and similar results appear in the second

appendix of [116].

Theorem 1.4. With the same assumptions as above we can show that for some constant K we

have

IV < gl SO

Proof.
F(t, ) = IfI? + a@)|AFI? + 28(6)(Af,CF) +v@)IC S

Then we have

d .
57 < 2AFIP + allAf|P - 22(CF Af) + BIAS,. CF) = 2B CFI°

+AICII? = 29((C, BIf,Cf)

< — 2= a)|AfI? + @a+ DIAFIICSH - 26 = HCfI?
+2ye1[AFINICS N + 2ye2 | CFI?

< — 2= A)|ASIP = (28 =5 = 29 ICFIP + (20 + B + 2yer) [ AF OS]

Let us set a = det, 8 = Bet?, v = Fet3. This gives
d - % ax o= < | oF -
37 < Q- )| Af|P = £2e(28 = 37 — 23eat) [|CFI* + te(2a + 28 + 225 ) [Af[|[C 1|
< (2 - %(2& +28+ QtQacl)) |Af||?

- 1 -
— %€ (25 — 37 — 2t*cy — %(302 + 2B+ 2t*5¢1) | |ICfI.

N————

Now for ¢ < 1 (for example) we can choose & = 2(2¢2 + 3),8 = 1,54 = 1/(2¢c2 + 3). This gives

d €n 2,9 1 9
_ < — — - — [
tgz (2 €2(2¢2 + 3) 5 6) |AS]] t%e (1 2775) IC 1%,

where

d=6(2c2 +3)+2+4+2¢1/(2¢2+ 3).

So we choose 7 = 0. Then we need to make e small so that
€(2(2co +3 —0%/2) = 1.

With this € we have that d
77 <~ (IAfIP +IC1IP) -

Therefore, for t < 1

d
—Z <0.
dt —

Still for t < 1 we have

F(f(1) < Z(£(0)) = I £(O0)]*.
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26

And .Z bounds some multiple of

t(1AfIIP +EICLI1P) > ¢ (JALIP + 1CFI1%) -

Therefore for ¢ < 1 we have K
JAFI? + 1CFI? < S IFO)I.

In fact we can prove both things simultaneously, as inspired from [41]

Theorem 1.5. With the same assumptions as above we can show that

IF @I+ 8@ IVF@)I* < De™ [ F(0)]*.

Here §(t) is a function of t which looks like t for small t and 1 for large t (5(t) =1—e"t)

Proof. Let us set §(t) = (1 —e™?)
F = | f1? + e (ad| Af|* + 288 (Af,Cf) +~6°(|CfII)

We have from before that
%y‘ < —(2—cad)| Af|?—e (2552 34602 — 27@53) ICf|%+e <2a6 + 2366 + 27@53) IAfIICS]
Using that ¢ < 1,5 < 1 we have
o< (9 a+ 1(2a+2ﬁ+2 c1) ) ) 1Af]12
= (92—« il
dt - — 2n e

—€d? (26 — 37— 2vyeq — g(Za +26+ 2701)) IC £

As before we choose 8 =1 and ~y so that

37+ 2vce = 1.

Then we fix o large enough to make sure ay > 1. This means we can choose 7 small so that the
coefficient of ||Cf||? is negative then, given this, choose € small enough so that the term in front

of ||Af]|? is negative. So after this we have

d
=7 < K& (JAfI* + |CFIP?) -

dt
As before this gives
4z < -K§&F.
dt
Therefore,
t
F10) <o (2 [ #90s) 0,50
0

Integrating 62 gives that the exponential term is bounded by De~* for some constant D. Then,
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working as before, we have for some other constant, which we also call D that
LF @I + 6@V FBI* < De (| £(0)]>.

O

These theorems work well for degenerate diffusion equations. We would like to also be able to
deal with integro-differential equation which are an important class of kinetic equations. In particu-
lar we look at equations like the linear relaxation Boltzmann equation on the torus. Hypocoercivity
was first shown for these equations in [102]. This is related to the earlier works of Guo and Liu,
Yang and Yu [66, 65, 67, 68, 69, 91, 110].

We recall that the linear relaxation Boltzmann equation is
Of+v-Vof =Tmf —f, f=f(t,z,0),(z,0) € T xR, (1.22)

where

Hmf = /Rd f(x,u)duM(v), M(v) := (27T)—d/26_|v|2/2.

Here it is possible to write the equation in the form
A*A+ B,

however we can see that we will not fulfil the criteria. In this case A =1 —1ly; and B = v - V,.
R4

In the earlier proof we we had that ||f||? was controlled by ||Af]|?> + ||Cf||*>. This isn’t the case
here. We need to use a different strategy. This is from [102] and is what Villani calls the auxiliary

operator method.

Theorem 1.6. Suppose f is a solution to (1.22). Then there exists some explicitly computable C
such that
[Vhe|* < Ce™|[Vhol[.

Proof. The idea is to use the same entropy functional as for the kinetic Fokker-Planck equation.

In this case the entropy functional would be
[1I* + AL[[Vohl[® + 242(Vah, Vioh) + A3 [[Voh[?,

for well chosen Aq, Ao, A3. A key element which helps in this proof is that the collision operator
acts only in the v-variable in a way which means we can use the dissipation of ||V k|| to help
control mixed terms. Here f = p 4 hu'/?, where u is the equilibrium measure dy = M (v)daxdw,

and the inner product is
(h,g) =/ h(z,v)g(z,v)dzdo.
TdxRd

We have that
Oh+v-Vyh = pu'/? / h(z,w)pt/?(u)du — h(z,v) = ITh — h.
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Differentiating along the flow we have

d
aIIhH2 =—2||(1 = A,

i||vggh|\2 :2/ V.(h — h) -V hdzde = —2|| V(I — T)A|?,

dt RdXTd
d
€<th’ Voh) = — || Vh|? — / V. (h —TIh) - V,hdzdv

t Rd x T4
- / Vih - Vy(h —IIh)dzdv
Rd xTd
= — [ Vah|? = 2(V,(h —TIR), V, 1),
d
&vahHQ = —2(V,h,Vy,h) — 2(V,(h —TIRh), V,h).

We have that )
Vy(h —T1Ih) = V,h + §th,

(V,ITh, Vyh) = %(th,Vym < %thunvvhn.
We also have that thanks to the Poincaré inequality on the torus
[TIA|[* < OV, IIA[I? < Of|Vahlf?.
Now let us look at a functional of the form
F(h) = a||Vah|? + 2(Vah, Voh) + 5[V
Differentiating this gives

%f(h) < = (2a = 1/e)||Va(ITh = h)|* = (2 = )| Vahlf?

— 2y — e = 7/2 = )IIVoh|* + v/2|[TTR|*
< — (20 —1/e)|Vo(ITh = h)|* = (2 = v = Cy/2)|[Vahl* = (v/2 = e) [V ohl|*.

Now set e = /4 and v =1/(1 4 C/2) This gives

1

2

CF(h) < (20— (4+20))|Vo(1Th ~ W> — [Vah]? -

so we can set o = 2 + C'. We have that

2 2 2
. < Z < .
oI VhIE < F (k) < (44 20) VA
Then we have d )
< — V 2 < — .
dtﬂ(h) - 4+2C” P < =F(h)

Which then implies
[Vh||* < 3(2 + C)%e™"||Vho|*.
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Remark. Some of the theorems in [102] require use of a ||h||? term in the entropy as well. This

theorem only works for kinetic equations on the torus.

1.2.2 Entropic Hypocoercivity

Hypocoercivity in relative entropy was introduced in section 6 of part 1 of [116] alongside the H*
theory. Here Villani shows that very similar calculations and results hold when the H' norm is
replaced by a combination of relative entropy and Fisher information. Working in relative entropy
and Fisher information increases the space of possible starting conditions. As mentioned before
the L?(u~') norm is strong and requires that the initial data fy decays faster than a Gaussian
at infinity. However requiring relative entropy and Fisher information to be finite imposes much
weaker conditions on the tail of the distribution. We show Villani’s result from [116] for the kinetic
Fokker-Planck equation in the situation mirroring the result of the last section which combines

both regularisation and long time convergence from [41].

Theorem 1.7. If f is a solution to (1.2) with U having bounded Hessian then there exists some

C and X\ that we can calculate so that
Hy(h(t)) + 6* (1) I, (h(t)) < Ce M H,u(h(t)).

Proof. As before we look at a twisted functional using the components of Fisher information. We

1)h2
—/hlog du——/udu,

can calculate that

d |th|2 2/V +hHess(U) /|V Vo h\Q
dt h - h
Vaih-Vyh h Vo h |V h|2 VUhHess V.,h
a + d/j,
/V Vh —2/VVhVVhdu,
d |Vh|2 B 2/Vth Q/VVhQ
dt T B
[V h|?
-2
/ no

Therefore let us take a functional .% of the form
F(t,h) = H,(h) + e (A16(t)° T + 5(6)2 1M + As6(1)1Y) .

For constants Aj, Ay, Az, e all positive. Here as before §(¢t) = (1 — e*) and I¥ is the component
of Fisher information with derivatives only in x, I is the component with mixed derivatives and

IV is the component with v-derivatives. Suppose Hess(U) < M then we have
F < — (142045 — Med? — edAs) IV
— d%(1 — 3641
ted (2A1M52 125 +2+ A36> VIXIV.
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Letting A; = 1/6, A3 = 6 we have

F < — (14126 — Med? — 6e5) 1"
—ed?(1—0/2)1%
+ed(M6%/3+ 26 + 2+ 65)VIXTV
< - (1 + 1266 — e(M3% + 66 + (M6%/3 + 26 + 2 + 60) /zna)) v
e (1 —§/2 —n(M&%/3+ 26 +2 + 65)/2) *,
for any n > 0. So we choose 7 sufficiently small so that the coefficient of X is negative. Then for

this 1 we can choose € small enough so that the coefficient of I' is positive. Therefore for some C

we have
F < —CIX +1Y).

Then as before this leads to

Hy(h(t)) + 6°(#) L (h(1)) < Ce ™ H (h(1)).

1.2.3 L? Hypocoercivity

L? hypocoercivity was developed in [77] to show hypocoercivity for the linear relaxation Boltzmann
equation. It was then generalised in [50] to give a strategy for showing hypocoercivity for a range
of kinetic equations with one conservation law. We briefly describe the results of [50]. Here we

write an abstract kinetic equation
of+Tf=Lf. (1.23)

Here the theorem gives abstract conditions which 7" and L should fulfil but we essentially imagine
T to be a transport operator
T =70 - vxf - va(aj) * Vfuf,

and L to be a collision operator which acts multiplicatively on functions which only depend on
x. We write II to be the projection on the null space of L. Generally this will be the set of local
equilibria p(z)M(v) for some function p. So in the case of the kinetic Fokker-Planck and the linear

relaxation Boltzmann equation we have

If = (/Rdf(x,u)du> M(v).

The idea of this theorem is that hypocoercivity can be seen as the combination of two effects.

e Microscopic coercivity which is coercivity on the kinetic level. There exists \,;; > 0 such that

—(Lf, fYr2u-1y = Amll(I =T fll 221

i.e. the equation pushes the solution toward the set of local equilibria.

e Macroscopic coercivity which is coercivity on the level of the hydrodynamic limit equation.

This is seen through coercivity of the operator T on the set of local equilibria, there exists
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Ay > 0 such that
ITILF 1320y = A lTLF 1320y

In the situation where II and T are as above we have that

2
x _Ulx _ -
ITTLf (17201 :/(ww-m (ef’(U(i))e ul >> M(v) eV @ dvda

o (2@ ] vy
- T e_U(w) € '/I;)

2
px _
N1 = [ (L) s

Theorem 1.8 (Dolbeault-Mouhot-Schmeiser ’15). Suppose that T, L satisfy the microscopic and

and

macroscopic coercivity assumptions. Suppose further that IITTI = 0 and various auxiliary operators

are bounded. Then, there exists constants C, X such that
1" fllL2 a1y < Ce (| fll 2 u1)-

Remark. The bounding of the auziliary operators mentioned in the statement is via an elliptic

regularity type estimate.

Like in H' hypocoercivity the proof proceeds by showing an entropy-entropy production in-
equality for a functional which is equivalent to our desired distance. In this case the functional
has a very different form. The proof of hypocoercivity in L? then begins by constructing the new

norm 1
H(f) - 5”,}1‘”%2(“—1) + €<Afa f>L2(,uﬁ1)’

where

A= (14 (TH)*(TI)) " (TT)*.

In [80, 77] the new entropy constructed has a similar form. The main disadvantage of this ap-
proach is that it can currently only deal with equations with one conservation law. In general H'
hypocoercivity methods do not work for equations with a confinement potential which are also not
a diffusion. It can also be extended to work with equations where the equilibrium measure is not

explicit and so no Poincaré inequality is known as in [27, 82].

1.2.4 Probabilistic Hypocoercivity methods

Many hypocoercive equations are the Kolmogorov backwards equations of the laws of SDEs. Both
kinetic Fokker-Planck style diffusions and linear scattering equations have an interpretation as a
Markov process. Consequently, tools from probability can be fruitfully used to study the long time

behaviour of these equations.

Coupling methods for hypocoercivity

To the best of my knowledge direct coupling methods have been mainly used to show convergence

for diffusion equations. In [22], the authors study the kinetic Fokker-Planck equation when the
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confining potential is close to quadratic. They then extend this to dealing with a weakly non-linear

case. If we look at a kinetic Fokker-Planck equation with quadratic confinement we can write it as

dX; =V.dt,
dV; = — Vidt — XX, dt + dW;.

Suppose we generate two solutions to this SDE, (X}, V;!), (X2, V;?) and give them the same driving

Brownian motion. Then if we write V; = X} — X2, P, = V;! — V;? we have

dY, =P,dt,
AP, = — P,dt — \Y,dt.

Then we have that
Yil? + P < Ce M (|Yo* + | Ro),

where we can calculate C' and  explicitly. We can reach close to quadratic confinement by a

perturbation of this result.

However, this result does not use the diffusivity of the solution at all and a similar method
cannot be expected to work when the confining potential is not strictly convex. We can see if
we have the kinetic Fokker-Planck on the torus without confining potential this still converges to

equilibrium but if we try a similar procedure we get

dY; =P,dt,
dUt = — Ptdt

We can solve this explicitly to get that P, = e ‘Py and YV; = Yy + (1 — e *)P,. So we have
that Y; does not converge towards zero. Here, however, we did not need to couple the processes
synchronously for all time in order to get convergence towards equilibrium We would like to add
some randomness to P; for short times in order to compensate for Yy + Py. This is the idea behind
the work in chapter 2. Suppose we couple the two processes independently up to a stopping time

T and then we couple them synchronously We get
T s
Po=e 0P YV, =Yr+(1—e Py, Yy = Y0+(1—e—T)PO+/ / e~ TIA(WE—W2)ds.
o Jo
Then Y; behaves sufficiently randomly for ¢ < T' that we can set T' to be the first time Y; + P; hits

0.

The same problem occurs in a much more complex setting when we do have a confining potential
but it is only strictly convex at infinity. A coupling strategy to show convergence in this situation

is given in [52]. Here the idea is to combine reflection coupling. Suppose we have the SDE

dX, =Vidt,
AV, = — Vidt — V,U(Xy)dt + dW.

Then they define two solutions with driving Brownian motions W' and W?2 and use two different

ways of coupling W' and W2. One is a well chosen reflection coupling which means that the
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noise acts to cancel out the difference in initial data for the X processes and one is a synchronous
coupling which brings the V' processes closer together when the X processes are already close
together. They also need to combine these couplings with a Lyapunov condition which shows that

the dynamics return to the centre of the phase space sufficiently often.

Hypocoercivity via Bakry-Emery style methods

Following on from the works of Bakry and Emery [10, 4] methods have been developed to prove

functional inequalities and then rates of convergence for diffusions. Suppose we have the equation
atf + Lf = 01

then we can define the carré du champ by

O(f,9) = 3 (L(fo) - fLg ~ gLf).

We can then iterate this and define

Ca(f,9) = 5(EL(f.9) ~ T(f. Lg) ~ T(Lf,9))

The celebrated Bakry-Emery criterion curvature dimension criterion CD(p,n) is

Caf) 2 pT(f) + (LS

If this condition is satisfied then one is able to show local logarithmic Sobolev and Poincaré
inequalities which can be used to show convergence to equilibrium results.

If we try to follow this procedure for the kinetic Fokker-Planck equation we get that

P(fv g) = vvf ' vvgy

and
F2(f) = \Hessv(f)|2 + |vvf|2 = Vaf - V,f.

We see that this cannot possibly satisfy a curvature dimension criterion since that would involve
bounding V. f -V, f by terms involving only V, f.

However, the Bakry-Emery method has been extended in [12, 98] to help give results for hypoco-
ercive operators including the kinetic Fokker-Planck equation. Here the role of the twisted norm is
replaced by altering I' so it does not depend so directly on L. They replace I' by a new quadratic

form which in the case of the kinetic Fokker-Planck equation is written
D(f,9) = aVaef - Vog +bVaf - Vog +bVof - Vag+ Vo f - Vog,
then define

Palf,g) = 5 (LP(f) — 20(LS, )

This does not allow one to prove Poincaré or log Sobolev inequalities but a new curvature dimen-
sion criterion combined with local inequalities gives point wise convergence results for semigroup

generated by L. These point wise results can be integrated to show existing results and in [11]
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they show that these point wise results also imply convergence in Wasserstein distance.

1.3 List of the works in this thesis

Hypocoercivity via coupling for the kinetic Fokker-Planck equation on the torus

This chapter is the paper [48] which was written in collaboration with Helge Dietert and Thomas
Holding. The paper is accepted for publication in Kinetic and related models.

It is an open question given at the end of part 1 in [116] to find direct coupling strategies to
show convergence to equilibrium for hypocoercive equations coming from SDEs such as the kinetic
Fokker-Planck equation. In this paper we look at the kinetic Fokker-Planck equation on the torus
with no confining potential and give two coupling strategies to show convergence to equilibrium in
Wasserstein-2. First we give a straightforward strategy for coupling based on an explicit solution
to the SDE which is possible only in the unconfined case. Using this we can show that for two

solutions to the kFP we have the following theorem

Theorem 1.9. If u: and v; are two solutions to the kinetic Fokker-Planck equation (1.2), then we
have
WQ(Ht, Vt) < (67)\7: + Ceft/2A2L2> W2(’u07 1/0)

for a constant ¢ only depending on L, where we place the equation on the torus of length L.

This strategy is unusual in that it is not adapted to the filtration generated by the driving
Brownian motions defining the solution to the SDE. It is also a strategy which is only possible
after having an explicit solution to the SDE. We therefore develop a new method of coupling two
solutions which relies on switching between synchronous and asynchronous couplings of the driving

Brownian motions of two solutions. Using this coupling strategy we have the following result

Theorem 1.10. Given initial distributions py and vo, then we have a coupling (X}, V'), (X2, V?))
such that
1/2
Walu, ) < (B [IX} = X2 + (v = v2)2))
<C

Wa (o, vo) + Wa(po, o)),

where
e min(2X,1/(2A2L%))t AL2)\3 #1

t) =
< e (1 4+ 1) 41203 =1

and C' is a constant that depends only on \ and L.

We show that this loss in the dependence on the initial data is necessary in the set of all co
adapted couplings. We do not show that our rates our sharp but we believe that they are close
to being optimal since it is the minimum of the rate of convergence corresponding to the Orstein-
Uhlenbeck process in velocity and the rate of convergence for a diffusion on the torus. After this
work, as discussed earlier, Eberle, Guillin and Zimmer [52] have shown hypocoercivity in weighted
Wasserstein distances for the kinetic Fokker-Planck equation with confinement using a combination
of reflection and synchronous coupling along with Lyapunov structure of the equation. This uses

a similar but much more intricate strategy as the second strategy we give.
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Perspectives

As we have mentioned the paper [52] shows how to use coupling techniques to show hypocoercivity
for a kinetic Fokker-Planck equation with fairly general conditions on the confining potential. A
natural next step might be to investigate showing hypocoercivity via coupling strategies for other
commonly studied kinetic equations. The work in Chapters 3 and 4 could be reinterpreted to give
a coupling strategy to show that the equations studied there converge. In these we take a very
different direction in constructing couplings. It would be interesting to see if the work [52] could
be extended to the linear relaxation equation to give convergence in Wasserstein distances for that

equation.

Hypocoercivity via Harris’s theorem for kinetic equations with jumps

This work is done in collaboration with José Canizo, Cao Chuqgi and Havva Yoldas. The work is
not intended to be published in its current state. We intend to submit it for publication in the
near future.

Harris’s theorem [74, 96, 73] is a result from the theory of Markov processes. Reproving and
writing Harris’s theorem in a PDE context is a subject of an ongoing work from José Canizo and
Stéphane Mischler. Harris’s theorem shows quantitative rates of convergence to equilibrium for
processes satisfying two assumptions. First we need a Lyapunov condition which says that there

is a function V s.t.
d
a/f(t,x,v)‘/(x,v)dxdv < —)\/f(t,x,v)V(x,v)dxdv—|—C’/f(t,3:,v)dxdv.

This shows that the majority of the mass concentrates in the set where V is small, so if V' — oo
as (x,v) — oo then this shows that the mass of f(¢) concentrates in the centre of the phase space.

The next assumption is a generation of a lower bound on the centre of the phase space. It
says that for any z in the centre of the space if f#(t) is the solution with initial condition §, then

uniformly in z there is a constant « € (0,1) and a probability measure v such that
f2 () > av.

If you have these two assumptions then we can define the weighted TV distance by

i = pall = [+ VIt = 47(d).
And we have constants A,y depending in an explicit way on V, a, A, C such that

1) = 2O < Ae™ 1 £1(0) — f2(0)]).

Harris’s theorem has been used to show convergence to equilibrium for kinetic equations. In [94]
they show convergence for kinetic Fokker-Planck equations using Harris’s theorem. They do not
verify the minorisation condition with a quantitative method. Therefore the end result is not
quantitative. In [14] they show convergence to equilibrium using Harris’s theorem for various
scattering equations that includes equations similar to the ones studied in these chapters. Again
it gives rates which are not quantitative. In [38] the authors use Doeblin’s theorem to prove

quantitative rates of convergence for some non-linear kinetic equations on the torus with a non-
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equilibrium steady state.

In this chapter we study three different kinetic equations with jumps. The linear relaxation
Boltzmann equation both with a confining potential and on the torus, the linear Boltzmann
equation on the torus and the kinetic non-local diffusion equation which is a non-local diffusion
equation approximating the kinetic Fokker-Planck equation. We show convergence to equilibrium
in a weighted total variation distance with quantitative rates. The weighting is comparable to
U(z) + |z|> + |v|*> where U(xz) is the confining potential. A similar method using Harris’s theo-
rem to get quantitative rates for jump equation has been used in [60, 32] to show convergence to
equilibrium for equations modelling biological processes.

The precise results are the following.

Theorem 1.11. The solutions to equation (1.5) on the flat torus without confining potential con-
verge exponentially fast to equilibrium in total variation distance. This rate is explicitly calculable.
i.e. There exists some A > 0 and C > 0 such that

1£2) = pllrv < Ce™[1£(0) = ullrv,
where f(t) is a solution to (1.5) at time t.

Theorem 1.12. Suppose that U(x) is a function satisfying
V. U(x)| < CU(x)"

for some n € (0,1) and
z-VU(x) > yi|z|? + 7U(x) — A

for strictly positive constants C,vy1,7v2,A and v1 < 1. Then the solution to (1.5) converges ex-
ponentially fast to equilibrium in a weighted total variation morm. More specifically there exists

C >0 and X > 0 which we can calculate explicitly such that

p(Pipir, Prpiz) < Ce M p(pa, pa),

where

1 1 1
plopz) = [(14UGe) 4 5ol + Jo v+ glaP)lin — pol(dado).

Furthermore as U is super quadratic at infinity p is equivalent to the distance weighted by the

Hamiltonian
P, ia) = / (1+ H(z,v) | — pol (ded).

Remark. We have a tentative proof which allows us to remove the condition that
V.U ()] < CU()"

for some n € (0,1) and replace it with the assumption that U is C?.

Theorem 1.13. Suppose that U(x) is a function satisfying

VoU(2)] SU(2)", 2 ViU(x) 2 ()’ +72U(z) - A.
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Where
(x) =1+ |z,

and B € (0,1). Then the solution to (1.5) converges to equilibrium in a weighted total variation

norm in the following way. We define the function M by
2 L o
M(z,y) =U(x) + Slol” + 7 v+ <[]
Then there ezits a constant C > 0 such that
P26z, = Pibey oy < C(M(21) + M(22))(1+ )"/,

and

1Pes. — pllzy < CM(2)(1+6)"Y 07D 4 C(1 4 )77/,

Theorem 1.14. If f(t) is the solution to the linear Boltzmann equation, (1.9), for Mazwell
molecules with cut off and b bounded below then there exists C > 0 and A > 0, which we can

compute explicitly, such that

p(Pep1, Pepz) < Ce M p(ua, po),

where
P, i2) = / (1+ o)l — pio) (daed).

Remark. Our hope is to extend this to the confining potential case before submitting the paper.

We also look at what we call the kinetic non-local diffusion equation
Of+v-Vuf =V, U -Vof =Kxf—f+V,(vf). (1.24)
Here K is smooth radial and compactly supported.

Theorem 1.15. The solution to (1.24) on the torus converges exponentially fast in a weighted TV
distance. Specifically there exists C > 0 and A > 0, which we can compute explicitly, such that

p(Pipir, Peisg) < Ce M p(pu, p2),

where
plomopz) = (14 [ofls — pal (o).

Theorem 1.16. Suppose that U(x) is a function satisfying
|V.U(z)| < CU(z)"

for some n € (0,1) and
z-V,U(z) > |z + %U() - A

for positive constants and v < 1. Then the solution to (1.24) converges exponentially fast to

equilibrium in a weighted total variation norm. More specifically there exists C > 0 and A > 0,
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which we can calculate explicitly, such that

p(Pipir, Prpiz) < Ce M p(pn, pa),

where

1 1 1
pwhm>=/(ruﬂw+2vﬁ+2mv+gﬂﬁnu—m«mw»

Furthermore if V is super quadratic at infinity (which is implied by earlier assumptions) then p is

equivalent to the distance weighted by the Hamiltonian

o pz) = [+ Hlz o)l ~ pal(dodo).
Theorem 1.17. Suppose that U(x) is a function satisfying for some n € (0,1)
V.U (@) SU@)", - V,U(x) 2 ne)” +7U(z) - A,

where
() =1+ |z,

and 8 € (0,1). Then the solution to the non-local diffusion equation converges to equilibrium in a
weighted total variation norm in the following way. We define the function M by
1

1
2x-v+ Z|;1c|2

1
M(z,y) = Ulx) + 3ol +
Then there exits a constant C > 0, explicitly computable, such that
1Pe62y = Pedosllry < C(M(21) + M(22))(1+ )"V P,

and
[P, — pllrv < CM(2)(1+1)~ A + O +1)=7/(=5)

Perspectives

This method works very well for kinetic equations with jumps. It seems hopeful that it could
be applied to many more models. It seems likely that these ideas could be applied to relaxation
equations with spatially inhomogeneous jump rates. For example it is an open problem to show

quantitative rates of convergence to equilibrium for the equations

Orfo Vaof =0(x) (/f(t,x,u)du—f), reTha<|v]<A

Where o is a function which vanishes at more than isolated points. It is known [16, 15] that this
equation will converge exponentially fast to equilibrium in L' provided o satisfies the geometric
control condition but there is no quantitative rate.

Another possible application would be to look at the linear Boltzmann equation with soft
potentials. In this chapter we look at the hard potential case and with cut off. There is a version
of Harris’s theorem which will give sub geometric rates of convergence given a weaker Lyapunov

condition. It seems likely that we could apply this to the linear Boltzmann equation with cut off
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and soft potentials to see rates of convergence.
It would be interesting to try and extend this to diffusion equations via a limiting process. The

kinetic non-local diffusion equation is
atf+vvxf:)‘(K*f_f)+vv(vf)

We can choose a sequence of constants A, and smooth functions K, such that solutions to this
equations converge to solutions of the kinetic Fokker-Planck equation. If we can apply our method
with constants that don’t depend on n then we could use this to get rates of convergence for the
kinetic Fokker-Planck equation. In the chapter after this one we give another way of applying

these ideas to the kinetic Fokker-Planck equation.

Hypocoercivity for the kinetic Fokker-Planck equation with a confining potential via

Hairer and Mattingly’s Wasserstein-2 Harris theorem and Malliavin calculus

This chapter studies convergence to equilibrium for the kinetic Fokker-Planck equation with a
confining potential. This work is not in collaboration and has not been submitted for publication.

There are strong mathematical connections between hypocoercivity and hypoellipticity because
of these the original goal of this project was to see if it is possible to understand anything about
hypocoercivity for SDEs using Malliavin calculus [92, 103, 104]. In some sense the Malliavin
derivative can be thought of as a way of differentiating the solution to an SDE in terms of the
driving Brownian motion. We write the Malliavin derivative of Z as DZ. DZ is a function so we

write its value at time s as D,Z. The Clarke-Ocone formula is
t
Zy = E(Zy) +/ E(DsZ:| Fs)dWs.
0

This is a Malliavin calculus version of the fundamental theorem of calculus. Here .7 is the filtration
or the Brownian motion. Now if Z; = E(Z;) + G; where G is a (possibly degenerate) Gaussian, if
E(Z;) is sufficiently well behaved then we can show a uniform minorisation iff G; is non-degenerate.
We can think of this as saying that uniform minorisation would happen in this situation if and

only if the law of Z; is spreading out in all direction. Now if Z satisfies the SDE
dZ; = B(Zy)dt + A(Zy)dWy,

we can show that Ds;X; satisfies an SDE (differentiating in s) where the commutators between
A, B appear in the coefficients. In the context of the kinetic Fokker-Planck equation this means

that we can Taylor expand to get that

(3)(2) ()
Vi 1 1

Here Es; is an error which is order (¢ — s)?. Combining this with the Clarke-Ocone formula we
can see that (X, Vi) behaves like a Gaussian centred around its expectation up to a small error,

and this Gaussian is non-degenerate. However, whilst the error is small in the sense that

E (( / tE(ES,M)dWS)z) <o,
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as t — 0 this bound is to weak too get a minorisation condition from this expansion. This
means that instead of using Harris’s theorem we use a version of Harris’s theorem due to Hairer
and Mattingly [72] which gives convergence in Wasserstein distance. This theorem combines a
weaker minorisation condition with a Lyapunov structure. Our strategy allows us to verify the
minorisation condition. However there is another assumption which is a point wise gradient bound
on the semigroup. We verify this using hypocoercive type twisted norms in place of the I' functional
in Bakry-Emery style calculus.

Precisely we have the following theorem.

Theorem 1.18. Suppose that Py is a semigroup corresponding to the solution to the kinetic Fokker-
Plank (1.2) with the confining potential V' being a smooth function satisfying

Hess(U)(z) < M, x-V,U(x) > ciU(x) + cox® — 3

for some constants M, cy1,ca,c3. Then we can choose constants a, and k depending on these other

constants to define the function
L(z,v) = exp (a. (v* + 2U(2) + 2ka” + kav)) .

We define p corresponding to L with

pler,22) = nf / L) ().

Here T is the set of all C* paths between z1 and zo. Then if W, is the Wasserstein-1 distance

associated to p we have constants C > 0 and X\ > 0, which we can compute explicitly, such that

W, (Pip, Piv) < Ce_MWp(u, v).

Perspectives

The most natural next step from this proof would be to try and extend it to a wider class of
kinetic equations. The first step would be to try and remove the assumption that the Hessian of
the confining potential is bounded. The proof relies very strongly on the fact that the first two
vector fields appearing in the Taylor expansion of the Malliavin derivative are constant. Removing
this assumption and the bounded Hessian assumption would be the first step towards finding

general sufficient conditions on A, B for an SDE
dZ; = B(Zy)dt + A(Z;)dW,

to be hypocoercive in Wasserstein. In particular such a theorem might allow us to look at anhar-

monic chains of oscillators or similar systems.

Hypocoercivity in ®-entropy for the linear relaxation Boltzmann equation

This chapter is adapted from the paper [58]. This paper is submitted for publication.
As we have seen relative entropy is a major tool for showing convergence to equilibrium for

kinetic equations. Hypocoercivity in relative entropy was first shown by Villani in section 6, part
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1 of [116]. This result holds for operators of the form

> AjAi+ B,

where the A; are first order derivations and the conjugate is taken in L2(yu) for some probability
measure j. Therefore the result holds for degenerate diffusion type equations. In the context of
kinetic equations the main example is the kinetic Fokker-Planck equation. Whilst most hypoco-
ercivity theory has been done in L?(pu~1), H'(u~1!) there are several motivations to try and push

the theory in the context of relative entropy.

e We can enlarge the space of initial data for which we can show exponentially fast convergence
to equilibrium. If we show a result for f € L?(u~!) then we are constrained to work with
initial data in L?(x~!). This means that fo must decay very fast at infinity. However, if
p = exp(—|v|?/2 + U(x)) then we have

Hu(f):/flog(f/,u)dxdv:/flog(f)dxdv+/f(\v\2/2+U(:c))dxdv.

Similarly, for Fisher information we have

(D <10+ [ AV(P/2+ U) Pduda.

So these quantities will be finite provided we have some moment bounds (depending on U(z))
and finite entropy and Fisher information. This is true for many distributions which decay

only polynomially at infinity.

e If we want to eventually study non-linear equations then it is often the case that strong
spaces like L?(1~1) will not be a natural space for the equation. For initial data which is
neither small nor close to the Maxwellian there is no well posedness theory for the Boltzmann
equation in Hilbert spaces weighted against the equilibrium This problem is solved in the
context of the Boltzmann equation by combining linearised theory with enlarging the space
of solutions [64] and Desvillettes-Villani results to show when the solution will enter the

linearised regime.

e The relative entropy and relative Fisher information functionals behave well with respect to
the dimension of the phase space that the equation is set in. Furthermore, constants in this
equation often depend on constants in the logarithmic Sobolev inequality which can often be
shown to behave well with dimension. More specifically, suppose that Fy = f®V then we

have
H(Ey) = [ £5¥(:) Y log(#())dz = Y [ fe) og(f(z0))des = NH().

We can also show that if ITy (Fiv) is its first marginal, and the particles are indistinguishable

then )
H(Hl(FN)) < NH(FN)
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Therefore, if we know that for all N that
H(Fn(t)) < Ce M H(Fn(0)),

then we have that o
H(II; (Fn (1)) < NB_MH(FN(O))-

Furthermore if Fiv(0) is a tensor product or similar we will have
H(Iy(Fn (1) < Ce ™

where C' does not depend on N. Therefore the rates of convergence to equilibrium are uniform
in N. On the other hand for L? the distance || Fi |2 behaves like ||II; Fi||2. So if we try the

same computation we get that
T Fy (t)]|2 < Ce M/,

This effect becomes particularly important if one wishes to study particle systems and derive
convergence results which are uniform in the number of particles. Entropic hypocoercivity

has been used in [90] to show convergence to the limit equation for oscillator chains.

Hypocoercivity in entropy has been studied by several authors. There is a series of works looking
at sharp rates for diffusions with linear drifts. This looks at functionals which are just Fisher
information with no entropy term and exploits some nice cancellations between mixed terms which
can be seen in [7, 3, 98, 6]. There is a work [41] which extends Villani’s proof of hypocoercivity
for the kinetic Fokker-Planck equation to a much wider class of confinement potential. Another is
[49] which looks at the kinetic Fokker-Planck equation in p-entropies, which interpolate between
L? and relative entropy and shows improved rates in these distances. There are also several works
which look at point wise bounds on the semigroups rather than integrated estimates using similar
calculations to those of H' hypocoercivity. These then give results in relative entropy as well as
other entropies and Wasserstein-2 distance [12, 98, 11]. All these works look at diffusion equations
which can be written in the form
A*A+ B

as in [116]. We study the linear relaxation Boltzmann equation on the torus

Of+v-Vof =llmf—f

Theorem 1.19. If f is a solution to the equation above with initial data fo such that

I(foln) < oo, fo€ Whi(p),

then there exist constants A > 0 and a > 0,8 > 0, which we can compute explicitly, depending on

A but not on the dimension such that

I(fielp) + BH(Taq fe|p) < exp (—=A2) (ol (folp) + 28H (Ta folp)) -
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This implies that for some -,
H(filp) < exp (=At) (v(folp)) -

Hypocoercivity for the linear Boltzmann equation has already been shown in [102] and [77].
The L? result implies the decay of relative entropy as L?(u~!) controls relative entropy. However,
this theorem holds only for initial data in L?(u~!) which is a distinct set to having finite relative
entropy and Fisher information. Also, this proof is directly in this non-linear distances. We also
show that this result holds when relative entropy is replaced with p-entropies. Here we also show

new functional inequalities which allow us to prove this convergence behaviour.

We have added some sections after the original submitted paper. We give an alternative way of
calculating the dissipation of Fisher information which is simpler and allows us to extend our proof
to a wider class of ®-entropy. We then briefly review the paper [99] which extends the results of the
paper to the unconfined setting with close to quadratic force. We then show similar calculations
allow us to give a result for the linear Boltzmann equation with cut off, Maxwell molecules and

close to quadratic confinement.

Perspectives

The natural next step would be to try and show entropic hypocoercivity for the linear relaxation
Boltzmann equation with more general confining potentials. This is potentially quite challenging
as the proof here resembles the proof in [102] which is in the H! setting. This type of proof does
not allow us to deal with confining potentials. Hypocoercivity in the confining potential case is
shown using L? hypocoercivity theorems which are more structurally different to the proof given
here than [102]. It would also be interesting to try and extend the proof on the torus to other
operators for which Fisher Information is a Lyapunov functional in the spatially homogeneous case

such as the linear Boltzmann equation for Maxwell molecules.

More speculatively, as discussed already, showing entropic hypocoercivity is most relevant when
trying to study equations when we want control uniformly in the dimension of the phase space. An
example of this is oscillator chains. Here entropic hypocoercivity techniques have been used to show
hydrodynamic limits in [90]. Entropic hypocoercivity in this context is more challenging because
these systems have non-equilibrium steady states about which not much is known. Performing
hypocoercivity for these systems requires one to prove bounds on the derivative of the steady state

and functional inequalities for this state.

For some non-linear equations entropy-entropy production inequalities only hold for certain
®-entropies and not in L2. In this case the only hope of proving hypocoercivity for the fully

non-linear equation is to try and use ®-entropic hypocoercivity.

Non-equilibrium steady states in Kac’s model coupled to a thermostat

This is the only work in this thesis not directly related to hypocoercivity. In this chapter we study
convergence to equilibrium for the Kac Master equation coupled to a thermostat. The chapter is

adapted from the paper [57]. This work has been published in The Journal of Statistical Physics.
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The model is

N
OuF, = —AN(I - Q)[Fx] — ST = Ry)[Fw] = L[], (1.25)
j=1
where
1 27
QM) = G o, POt

and o

RylPn] = [[aud " dogtui) Py (o 0.0)).
In these

v;5(0) = (v1,...,v;cos(0) +v;sin(h), ..., —v;sin(f) + v; cos(d), ..., vn),
vj(w,8) = (v1,...,vjcos(f) +wsin(h), ..., vn),

w} = wcos(0) — v;sin(0).

This corresponds to a simple 1D model of N gas particles colliding with each other and particles in
an infinite, unchanging heat bath. Each particle in the heat bath has velocity distributed according
to the density g. This work is fundamentally motivated by two others. Firstly [26] which studies
the Kac master equation coupled to a Gaussian thermostat. In this paper they show convergence
to Gaussian equilibrium in relative entropy. It is part of a series of papers where they aim to study
Kac’s model when a large proportion of the particles are already at equilibrium. The other paper
is [39] where they study the existence and convergence to non-equilibrium steady states for the
spatially homogeneous Boltzmann equation coupled to a non-equilibrium thermostat. We study
Kac’s model with the same non-equilibrium coupling. A ‘physical’ system this might correspond
to is if the gas could interact with a number of different thermostats at different temperatures. We
show existence and convergence to a non-equilibrium steady state. We work in both the Gabetta-
Toscani-Wennberg distance which is what is used in [39] and Wasserstein-2 using a simple coupling
strategy. This allows us to give both a ‘deterministic’ and a ‘probabilistic’ proof of convergence to
equilibrium for the system. We then study the behaviour of the system as the number of particles
goes to infinity. We show that both distances behave well with respect to the ambient dimension
and this allows us to get uniform convergence rates for the first marginal. Lastly, we add a short
section to the original paper which shows how the result of Hauray in [75] can be translated into

a result with Fourier distances.

The precise results for the fixed N model are the following.

Theorem 1.20. A steady state for the master equation exists, is unique and has the same moments

up to order 2 as g®V.

Furthermore if we start with initial data FY and HY which are probability distributions on RN

with finite first and second moments then we have the following possible situations:

1. If F° and H° have the same mean initially then the GTW distance between the solutions is

finite for all time and we get the exponential convergence:

darw.n (Fx(t), Hy (1) < e " 2darw n(FS, HY).



1.3. LIST OF THE WORKS IN THIS THESIS 45

2. If FY and H° have different means then we can construct an altered distance in which
the solutions still converge exponentially fast towards each other with rate p/2. We also have the
estimate

dri,n(Fn(t), Hy(t) < e "/ 4dp N(Fy, HY).

Theorem 1.21. If uy and vy are two solutions to the master equation with finite second moments
then

Wa(un (), v (1)) < e Wy (1w (0), v (0)).

As we let N — oo we have the following theorems.

Theorem 1.22. Let FY, and HY, be respectively f and h chaotic families where the GTW distance
between FY and fON (resp. for HY, and h®N ) is bounded uniformly in N. Furthermore if f and h
are probability densities with finite first and second moments and differentiable Fourier transforms,
then we can choose a family of functions x (one for each N) to construct an altered distance d so
that

d (I [Fx], T [Hy])) < (Ch + (Co + C3)VN + d(f, h))e™ 2.

We also look at the T'1 distance which is very similar to the GTW distance it is

dTl(,Ufy I/) = sup |ﬂ(£) _ ﬁ(§)| )
£#0 €

Theorem 1.23. Suppose that f and h are probability densities on R with finite mean. Suppose
(Fn(0,v))n>2 and (Hn(0,v))n>2 are respectively f, h-chaotic families with respect to the T'1 met-
ric, and the T1 distance between Fy(0,-) and fV, and between Hy(0,-) and h®*N are bounded
uniformly in N. Furthermore, let Fy, Hy be the solution to the N -particle coupled Kac’s master
equation with this initial data. Then there exists a C (the bound between the initial data and the

tensorised form) independent of N such that
dr1a (L [FN] (), T [Hy] (1) < (C 4 VNdpia (f, h))e™#/4,

Theorem 1.24. Suppose that uy(t) and vy (t) are solutions to the master equation at time t, with

initial data p$™ and vEN. Then we have that for any N,

Wa 1 (I (i (£), i (va (£))) < e /2 Wa 1 (10, 1)

Perspectives

Since this work was completed, other works have been done on Kac’s model coupled to a thermostat.
This work is a route to studying Kac’s model when most of the system is in equilibrium [113, 25].
It has also been shown that the Kac semigroup is not contractive in GTW [112]. These papers all
deal with the case when the thermostat is Maxwellian and you have equilibrium steady states. It
would be interesting to see if the last section of this chapter which translates the results of [75]

into a Fourier distance can be extended to the multidimensional Kac model.
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Chapter 2

Hypocoercivity via coupling for the
kinetic Fokker-Planck equation on

the torus

2.1 Introduction

In this chapter we study the kinetic Fokker-Planck equation on the torus. We prove contraction
properties of the spatially periodic kinetic Fokker-Planck equation in the Wasserstein metric, and
show to what extent the probabilistic technique of coupling can be used in such situations. This is
of interest, both intrinsically, and in the broader context of analytic and probabilistic methods of
proving convergence to equilibrium and contraction properties of Fokker-Planck equations which
we summarise in the paragraphs below. Since this paper was originally written the paper [52]
appeared which shows a similar result in a similar but more challenging setting. They deal with
the kinetic Fokker-Planck equation with a confining potential. It seems likely their techniques
would adapt in a straightforward way to the situation studied here. They perform a similar change
of variables as to the one given in the Markovian section of this chapter and use a combination of
reflection and synchronisation couplings as is also used here. The Monge-Kantorovich-Wasserstein

(MKW) distance comes from optimal transport and is defined as

1/2
W) = gt ( [lo-sParten)
where II,, ,, is the set of all couplings between ;v and v.

A common analytic technique to show contraction or convergence to equilibrium of Fokker-
Planck equations is to work in a L? space weighted by the reciprocal of the equilibrium measure.
Here, in the spatially homogeneous setting, contractivity is established by showing that the gener-
ator of the Fokker-Planck semi-group is coercive on this L? space, which implies that the generator
has a spectral gap. In the spatially inhomogeneous setting, which is common in kinetic theory, the
generator is, however, not coercive in this space and this method fails.

The kinetic Fokker-Planck equation in particular has received much attention [80, 61, 102]

both in the case of a spatial confining potential and in, the analytically simpler, case of spatial

47
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periodicity. The paper [61] considers exactly our equation and finds explicitly the optimal rates
of convergence in weighted L? space. The motivation is similar to that of this paper, which is
to study a simple toy model on which more explicit calculations can be performed in order to
explore alternative methods for proving hypocoercivity. These works, however, do not address the
question of contraction in the Wasserstein metric W5, as this distance is currently inaccessible
from these analytic tools; the closest result to this being [97] where W; results are obtained by
duality. Using interpolation estimates and convergence results in other spaces, one can conclude
exponential decay in the Wasserstein W, distance. However, then the control in terms of the initial

data only holds for a power strictly less than one.

Another viewpoint, strongly related to the first, comes from the theory of gradient flows [84],
in which the Fokker-Planck equation is identified with the steepest descent flow of an entropy
functional in the Wasserstein space W,. However, the theory does not cover the considered model
due to the kinetic structure. Dissipation in the Wasserstein distance can also be shown for non-

gradient drifts in the homogeneous setting using analytic methods [21].

A common probabilistic technique to show contraction or convergence is to construct a coupling
between two copies of the stochastic process that realises the desired bound on the metric between
the laws. In the spatially homogeneous Fokker-Planck equation, the synchronisation coupling,
where the infinitesimal motions of the noise are coupled together, gives contraction in Wasserstein
metrics when the velocity potential is strongly convex. In the spatially inhomogeneous case with
a confining potential, such a straightforward coupling only establishes contraction if the confining
potentials are quadratic (or a small perturbation thereof) see for example [22]. Establishing con-
traction in the Wasserstein metric for more general confining potentials is an open problem. In
the spatially periodic case results are even more limited. In this case the synchronisation coupling
does not cause the spatial distance on the torus to decay. Thus the spatially periodic case is more
difficult in the probabilistic case. This is in contrast to the analytic setting, where having the
spatial variable on the torus means hypocoercivity can be shown by a very similar, and in fact

slightly simpler, computation to that in part 1 section 7 of [116] will show hypocoercivity.

In this work we study the contraction properties in the Wasserstein metric of the kinetic Fokker-
Planck equation with spatial variable on the torus and a quadratic velocity potential. Despite the
simplicity of this equation, to the authors’ knowledge this question has not been answered in the
literature, and a second goal of this manuscript it to understand what difficulties might explain
this.

This kinetic Fokker-Planck equation describes the law of a particle moving in the phase space

T x R whose location in the phase space is (X, V;) and evolves as

dX, = V,dt,
(2.1)

dV; = —AVidt 4+ dW4,

where W; is a Brownian motion and the spatial variable is in the torus T = R/(27rLZ) of length
2nL.

The corresponding law p; on T x R evolves as

1
Orpie + VO iy = Oy[Avpy + 531;!%]7 (2.2)
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where this equation is considered in the weak sense. The equilibrium state for this equation is

1 A 1
—L - ——? ) Leb.
2L eb® \/;exp ( 4)\1} ) cb

Solving the stochastic evolution, we show exponential decay of the distance between two solu-

tions.

Theorem 2.1. If u; and vy are two solutions to the kinetic Fokker-Planck equation (2.2), then we

have
Wa(pe, ve) < (67’\lt + Ceft/(Q’\QLz)) Wa (o, o)

for a constant ¢ only depending on L.

Remark. We are not aware of any paper showing optimal rate of convergence for this process in
Ws. The paper [61] shows that for large times this is the optimal rate of convergence in a weighted
L? space. Also, we show later that we can split the process in components which are broadly an
Orstein-Uhlenbeck process with rate A\ and a Brownian motion with diffusivity 1/\ on the torus.
One would expect the optimal rate of convergence for an O-U process in any reasonable distance
to be A and the optimal rate of convergence for the diffusion process to be 1/(2A\2L?). Therefore it

seems likely that our rates are optimal.

The key idea is that, after conditioning on the final velocity, the spatial variable has enough
randomness left to allow such a coupling. This approach is not based on a functional inequality
which is integrated over time.

In fact the evolution is not a contraction semigroup in the considered distance which we can

show directly in a straightforward way using the explicit solution to the SDE. Precisely,

Proposition 2.1. The kinetic Fokker-Planck operator is not coercive in the MKW distance. The
iequality
Wa(pesve) < € Wa (o, vo), Vo, o

cannot hold for any v > 0.

In order to construct a coupling showing convergence in the MKW distance, random variables
(X}, V) are constructed for t € RT and i = 1,2 such that (X}, V;!) has law p; and (X7, V;?) has
law 1. Then for t € R the coupling ((X},V;}), (X7, V;?)) gives an upper bound of the MKW
distance Wa (e, vt).

The fact that (2.1) is an evolution equation means that it could be considered more natural
from a probabilistic viewpoint to consider couplings that evolve along the flow of the equation.
This motivates us to look at couplings where (X}, V}}) are continuous Markov processes with initial
distribution pg and vy, respectively, and whose transition semigroup is determined by (2.1). For

such couplings we can consider a more restrictive class of couplings.

Definition 2.1 (co-adapted coupling). The coupling ((X},V,}), (X2, V) is co-adapted if, for
i = 1,2, under the filtration F that is generated by the coupling ((X},V;'), (X2, V;2)), the process

(X}, V1) is a continuous Markov process whose transition semigroup is determined by (2.1).

This is an important subclass of couplings, which contains many natural couplings, and an

even more restrictive subclass is the class of Markovian couplings, where additionally the coupling
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itself is imposed to be Markovian. The existence and obtainable convergence behaviour under this
restriction has already been studied in different cases, e.g. [89, 30, 42]. Note that the co-adapted
coupling is equivalent to the condition that the filtration generated by (X}, V;?) is immersed in the
filtration generated by the coupling, which motivates Kendall [86] to call such couplings immersed
couplings.

By adapting the reflection/synchronisation coupling, we can still obtain exponential conver-

gence but with a loss in dependence on the initial data.

Theorem 2.2. Given initial distributions pg and vy, then there exists a co-adapted coupling
(X7, Vi), (X2, V2)) such that

1/2
Walp, ) < (B [|1X} = X2+ (V2 - VvA)?)) "
< C¢(t) (Vv Wa(po, v0) +Wa(po, o)),
where
e min(2X,1/(2A2L%))t AL2)\3 #1
)=

e (1 4+ 1) 41203 =1

and C' is a constant that depends only on \ and L.

Here we used the notation |X}! — X?|r to emphasis that this is the distance on the torus
T. In fact the filtrations generated by (X!, V1) and (X?2,V?) agree which Kendall [86] calls an

equi-filtration coupling.

Remark. This achieves the same exponential decay rate as the non-Markovian argument, except
for the case 4L2X\3 = 1, when the spatial and velocity decay rates coincide and we have an addition

polynomial factor multiplied with the exponential.
In general the loss in the dependence is necessary.

Theorem 2.3. Suppose there exists a function o : RT + RT and a constant v > 0 such that for
all initial distributions po and vy there exists a co-adapted coupling (X}, V1), (X2, V;?)) such that

1/2

(E X = X2[R+ (V= V2)?]) " < a(Walpo, mo))e™ ™"

Then there exists a constant C such that for z € (0,7L] we have the following lower bound on the

dependence on the initial distance

a(z) > Cy/z.

The idea is to focus on a drift-corrected position on the torus, which evolves as a Brownian
motion. By stopping the Brownian motion at a large distance we can then prove the claimed lower
bound.

This shows that a simple hypocoercivity argument on a Markovian coupling cannot work.
Precisely, there cannot exist a semigroup P on the probability measures over (T x R)*2, whose
marginals behave like the solution of (2.1) and which satisfies H(P;(7)) < cH(mw)e™ "t for H?(m) =
JUXT = X2)2 + (VI = V3)2dr (X1, V!, X2, V?). Otherwise, the Markov process associated to P

would be a coupling contradicting 2.3.
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2.2 Set up

The stochastic differential equation (2.1) has an explicit solution, when posed in R?. For clarity,

when we are considering X to be in R rather than the torus we will denote it X. The explicit
solution is . .

X, = Xo+ 3 - e M)V + / 31— e MW,

0 (2.3)

t
‘/t :e—)\t%+/ 6_)\(t_s)dW5,
0

where W, is the common Brownian motion. In this we separate the stochastic driving as (A, By)

given by the stochastic integrals

t
1
Ay =/ —(1 = e = N)aw,,
0 A

t
B; = / e =9 qw,
0

which evolve as a vector in R? with the common Brownian motion W;. By Ito’s isometry (A, By)

is a Gaussian random variable with covariance matrix 3(t) given by

Yaa(t) = % [t - %(1 —e M)+ %(1 — 6—2“)} , (2.4)
Yap(t) = % [(1 —e M) — %(1 — 6_2’\’5)} , (2.5)
Sp(t) = 5 (1 - ). (2.6)

From this we calculate that the conditional distribution of A; given B; is a Gaussian with variance

Yaa(t) — X% 5(t) Y55 (1) and mean given by
paip(tb) = Xap () Spp ()b

We write g4 p for the conditional density of A given B and gp for the marginal density of B.
Hence

g(t,a,b) = gA\B(t»G'?b)gB(tvb) (2.7)
is the joint density of A and B.

The last part of the set up is the change of variables we will need for the Markovian coupling.
We define new coordinates (Y, V) in T x R by taking the drift away

Y= X4y,
A (2.8)

V=V

The motivation for this change is the explicit formulas found in (2.3) from which we see that Y is

the limit as t — oo of X; without additional noise. In the new variables, (2.1) becomes

1
d)/t = Xtha

dV; = = A\Vidt + dW4,
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for the common Brownian motion W;. Note that the motion of Y; does not depend explicitly upon

V; and is a Brownian motion on the torus.

It remains to show that these new coordinates define an equivalent norm on T x R. This follows

from the triangle inequality and we have
X' =X+ [V =V <Y = Y2 |r + <1+ )|V1 V2|

and the other direction is similar. Thus, the two norms are equivalent up to a constant factor that

depends only on .

2.3 Non-Markovian Coupling

We wish to estimate how much the spatial variable will spread out over time. We will then use
this to construct a coupling at a fixed time ¢ which exploits the fact that a proportion of the
spatial density is distributed uniformly. In order to do this we give a lemma on the spreading of a

Gaussian density wrapped on the torus.

Lemma 2.1. For 02 > 2L%log(3) consider the Gaussian density h on R given by

1 2 2
h _ —z*/20
@) V2mo? ‘

and wrap it onto the torus T, i.e. define the density Qh on T by

(Qh)(x) = h(x + 27Ln). (2.9)

neEZ

We have the following estimate on the spatial spreading

B

Qh(r) > L

where
267(72/2L2

Proof. We define the Fourier transform of a function on T to be

(Fa)(k) = / /L g(x)da,

/T g(z)de = /O @,

By the definition of ), the Fourier transform of Qh is given by

. k’2 2
th/ / Z h x + 27TLTL ZkCL‘/de = /Rh(z)elkz/l‘dz = exp (—2;>

neEZ

where

where we have used the well-known Fourier transformation of a Gaussian.
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Writing Qh in terms of its Fourier series and subtracting the & = 0 term, we have for any € T

Qh(z) B 1 e—k202/2L2—ikm/L + 1-p

T onL  2nL oL
kI>1

We want this to be positive. Therefore it is sufficient to show that

Z e—k202/2L2—ikx/L <1-3.
|k|>1

We estimate the left hand side by

—k?0%/2L°% —ikz/L —ko?/2L% _ 1 _
> <o) et 1 p
|k]>1 k>1

where the final equality follows from summing the geometric series. O

We can now use this to construct a coupling at time ¢. We will use this coupling to prove

exponential decrease in the Wasserstein distance.

Lemma 2.2. Lett > 0, be large enough so the variance of gap is greater than 2L1og(3), and
be such that

B
(Qgap)(t,a,b) > oL

where g a|p is defined by (2.7) above. Let p; resp. vy be the distribution of the solution to the Fokker-
Planck equation (2.2) with deterministic initial data pio = 0,3 1 and vo = 6,32 ,2 respectively, at

time t. Then there exists a coupling (X}, V), (X2, V) between uy and v, satisfying
B[V ~ V2] = ¢ [(vh — )]

and

1
E[1X; — X7I7] <201 = B) |lwg — {7 +

F( 1 2)2

Yo — Yo

Proof. Let us construct such a coupling. Since we have seen that g4 p is Gaussian density with

variance 02 = S 44(t) — £% 5(t)S55(t), we can use 2.1 to split the distribution Qga|p as

Qoap(t,8) = 500 + (1= D)s(t,a.b).

Then by assumption s is again a probability density for the variable a on the torus T. We now
consider the torus as a subset of R and then Qgap and 1/27L are probability density functions.
Therefore, s is also probability density functions supported on [0,27L]. Let B be an independent
random variable with density gz (¢,b), let Z be an independent uniform random variable over [0, 1]
and let U be an independent uniform random variable over the torus. Finally let S be a random

variable on R with density s(¢,-, B), viewed as a density function on R, only depending on B.
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With this define the random parts A!, A? of X}, X? as

1
Al :1Z§/8 l:U — .136 — X(l - €_>\t)1]é:| + 15>ZS,

1
A? =174 [U — x5 — X(l — e_)‘t)vg} +1p>28S.

We then construct (X}, V') defined by

- 1
X! =al + X(l —e M+ AL

‘/;1 — e*)\t,ué +B,

and (X2,V2) defined by
oo _ o 1 —Aty, 2 2
X; :$0+X(1_€ Jug + A=,
Vi =e M2 + B.

We then construct X¢ by wrapping X/ onto the torus (i.e. X/ € [0,27rL) and X} = X} mod 2xL).
By construction the pairs (X*, V%) have the right laws so they form a valid coupling.
We find
E[(Vy' = V)] = e [(vg — 5)?]

and )
1
et - x08] = - [ab - o S0 )]
T
and we can use Young’s inequality to find the claimed control. O

We now put these two lemmas together to prove 2.1, which states exponential convergence in
the MKW W, distance.

Proof of 2.1. We first show that we can reduce to working with deterministic initial conditions.
We denote p;"" to be the law of the solution to the SDE initialized at (z,v). Suppose we know
that

Wa(pi V™ ™) < w(t)d((z1, v1), (21, v2)).
Since, u¢,v; are the laws of Markov processes we know that,

e(6) = / / oy, w)dul™ (4, uw)dpo(z, v).

Hence given, 7 a coupling of ug, g we can construct a coupling of u,v; by

() =

/ ( [t <y2,m))duﬁ“””(yl,u1>du§“’”2><y2,u2>) dr (1, 01), (w3, 2)).

The couplings of this form are a subset of all the couplings of us,v; therefore we can take the

infimum over these couplings in order to bound the Wasserstein distance. Then given any coupling
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m of initial measures pg, vy we have

Wa (e, ve)? S/ Wa (", py )2 dm (21, v1), (22, 02))
(TxR)2

Sw(t)Q/ d((z1,v1), (w2, v2))%dm (w1, v1), (T2, 02)).
(TxR)?
Then taking an infimum over 7 shows that this implies

Wa (e, ve) < w(t)Wa(pio, vo)-

Given any initial points ((xg,v{), (z3,v2)), we can use 2.2 to construct a coupling ((X}, V;}), (X2, V;?))
of iy and vy. From explicitly calculating the variance of the distribution of A|B using (2.4), (2.5),
(2.6), we see that the variance grows asymptotically as t/\2. Hence by 2.1 we can choose 3 so that
1 — 8 — 0 exponentially fast with rate 1/2A2L?. This, combined with the control from the second

lemma, shows that
E[(V;' = V2?2 + X} — X73] < (efz’\t + ce*t/2/\2L2> [(v§ —v3)? + |z — =53] - O
The explicit solution also allows to prove that the evolution is not a contraction semigroup.

Proof of 2.1. We will prove the theorem by contradiction. Suppose v > 0 and let a # b be two

distinct points on the torus. Consider the initial measures

Ho = 5;c=a6v=0
and
vy = 69::1751):0-

Then the distance is Wa(po, o) = |a — b|r.
At time t the spatial distribution of u; and v, interpreted in R, is a Gaussian with variance

Y 44 which by the explicit formula 2.4 can be bounded as
Yaa(t) < Cat?

for a constant C'4 and ¢t < 1.
Hence for d > 0 and ¢ < 1 the spatial spreading is controlled as

2% 44(t) —d?
(T fa = d.ad) x R) < 30 e (w)

t2 dQ
< Clg €xXp <_02t4>
for positive constants C; and C5, where we have used the standard tail bound for the Gaussian
distribution (see e.g. [100, Lemma 12.9]).

For any d > 0 small enough that a + d and b &+ d do not wrap around the torus, any coupling

between p; and v; must transfer at least the mass

1= pm((T\[a—d,a+d]) xR) =y ((T\ [b—d,b+d]) xR)
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between [a — d,a + d] and [b—d, b+ d].

Hence the Wasserstein distance is bounded by

t2 d?
WQQ(,U,t, I/t) Z (|a — b|11‘ — 2d)2 (1 — 2013 exp (02t4>) .

Taking d = |a — b|pt*/? for ¢ sufficiently small, this shows that

2C Cala — b3
W3 (e, 1) 2 fa = ba(1 — 26%/%)” (1 T (‘M)) ‘

However, for all small enough positive ¢, we have

(1 _ 2t3/2)2 > 677t/2

_ B2
1— 2C4 Viexp _02\(1 blt > e~ t/2
\a — b"]r t

contradicting the assumed contraction. For the second estimate we use exp(—c/t) < (1+¢/t)~! =
t/(c+1).

and

O

2.4 Co-adapted couplings

2.4.1 Existence

For 2.2 we construct a reflection /synchronisation coupling using the drift-corrected positions Y;?. As
the positions are on the torus we can use a reflection coupling until Y;* and Y;? agree. Afterwards,
we use a synchronisation coupling which keeps Y, = Y;? and reduces the velocity distance.

For a formal definition let ((X¢,Vy'), (X3, V{#)) be a coupling between u and v obtaining the
MKW distance (the existence of such a coupling is a standard result, see e.g. [117, Theorem 4.1.]).

We then define the evolution of this coupling in two stages. First, define (X}, V') and (X3}, V;?)
to be strong solutions to (2.1) with initial conditions ((X¢, Vi) and (X2, V) respectively and
driving Brownian motion W}!. Then we recall the definition of Y from (2.8), and define the

stopping time T := inf{t > 0: Y, = Y;3}. Then we define a new process W7 by

—Wi t<T,

Wi =
P wioowk tsT
t T .

By the reflection principle, W? is a Brownian motion. We use this to define a new solution (X2, V,?)
to be the strong solution to (2.1) with driving Brownian motion W? and initial condition (X3, V).
Note now that 7' = inf{t > 0: Y,! = Y?}.

For the analysis we introduce the notation

Mt :}/tl _Y't27
Zy =V} — V2
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Then by the construction the evolution is given by

2
dM; = thdwg, (2.10)
dZ; = —\Z,dt + 2 - Ly<pd W}, (2.11)
where M; evolves on the torus T.
As a first step we introduce a bound for T'.

Lemma 2.3. The stopping time T satisfies

_ 4 > (2k+1)2 )\ . [(2k+1)|My|r
k=0

Proof. As M; evolves on the torus, T is the first exit time of a Brownian motion starting at M
from the interval (0,27L). See [100, (7.14-7.15)], from which the claim follow after rescaling to
incorporate the 2/\ factor. O

Remark. The second expression in (2.12) is obtained by solving the heat equation on [0, 2w L] with

Dirichlet boundary conditions and initial condition 6y, .

Lemma 2.4. There exists a constant C' such that for any t > 0 the following holds
P(T > t|My) < C|Mo|p(1 + ¢~ 1/2)e=t/ XL (2.13)

Proof. Using (2.12) and the inequality sin(z) < z for = > 0, we have

P(T > t|My) g et/ (2L )Z |J\242|T ;:ii —4k%t/(2A%L?)

7L|MO|T64/(2/\2L2) <1 + /Oo 64u2t/(2)\2L2)du)
0

2 272 ™
2 Mo et/ ALY [ -
7 [Molze TR0y

< C|M0"Jl‘(]- + t—1/2)e—t/(2/\2L2)

where on the second line we have bounded the sum by an integral. O
Using these simple estimates, we now study the convergence rate of the coupling.
Lemma 2.5. There exists a constants C such that for any t > 0 we have the bound
C|Mo|re=2 2X < 1/(2M%L2)

E [| M]3 + | Ze[*|(Zo, Mo)] < |ZolPe™? 4+ § C|Mo|r(1 + t)e 22X = 1/(2A2L2)
C|Mylpe=t/@NL%)  2) > 1/(2X2L2).

Proof. Without loss of generality we may assume that Zy and M, are deterministic in order to
avoid writing the conditional expectation.

Applying It0’s lemma, we find from (2.11) that

d|Z,> = —2M|Z,?dt + 4 - i< Ze AW, + 2 - 1< ppdt.
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After taking expectations we see that

%E|Zt|2 = —2)\E|Z,* + 2P(t < T). (2.14)
By explicitly solving (2.14) and using 2.4, we obtain

t
E|Z:|? = | Zo|?e M + 26_2)\t/ eMP(s < T)ds
0

t
< |Z0|2672/\t+C|M0‘T672)\t/ 6(2/\71/(2)\2[/2))8(1+S*1/2)d5.
0

=:1

Let us bound I;. As the integrand is locally integrable, we have for a constant C

t
It S C (1 +/ 6(2/\—1/(2)\2[,2))8 dS) .
0

Here the s~1/2 term can be bounded by 1 for s > 1 and for s < 1 the additional contribution can

be absorbed into the constant. To bound the remaining integral we consider three cases:
e 2)\ < 1/(2)\2L?): The integral (and I;) are uniformly bounded, I, < C.
e 2\ = 1/(2)\2L?): The integrand is equal to 1 and I, < C(1 +t).
e 2)\ > 1/(2)2L2): The integrand grows and I, < C(1 + e2A—1/@X* L))ty

In each case we multiply I; by e~2* to obtain the decay rate. In the first two cases this gives the
dominant term with |My|r (as opposed to |Zy|) dependence, while in the last case it is lower order
than the e~/ (X*L*) decay we obtain from E|[M;|? below.

Next let us consider E[M;|2. Using the finite diameter of the torus we have the simple estimate
E|M; |3 < 7?L°P(T > t).
For ¢ > 1 (say), we can use 2.4, to obtain
E|M,|2 < C|My|re /XL for t > 1.

This leaves the case when ¢t < 1 where (2.13) blows up. We instead use the martingale property of
M;. Without loss of generality we may assume that My € [0, 7L]. Then as M, is stopped at T we
know that M; € [0,2xL] for all ¢t > 0. Hence, for any ¢ > 0,

E|M; |3 < E[M,|* < 2nLEM, = 2xLM; = 2 L| M|y
by the martingale property. Combining the t <1 and ¢ > 1 estimates we have
E|M;|F < C|MO|Te_t/(2>‘2L2) for t > 0.

This together with the bound for E|Z;|? provides the claimed bounds of the lemma and completes
its proof. O
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Proof of 2.2. By the equivalence of the norms from (X, V) and (Y, V), we see that

1
B (X! - X2+ V) - VPP < (145 ) E (0 +12F)
< C'C()E(| Mot + | Z0[?)

1/2
< C¢(HE ((|X(% - X31E+ Ve = V&) T+ (1% — X517+ Vo — V02|2)) .

Here we used 2.5 to go between the first and second line, and to find the exponentially decreasing

term (. The constants C' and C’ come from the constants in equivalence of norms. O

2.4.2 Optimality

In order to show 2.3, we focus on the drift-corrected positions Y;! and Y;* which behave like time-
rescaled Brownian motion on the torus. For their quadratic distance we prove the following decay
bound.

Proposition 2.2. Suppose there exist functions « : (0,7L] — RT and ¢ : [0,00) — RT with
¢ € LY([0,00)), such that, for any z € (0,wL] there exist two standard Brownian motions W} and
W2 taking values on the torus T = R/(2nLZ) and both adapted to a common filtration such that
(Wt — WZ| = 2, and for t € R it holds that

E[[W, — WEIZ] < (a(2))*¢(1).

Then with a constant ¢ only depending on L, the function « satisfies the bound

~1/2
alz) > ¢ ||C||L1(/[0,<x>)) =

From this 2.3 follows easily.

Proof of 2.3. Fix z € (0,wL] and consider the initial distributions p = dx—gdy—p and v =
0x=:0y—o. Between p and v, there is only one coupling and Wh(u,v) = z.
If there exists a co-adapted coupling ((X}, V;!), (X?,V;?)) satisfying the bound, then Ytl/ \2 and

Yf/ sz are Brownian motions on the torus with a common filtration. Moreover,
E[lY;! — Y213 < CE[ X} — X7 |7 + |V} — V?)

for a constant C only depending on A. Hence we can apply 2.2 to find the claimed lower bound
for a. 0

For the proof of 2.2, we first prove the following lemma.

Lemma 2.6. Given two Brownian motions W} and W2 on the torus adapted to the same filtration,

then there exists a numerical constant ¢ such that
E[|W} - W2[3] > ce /P E[[Wy — WER].

Proof. The natural (squared) metric |x—y|2 on the torus is not a global smooth function of z,y € R
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as it takes x,y mod 2w L. Therefore we introduce the equivalent metric
. r—Y
d2 — 2gin2
T('ra y) s 27, 5

which is a smooth function of z,y € R. Moreover, the constants of equivalence are independent of

L, i.e. there exist numerical constants ¢; and cp such that

alr —ylF < di(z,y) < calz — yl3

Now consider H; defined by

) th _ Wt2 [Wl _ W2]t
H; = Lsin <2L exp —az )

As W} and W? are Brownian motions, their quadratic variation is controlled as [W?1 — W?2], < 4¢.

By Ito’s lemma

1 Wi — wg (W — w2, 1 2
dH; = 5 cos <H> exp <4L2> d(W* — W=),.

Therefore we may bound the quadratic variation of H by

t 1 2 1 2
1, (W) —W; W —w?, R
[H]t:/o 7 08 <2L> exp (2L2 dw! —w?,

Therefore, as also |[Hp| < L, the local martingale H; is a true martingale and by Jensen’s inequality
E[|H,|*] = E[|Hol].
Using the equivalence of two metrics, we thus find the required bound

Wl _ W2
E[[W) - W] > ¢ 'E [IHtPexp (—[gph)]
_ 2t
>c;'E [‘Hoﬂ €xp <—)

_ 2t
> crcy 'RB[|[WY — W3] exp (_LZ) O

With this we approach the final proof.

Proof of 2.2. Fix a € (0,1), let z € (0,7L] be given, and by symmetry assume without loss of
generality that Wi — W¢ = |[W} — WZ| = 2. Then define the stopping time

T =inf{t>0: W} - W2 ¢ (az,nL)}.
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The distance can be directly bounded as
E[|W, — W£[Z] > P[T > t](az)*.

As ( is integrable, it must decay along a subsequence of times and thus 7' must be almost surely
finite.

As W and W2, considered on R, are continuous martingales, their difference is also a continuous
martingale. By the construction of the stopping time, the stopped martingale (W1 — W?2),,r is
bounded by 7wL and the optional stopping theorem implies

zZ—az

Since Brownian motions satisfy the strong Markov property, we find together with 2.6
o0 o0
]E/ W} — W2 |3dt > ]E/ W, — W2|3dt
0 T

ZP[W}W%WL]EU W — W22 dt ‘ W}W%n]
T

> P[Wi — W2 = nlL]c(nL)? / o2t/ gt
0

z—az L2

L7 (nL)?=—
- 7rL—azC(7r ) 2
> Cuz

for a constant C, only depending on a and L, where the strong Markov property and then the
lemma are applied on the second line.

On the other hand, integrating the assumed bound gives

E/O Wy — WP|zdt < (a(Z))2/0 ¢(B)dt < (a(2))? lI¢ll 1 (0,00))

Hence
Caz < ((2))? €]l L1 ([0.00))

which is the claimed result. O
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Chapter 3

Hypocoercivity via Harris’s theorem

for Kinetic Equations with jumps

3.1 Introduction

The goal of this chapter is to give quantitative rates of convergence to equilibrium for some kinetic
equations with jumps via Harris’s theorem. Harris’s theorem |74, 96, 73] is a classical theorem
in Markov processes. It is originates in the paper [74] where Harris gave conditions for existence
and uniqueness of a steady state for Markov processes. It was then pushed forward by Meyn and
Tweedie [96] to show exponential convergence to equilibrium. The paper, [73], gives an efficient way
of getting quantitative rates for convergence to equilibrium once you have quantitatively verified the
assumptions. Harris’s theorem says, broadly speaking, that if you have a good confining property
and some uniform mixing property in the centre of the state space then you have exponentially fast
convergence to equilibrium in a weighted total variation norm. We give the precise statement in
the next section. Harris’s theorem has already been used to show convergence to equilibrium for a
kinetic equation in [94]. Here the authors show convergence to equilibrium for the kinetic Fokker-
Planck equation with non-quantitative rates. In [14] the authors use a strategy based on Harris’s
theorem to show non-quantitative rates for convergence to equilibrium for scattering equations
similar to those we study. In [38] the authors show convergence to a non-equilibrium steady state

for some non-linear kinetic equations on the torus using Doeblin’s theorem.

We will show quantitative rates of convergence for the following equations.

e The linear relaxation Boltzmann equation
atf+v'vmf_(va'vvf):Hf_fa (31)

where

If = (/f(t,x,u)du) M(v).

This simple equation is well studied in kinetic theory and can be thought of as a toy model
with similar properties to either the non-linear BGK equation or linear Boltzmann equation.

Its also one of the simplest examples of a hypocoercive equation.

63



64 CHAPTER 3. HYPOCOERCIVITY VIA HARRIS’S THEOREM
e The linear Boltzmann equation

atf +uv- vmf = Q(faM)7 (32)

where M is the Maxwellian with temperature 1 and mean 0, and

)= [ [ B.0.0) (00(e0) - () dodo..

;v v — v ,_U+v*_|v—v*|
VETg T T 2

This equation models gas particles interacting with a background medium which is already

in equilibrium.

e The kinetic non-local diffusion equation
Of+v-Vof =(VoU-Vof) = K= f = f+Vu(vf), (3.3)

where K is a smooth, radial, compactly supported function. This is a non-local equation so a
jump process which behaves in a similar way to a kinetic Fokker-Planck or fractional kinetic

Fokker-Planck equation.

These are all spatially inhomogeneous equations where we would expect to see hypocoercivity
[102, 50]. Hypocoercivity is proved using well chosen changes of norms and a combination of
functional inequalities. Here we present a different strategy of proof. As an example let us look
at the linear relaxation Boltzmann equation on the torus as a stochastic process. We can write an

SDE in an integrated form
t
Xt :Xo +/ ‘/st,
0
t
Vi=Vo+ [ [ (w-ve)ps,du).
0 Jrd

Here P is a Poisson point process on [0,00) x R? with intensity measure the tensor product of
Lebesgue in time and a Gaussian in velocity space. This is a piecewise deterministic Markov
process, at each jump time noise enters the system at the level of velocity. This noise is then
transferred into the spatial variable by the transport operator. We will write this in more detail in
the later sections but here we give a flavour of the strategy. Consider initial data which has the law
O(a1,01)- After one jump the noise is the velocity variable but not the spatial variable, the spatial
variable is deterministic but the velocity is now random. The transport operator mixes between
the velocity and the spatial variable so after one jump and some transport we are still supported
on a d-dimensional subset of the 2d dimensional space but we can view this as having noise in the
spatial variable and the velocity variable taking one of a discrete set of values conditional on the
spatial variable. If we jump again after this we inject noise in again at the level of velocity so now
the support of the solution is 2d dimensional. Following this carefully will allow us to bound the

law at time ¢, f(t), below by

alpo,r) () 1B(0,Rs) (V)

for some strictly positive constants a, Ry, Ry. This effect is in some ways reminiscent of transferring
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the coercivity to the other directions given by higher order Hérmander brackets as in part one of
[116].

Using Harris’s theorem gives an alternative and very different strategy to the methods following
on from Villani in [116] for proving quantitative hypocoercivity theorems. It allows us to look at
hypocoercive effects on the level of SDEs and to look at specific trajectories which might allow
one to produce quantitative theorems based on more trajectorial intuition. Another difference is
that the confining behaviour is shown here by exploiting good behaviour of moments rather than
a Poincaré inequality. These are often equivalent [9, 40] and have advantages and disadvantages.
However, the condition on the moments used here might be much easier to verify in the case where
the equilibrium state cannot be made explicit. Harris’s theorem has a restriction which is that
we can only consider linear Markov processes which does not include some important spatially

inhomogeneous kinetic equations.

We also look at Harris type theorems with weaker controls on moments to give analogues of all
our theorems when the confining potential is weaker and give algebraic rates of convergence with
rates depending on the assumption we make of the confining potential. Subgeometric convergence
for kinetic Fokker-Planck equations with weak confinement has been shown in [51, 9, 34]. To our
knowledge this is the only work showing this type of convergence in a quantitative way for the

equations we present.

The plan of the chapter is as follows. We introduce Harris’s theorem. Then we have a section

on each equation describing how to verify the assumptions of Harris’s theorem.

In all our theorems it is possible to compute the constants in the final exponential convergence
to equilibrium result. The proofs are constructive and do not rely on contradiction or compactness
techniques. When the equations are set on the flat torus these constants depend on the collision
operator but not on any a priori information about the solution. When we look at equations
with confining potentials the constants depend both on the collision operator and on the confining
potential. The dependence on the confining potential can be made explicit in terms of the various
bounds we will assume on this potential. There is no mathematical difficulty in actually calculating
the constants but they will be extremely cumbersome and complicated. They are also extremely

unlikely to be sharp.

3.2 Harris’s Theorem

Now let us be more specific about Harris’s theorem. We give the theorems and assumption as in
the setting of [73] where they make it clear how the rates depend on those in the assumptions. Let
us define our setting. Rather than looking at these equations as PDEs we can consider the Markov
semigroup P;. This is the continuous space version of a Markov transition matrix. P, u is the weak
solution to the PDE with initial data p. Therefore P, = €' where G is the generator. Saying
that P; is a Markov semigroup means that if M (S) is the space of measure on phase space S then
we have that P; is a linear map given by a measurable kernel. This means that, if we consider P;
acting on density functions, then P; will be linear, mass preserving and positivity preserving. We

can also look at the action of P; on observables.

Pro(z) = / 6(=')Pid.(d').
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Then we can define the forwards operator, L, associated to P; by

d
—Pro| = Lo.
e’ t=0

We begin by looking a Doeblin’s theorem. Harris’s theorem is a natural successor to Doeblin’s
theorem. Harris’s and Doeblin’s theorems are normally stated for a fixed time ¢,. In our theorems

we work to choose an appropriate ..

Hypothesis 3.1 (Doeblin’s Condition). We have a Markov semigroup Py, where there exists v a
probability distribution and « € (0,1) such that for any z in the state space we have

Pt*éz Z av
Using this we prove

Theorem 3.1 (Doeblin’s Theorem). If we have a semigroup Py, satisfying Doeblin’s condition

then for any two measures py and po we have that
1P — Pipzllry < (1—a)" |l — pa.

Proof. This proof is classical and can be found in various versions in [73] and many other places.
The key idea is that the minorisation condition tells us that the two measures share a proportion
or their distribution after a certain time. First suppose that ||p; — pa|/7yv = 28 then there exists

1o, 41, iz probability measures such that we can write

pi = (1= B)po + B

and ||fiy — fi2]] = 2. We find this by setting

po(d) = T min{is () pa(A)}, i = 5 (s = (1= Bpo)

So then since P, is linear we have that

Pe. i1 — Pr, p2llrv = BlIPr, fir — Py, fiz|lTv -

Therefore we may as well assume that § = 1 initially. Once we have done this, since Py, is Markov

we can disintegrate over the possible starting conditions to get
Pefis = Prdiley = [ [P0 = Prdllrvin(@a)ia(deo).
We now use our assumption to rewrite
P 0., = av+ (1 —a)y,
where ~; is a probability measure. This means that,

P02 — Pr,bz llrv = (1 = a)|[y1 — 2llrvy <2(1 — ).
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Substituting this all back in gives that

[Pe.pn = Prpallry < (1 = a)lpa — pallzv.
We then iterate this to get the final result. O

Harris’s theorem extends this to the setting where we cannot prove minorisation uniformly on
the whole of the state space. The idea is to use the argument given above on the centre of the
state space then exploit the Lyapunov structure to show that any stochastic process will return to
the centre infinitely often.

We make two assumptions on the behaviour of P;,, for some fixed ¢,

Hypothesis 3.2. There exists some function V : T*xR% — [0, 00) and constants D > 0, € (0,1)
such that
Pr (V)(x,v) < aV(z,v)+ D.

Remark. We use the name Lyapunov condition as it is the standard name used for this condition
in probability literature. However, we should stress this condition is not closely related the Lyapunov

method for proving convergence to equilibrium. We do prove monotonicity of a functional.

Remark. In our situation where we have an equation on the law f(t) this is equivalent to the

statement

/ ft, 2)V(z)dz < a/ £(0,2)V(z)dz + D.
5 s

We normally verify this by showing that

3/ F(t2)V (2)dz < —/\/ F(t )V (2)dz 4 K,
for some positive constants K and .

The idea behind verifying the Lyapunov structure in our case comes from [94] where they use
similar Lyapunov structures for the kinetic Fokker-Planck equation. When we work on the torus
the Lyapunov structure is only needed in the v variable and the result is purely about how moments
in v are affected by the collision operator.

The next assumption is a minorisation condition as in Doeblin’s theorem

Hypothesis 3.3. There exists a probability measure v and a constant 5 € (0,1) such that

inf Py 6, > P,
(z,v)eC

where
C={(z,v) : V(x,v) <R}
for some R > 2D/(1 — a).
Remark. Production of quantitative lower bounds as a way to quantify the positivity of a solution
has been proved and used in kinetic theory before. For example it is an assumption required for the

works of Desvillettes and Villani [46, 47]. Such lower bounds have been proved for the non-linear
Boltzmann equation in [101, 28, 29].
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This second assumption is more challenging to verify in our situations. Here we use a strategy
based on our observation about how noise is transferred from the v to the = variable as described
earlier. The actual calculations are based on the PDE governing the evolution and iteratively using
Duhamel’s formula.

We define a distance on probability measures for every a > 0

paljin, 2) = / (1+ aV(z,v)) | — szl (drdv).

Theorem 3.2 (Harris’s Theorem). If hypotheses 3.2 and 3.3 hold then there exists & € (0,1) and
a > 0 such that

Pa(Pr. 1, Pe, pr2) < apa(pn, p2).

Explicitly if we choose By € (0,8) and oy € (o + 2D/R,1) then we can set v = Bo/K and
a=(1—(8—Po)) A2+ Ryao)/(2+ Ry).

Remark. We have that

min{1,a}p1(p1, p2) < palpn, p2) < max{l,a}pr(p1, p2)-

We can also iterate Theorem 3.2 to get

Pa (,Pnt* 11, P, .UQ) < anpa (/1’17 N2)~

Therefore we have that

,max{1,a}

mpl(ﬂla ,UQ)-

P1(Pat. 11, Prt, pi2) < &
Remark. In this paper we always consider functions V. where V(z) — oo as |z| — oco. In this

case we can replace C in hypothesis 3.3 with some ball of radius R’ which will contain C.

In order to prove Harris’s theorem we follow [73] and formulate the weighted total variation

norm as dual Lipschitz.

Sketch proof of Harris’s Theorem. We are looking at convergence in a weighted total variation

which is the dual of

Joll = sup 250

We wish to write this as a Lipschitz norm. We also introduce a parameter which we can tune to

help adapt the proof to give quantitative rates in a simple way. If we write

0 Z1 = 22

da(21,22) = { 2—|—GV(21) +aV(22) 21 7& 22

and define

||¢||a = Slip %7

Then
o = inf .
H¢||szda igRH(ﬁ‘FCHa
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For details of this see [73].
Lets look when V'(21) + V(22) > R. We have that if ||@||Lip,, <1 then

P o(21) — Prd(z2)| <24 aPV(z1) + aPV(22)
<2+4+aa(V(z1)+ V(22)) +aD
<@ (24 a(V(z1) + V(22))) = ada(z1, 22)-

Where
2+ aRa

“= 24+aR

Now we look at the case V(z1)+V(22) < R and hence z; and z; are in C. By similar arguments

to Doeblin’s theorem we get that
[PL.o(z1) = Po(z2)| < 2(1 = f) +aa(V(z1) + V(22)) + aD.

So now we choose a sufficiently small to mean that this is a contraction. O

There are versions of Harris’s theorem adapted to weaker Lyapunov conditions which give
subgeometric convergence [9]. We use the following theorem which can be found in section 4 of
[70].

Theorem 3.3 (Subgeometric Harris’s Theorem). Given the forwards operator, L, of our Markov
semigroup P, suppose there exists a continuous function M valued in [1,00) with pre compact level
sets such that

LM < K — ¢(M),

for some constant K and some strictly concave function ¢ : Ry — R. Assume that for every C > 0
we have the minorisation condition like 3.5. i.e. for some T a time and v a probability distribution
and o € (0,1), then for all z with M(z) < C

P, > av.

With these conditions we have that

o There exists a unique invariant measure j for the Markov process and it satisfies

/ 6(M(2))dp < K.

o Let Hy be the function defined by

“ ds
H, = /
A0
then there exists an constant C such that for every z1, ze we have

M M
1P, — Pus,|| < ¢ M) £ M=)
H, " (t)

¢
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o There exists another constant C such that

CM(2)

P8z — pll < —=
H'\(t)

. C
(0o H (1)

We will apply this abstract theorem as well as Harris’s theorem to the PDEs we study to show

convergence when they only satisfy a weaker confinement condition.

3.3 Linear relaxation equation

We begin with the linear relaxation equation. This is the simplest of our equations. This allows
us to present the key ideas of the strategy of proof which can then be built on to show similar
results for the more complicated cases. On the torus without confining potential we do not even
need to use a Lyapunov structure so we use Doeblin’s theorem. Convergence to equilibrium for
this equation has been shown in [33] in H! to converge faster than any polynomial function of ¢. It
was then shown to converge exponentially fast in both H' and L? using hypocoercivity techniques
[77, 102, 50].

3.3.1 On the flat torus

We consider
Oif +v-Vof =Lf, (3.4)

posed for (z,v) € T? x R?, where

Lf(z,v):= L f(z,v) — f(z,v) := ( f(z,u) du) M) — f(z,v). (3.5)

Rd

As in the introduction either of these equations is a PDE on the law of a Markov jump process

which can be written
t
X =Xo+ [ Vads (3.6)
0
t
Vi =Wy +/ / (w —V,-) P(ds, dw). (3.7
0 JRrd

P is a Poisson random measure with intensity measure Ar, ® 74. Here A, is Lebesgue measure

on R, and vq4 is the d dimensional standard Gaussian measure.

Theorem 3.4. The solutions to equation (3.4) converge exponentially fast to equilibrium in total
variation distance. This rate is explicitly calculable. i.e. There exists some A > 0 and C > 0,

which we can compute, such that

1£(t) = ullzy < Ce™ |1 £(0) = pllzv,
where f(t) is a solution to (3.4) at time t.

As already mentioned here we can show a global Doeblin condition so we do not need a Lya-

punov condition. We focus on showing uniform minorisation. We define (T});>¢ as the transport
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semigroup associated to the operator —v-V, f; that is, t — T; f solves the equation 0; f +vV,f =0

with initial condition fy. When fj is a function one can write T; explicitly as
Ty fo(z,v) = folz — tv,v). (3.8)

Lemma 3.1. Let f(t) be a solution of (3.4) with initial data fo, (f(t) = Pefo) then we have that

t s
et f(t) > / / Ty s LT, LT, fodrds. (3.9)
o Jo

Remark. This is to say that fi will be bounded by the density restricted to the set where there are

only two jumps in time t. i.e.
P(Z, € A) > P(Z, € A and there are exactly two jumps before timet).

Proof. Here we look at measures as well as densities in which case we take > to mean when
integrated against a positive test function. We prove this only in the case of functions but the
same proof works with small adaptations when understanding everything by duality. First we note
that

8,; (Tftf(t)) = Tft (L+f - f) .

Therefore we have

8,5 (etT_tf(t)) = etT_tL+f(t).
So Duhamel’s formula gives
t
e'T_1f(t) = £(0) +/ eST_ LT f(s)ds,
0

changing variables we have

t

el f(t) =T, £(0) + / STy s LT f(s)ds.

0

Looking at just the first term, and noting that L* is positive, we have that

e’ f(t) = T, f(0),

this also clearly holds replacing ¢t by s. Again as L™ is a positive operator so we can substitute

this into the second term to get

t
e F(t) > / T, JL*T, £(0)ds.
0
We can then again substitute this into Duhamel’s formula to get
t s
el f(t) > / / Ty s LtT, . LTT,f(0)drds.
0o Jo

O

We will now check two properties. The first one says that the operator L always allows jumps
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to any velocity:

Lemma 3.2. There exist ar,ry > 0 such that for all non-negative measures v on the velocity
space, R?, we have
LTy > apv(R) 1<, - (3.10)

Here > is understood by duality.
Proof. This is true for any r, and ay will depend on 7y, just by setting
M(’U) Z M(TL)l\CﬂlﬁT’L'
O

The second one says that the transport part can move a particle to a neighbourhood of 0, given

that one starts out with the correct velocity:

Lemma 3.3. For all R > 0 there exist ap,rp,to > 0,9 > € > 0 (possibly depending on R) such

that for all non-negative measures . on T¢ we have
Ti(1t ® 1p(o,rr)) (A x RY) > aru(B(0, R))|B(0,77) N A| Vt € (to —€,to+¢), A€ B(T?). (3.11)

Proof. We show this assuming that p has density h. This is just in order to write the transport

semi group more explicitly. Exactly the same proof works in the measure case. We have that

T; (h(m)lB(o;rL)(v)) = h(z —vt)1 ;) (V).

Integrating this and changing variables gives that

[ 7 (a0 40 = 55 [ B1s0 (7L

We have that

r—y
1B(0;rr) ( . ) > 1B(0sr1/2) (/1) 1B (0,11, /2) (Y/1)-

Therefore for all ¢ > 2R/r, we have

z—y
I < ; > > 1po;r) (T)1B(0;R) (Y)-

Hence

Ti (M) 1B (05, (v)) > tid/ h(y)dylpo,r)(z).

ly|<R

So if we take t to be in (2R/rp,2R/ry + €) we have our assumption with az = (2R/rp, + €)? and
rr = R. L]

Proof of Theorem 3.4. Take now fo = 0(zy,00). Let us write Z.(z,v) = (X;,V,)(z,v) for the
solution to the equation X, = V,,V, = 0 with initial data (x,v). With these two properties we

have the following lower bounds, which we will use to obtain a lower bound in (3.9):

TrfO = 5Zr(9€07vo)’
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Using Lemma 3.2,
L+Trf0 > ag, 6XT($O,U0)('T) 1|v\§TL = Oth(.’,E) 1\U|§rL'

Using Lemmas 3.2 and 3.3, whenever s — r € (tg — €,to + €) we have
L+T9—TL+TT’fO Zar (/ Ts—rLJrTrfO du) 1\U|<TL
R4 -
> (XQL (/Rd Ts_r(h(l‘) 1|u|§TL) du) 1\U|S7‘L
> OZ%CMT 1\$|§TT 1|v\§rL-

We now need to allow for a final bit of movement along the flow T;_,. Let us assume that € is

sufficiently small that rre < ry/2 then
T s1B(0rr) () 1B0:r) (V) = 1B(0srr) (& — VE)1B0:r1) (V) = 1B(0irr/2)(2)1B0:r) (V)-
This means that for all ¢, s,r such that r < e,t —s <eand s —r € (2R/rp,2R/rL + 2¢) we have
Ties L Toor LT fo > @Z071 g <rp j2 ol <1 -

We now integrate this setting ¢t = 2R/r, + 2¢ then

t S t €
/ / Ty o LtT,_ L*T, fodrds > oz2LaT/ / Lig|<rpj2ljpj<r drds
0 0 t—e JO

2 2
2 agare lg<sp /2| <r, -

Now since we are on the torus we can just make R large enough so the ball of size R covers
the whole torus. Therefore this bound is uniform in starting positions. This means we can use

Doeblin’s theorem rather than Harris’s theorem and get that

I fe = pllrv < el fo = nllzv-

3.3.2 With a Confining Potential

Consider the equation

Of +v-Vaof —VoU(x) Vof = Lf, (3.12)

here L is defined as before and z,v € R%. Now we have to use the full power of Harris’s theorem
to show convergence to equilibrium. This is because the behaviour in x is necessarily local and we
cannot expect the trajectories to reach the centre at the same time for any x. This means we also
have to find a Lyapunov function for the flow and weight our norm by this function. This means
weighting the TV norm with moments in v as well as « in order to see the confinement through

the transport operator which mixes x and v we need weights in v as well.
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Theorem 3.5. Suppose that U(x) is a function satisfying
V.U (z)| < CU(z)"

for some n € (0,1) and
r-V,.U(z) > y|zf* + %U(z) — A

for positive constants and v1 < 1. Then the solution to (3.12) converges exponentially fast to
equilibrium in a weighted total variation norm. More specifically there exists C > 0 and A > 0

which we can calculate explicitly and do not depend on the initial data such that

p(Pep1, Pepz) < Ce M p(pa, po),

where ) ) )
P(/ihllz) = / <]. + U(CU) + 5"U|2 + Zx -+ 8|1’|2) |/J1 — [LQ‘(dSUd’U)

Furthermore as U is super quadratic at infinity p is equivalent to the distance weighted by the

Hamiltonian
o pz) = [ (1 Hw, ) — pol(dlado).

Remark. The conditions on U hold for any C? function which is super quadratic and grows
polynomially at infinity. This includes multiple wells. The standard assumption is that U needs to

satisfy a Poincaré inequality in [50] and others. In this paper they also need that

lim (|[V,V|*—A,V) >0.

|z|—o00
Therefore our condition seems to be stronger as it limits how fast the potential can grow at infinity.

To show the minorization condition we use that the jump operator instantaneously produces

large velocities.

Lemma 3.4. For any Ry there exists 05y and Ry such that there will be a range (s, s*) for which

if s € (s4,8") we have

/TS(5$01\U|§R2)d'U 2 ej<on
for any U(zo) < Ry.

Proof. Let Xy, V; be the solutions to the flow T;. Then
Xi =V, Vi=-V,U(Xy).
So by Taylor expanding we have
X, = Xt + error = x + vt + error.

Furthermore )
X, — X3 < —¢2 X,)|.
| t t| = Iggf Qt |VwU( T)|

The energy U(x) + |v|?/2 is fixed by the flow of the equation and the energy of an initial point in
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the set we wish to evolve is bounded by R; + R%/2. Using our assumption this means that
~ R2 n
|X; — X;| < Ct? (Rl + 22) :

If we evolve the set under f(t we get the ball of radius Rot around xg. So if we want to hit the
target set B(0,d5s) then we need that

X; (62 X B(0, Ry)) D B(0,6x1).

This is if and only if
820 X B(0,Ry) D X; ' B(0,6).

Furthermore, since X; is a bijection we have that this is if and only if
X; (62, x B(0,Ry)) D X: X; ' B(0,0y).
In the same was as above

- - B R2\"
KX ) (o) = KO o) = X o) < 0 (R 2 )
Therefore X, X; ' B(0,0,) is contained within B(0, 5y + Ct?(Ry + R3/2)") so we want to show
that
R3

n
Xt (510 X B(O,Rg)) OB <0,5M +Ct2 <R1 + 2> > .

That is all possible displacements of the target ball by amounts less that Ct?(R; + R3%/2)" are

contained in the ball of radius Ryt around z(. This will happen if

R2 n
R2t22R1+5M, Ct2 <R1+22> < Ry,

<:>t2>47R% t2<L
- R3’ ~ C(R1+ R3/2)"

The denominator in the lower bound grows faster than the denominator in the upper bound so for

R, sufficiently large we have our required bound. O

Proof of Theorem 3.5. Now the strategy is to verify both the hypotheses 3.2 and 3.3 of Harris’s
theorem then use the quantitative version of Harris’s theorem to get convergence with explicit
rates. We start by proving the minorisation condition. Proof of hypothesis 3.3. If we take a point
(1‘0, Uo) with
1
U(wo) + 5 lvol* < Ry,

then we take fo = d(4,,4) and evolve it we get

TrfO = 6(1’1,1)1)

where the energy bound is still satisfied. Then for our required Ry we have that

LJFTrfO 2 aR, 51;1 ]‘B(O,Rz) .
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We now apply our lemma to get that if (s — r) is in our given range then we have

Ts—r L1 T, fo > apy0u—c() 1 B(0,60) (2)-

Then applying hypothesis 3.2 again gives

LTy L¥T, fo > ok, 15(0,60) (@) 150, R (V)-

Now if we make ¢ — s small we can bound

Ts(o.0) — ()] < 1o VIV F V0P )
<C max (;VTF + U(XT)> (t— )
<c (;W + U(x)) (t—s).

We can find some K depending on 57, Ro such that the energy is bounded by K on 150, 7,)(v)15(0,5,,)(%)-
Also B(0, R2) x B(0, ) contains some ball B(0,d,) so we make ¢t — s < 0,/2K which means
that

T, LYTs_ LT, fo > 04?3213(0,5;”/2),

provided that ¢ — s is sufficiently small and s — r lies in the correct range. We then integrate over

our permissible range of times to get minorisation.

Now we look at the Lyapunov condition. Proof of hypothesis 4.2. We look at the forwards
operator

Sf=ovV.f-V,U(x) - Vof+L"f—f.

We want a function M (z,v) s.t
SM < —A\M +C

for some constants A > 0,C > 0. We need to make the assumption that
z-VU(z) > y|z]? +1U(z) - A
with 773 < 1. We then try the function

1
M(z,v) =U(z) + §|v|2 +ax - v + blz|?.
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We want this to be positive so we impose a? < 2b. We calculate that

1 1
SM =5~ §|v|2—am~v+a|v|2—am~VxU(x)—|—2bx-v

1
<0 = (G =) b+ (b= 0o anle? - anU(a)

1
(a=1/4b=1/8)  =C'— 1P = L - LZU()
<C' — (2 + 1ol?) - 2U(x)
4 4
pon (L o e} e
<C 4<2||—|—4xv+8|> 4U()
So M (z,v) works with
| min(31,72)
i)

3.3.3 Subgeometric convergence

When we have the sub quadratic behaviour of the confining potential at infinity we can still use a
Harris type theorem to show convergence to equilibrium. This translates into having subgeometric
rates of convergence. Now instead of our earlier assumption on the ® we instead make a weaker

assumption
Theorem 3.6. Suppose that U(x) is a function satisfying
IV.U(x)] < CU)", - V,U(z) > 7 (2)’ +72U(z) - A.

Where
(@) =1+ [a]?,
and € (0,1). Then the solution to (3.12) converges to equilibrium in a weighted total variation

norm in the following way. We define the function M by

1 1 1
M(z,y) =U(x) + §|v|2 + Zx~v+ g\x|2

Then there exists a constant C' > 0 such that
[Pz, — Pidayllry < C(M(21) + M(2)) (1 + £) /=0,

and
|Pe6. — pllry < CM(2)(1+)~ YO8 4 01 +¢)=A/(0=F),

Proof. The proof of the minorisation condition is exactly the same. We can also replicate the
calculations for the Lyapunov function as in the proof of Theorem 3.5 to get that in this new
situation we have for a = 1/4,b = 1/8 that

1 et Y2
M<C — =)= L) — 2U(a).
SM < C 4|11| 1 (x) 4U(z)
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For x,y > 1
(@+y)° <a’ 44"
So we have
i Y2
SM <C" — Z(( v) + (x)) — ZU(UU)
<O = R+ [af + pP)? - 2U ()

<CI/

B
<0" - )\<1 \v|2—|— —z-v+ = |w|2) —\U(z)?
(U |U|2+

1 B
i + - |x|2>

So we have that
SM < —AMP +C".

This means we can take ¢(s) = 1+ s” Therefore

“ o1
H = ——dt ~1
¢(u) ‘/1 1+ P +u

for u large. Therefore

H'(t) ~ 141070

for t large and
gpoH, '~ (1+1)P/0=A),

3.4 The Linear Boltzmann Equation on the Torus

We now look at the Linear Boltzmann equation. This has been studied in the spatially homogeneous
case in [17, 31]. Here the interest is partly that this is a more complex and physically relevant
operator. Also, it presents less globally uniform behaviour in v which means that we have to use
a Lyapunov function even on the torus. Apart from this the strategy is very similar to that from
the linear relaxation Boltzmann equation. The Lyapunov condition on the torus and the bound

below on the jump operator have to be verified in this situation.

We counsider for z € T¢

atf+v.vmf:/Rd /SHB<|Z:5:| .0, |vv*|> (F ML) — F)M(v,)) dodv,.  (3.13)

We assume that B splits as

B(|Z_Z* -a,|v—v*|> :b<|z_z*| 'O’) [v— v,
- Ux - Ux

We make the cut off assumption that b is integrable in ¢. In fact we make the much stronger

assumption that b is bounded below by a constant. We also work in the hard spheres/Maxwell
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molecules regime that is to suppose v > 0. We have
Ohf+v-Vof =LTf—a(v)f.

We have that
o(v) >0,

and o(v) behaves like |v|? for large v. See [31] Lemma 2.1 for example.

We can write this as the equation on the law of the following jump process

t
X =Xo +/ Vsds,
0

t [e'e] [e%e} V* _V7
Vvt:‘/()‘i‘/ / / / / (<w+ 2 +|w s |U>_V9)1 V _—w
0 Jsi-1JraJo Jo 2 2 PSb(h"’)

Lo<iv,_ —wl P(ds,do, dw,dq, dp).

Here P is a Poisson random measure with intensity measure given by Ag, ® Aga-1 @74 @ Ar, @ A, -

Here A\g is Lebesgue measure on S and 74 is d-dimensional standard Gaussian.

Theorem 3.7. If f(t) is the solution to the linear Boltzmann equation, (3.13), for Mazwell
molecules with cut off and b bounded below then there exists C > 0 and A > 0, which we can

compute explicitly, such that

p(Pep1, Pepz) < Ce M p(pa, pa),

where
plonpz) = [+ 1o = pa (),

We want to reduce to a similar situation the linear relaxation equation.

Lemma 3.5. For f a solution to (3.13) we have that
t s
f(t7 x, U) > e—tC(l+(R+ri/2)w/2) / / Tt—sL+Tser+Trf0($, U)l\v|2§R+2r%drd3-
o Jo
Proof. We look at Duhamel’s formula again and let us call
t
Y(s,t,x,v) = / o(V(z,v))dr.
We get
t s
f(t,x,v) 2/ / thsefz(”’g”’”)L+Tsfrefz("5’$’”)L*Trefz(o’””’”)fo(x,v)drds.
o Jo

We restrict to paths where |v|? < R+ 2r? for these

S(s,t,2,0) < (t— 8)C (1 +(R+ 27%)7/2) .
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Therefore

t s
f(t, z, U) > 67tC’(1+(R+2r%)7/2) / / Tt—sL+Ts—rL+TrfO (1‘7 U)1|v|2§R+2r% drds.
0 JO

We have that

L+f:// b(“_”* .U) lv—v* | f (0" )M(v.)dod,.
Rd Jgd—1 |’U*U*|

Using Carleman representation we rewrite this as

f@p4é B(Jul, ) M(v!)dv,.

Ltf=
R [V —v

v,v

We want to bound this in the manner of the lemma from the first part. We look at hard spheres

and no angular dependence this means
B(ul,€) = Clu|7¢"*

with v > 0. We also have that

|U B 'U'| / /
=1 = 20— — 2]
€= oty Il = o=t =
So we have that ,
LTf= 1) 120 — v — V|77 2 M(vL)dul,.

v,v

We want to prove something similar to Lemma 3.2 but we look at this localised so we want

Lemma 3.6. Lt from the linear Boltzmann equation for hard spheres and no angular dependence

satisfies for all Ry,rr, there exists o such that
L+g > Oé/ g(u)dU1|v|§rL-
B(O;RL)

Therefore the semigroup generated by this equation satisfies a minorisation equation for all starting

points with |v| < rp.

Proof. First we note that on E, ,» we have
/ /| —d—2 1 112 1 112
|20 — v — V] > Cyexp —§|v—v*| —i\v—v\ .
Then since v > 0 we have

2
20— v —v =" = (jv—V']*+ |v—v;|2)w > v =",
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So this means that

’ ]_ ].
[ v 2O [ e (<Gl ol Gt ) it
E

E

v, v’/

_ 2 _ 2 _ _ a2
>Ce-lv—v' /21l / o — ol e PV 2y

v, v/

v,v!

e L S

So we have that
L+f ZC/ f(’l),)|’l) _ U/|—1e—\v—v'|2/2—\v|2dvl
]R:i

>C f(v/)e—2|v’|2—3|v|2
=z a

>Ce 21 / FO)do e 3,
B(0,R)

So we see we have bounded by a Maxwellian as before.

For the minorisation we can argue almost exactly as for the linear relaxation equation. Suppose
that we satisfy the condition in Lemma 3.6. Then we choose a starting point §(,, ,,,) where lvol? < R
after the first transport this energy is preserved. Then after at each jump we add at most r% /2
to the total energy, as we only follow trajectories where the velocity jumps to something smaller
than rz. This means for a path with two jumps we always stay within the the set |v|? < R+ 2r?.
Then the largest velocity we can reach is \/m so if we set Ry, to be this in Lemma 3.6.

Therefore as for the linear relaxation equation we have that

TT(S(IU,UO) = 6(301,%)'

Then since |vp|? < Rz, we have
L+TT5(9C077)0) > al‘UlSTL'

Now we have as for the linear relaxation Boltzmann.
TS—TL+T’I‘6(:E(),’U0) > aleB(ml,trL)lveG(z)'

Now we can see that G(x) C B(0,r) therefore if (s — r) is sufficiently large so that B(zq,try)

covers the whole torus we have
LTy LT 050 00) = & Ljp<yy -
Then since T;_4 doesn’t alter the v-variable we have
Ty s LY Ty LT T8 (g 00) = & 1jp)<ry -

Minorisation follows from integrating over the permitted values of s,r as for the linear relaxation

equation. O

We now reprove the moment control result from [17] in more detail On the torus we do need a

Lyapunov functional in this case. We want to test with M = v2. Let us use the n-representation
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for the collisions:

v'=v—n(u-n), vl = v, +n(u-n).

We assume the collision kernel can be written as
B(lv — sl [€]) = v — v "b([€]),

where
uU-n
§=

= —) U=V — V.
|u

We also assume that b is normalised, that is,
/ b(lw-nl)dn =1
Sd

for all unit vectors w € S%1.

Lemma 3.7. Let L be the linear Boltzmann operator. There are constants C, K > 0 such that

/RdL(f)|v\2dv§—C/Rd |v|2fdv+K/Rdf

for all non-negative measures f.

Proof. Using the weak formulation of the operator,

/RdL(f)\”PdU:/Rd /R /Sd_lf(U)M(v*)|v—v*|7b(|§|)(|v’|2— [0]2) dn dv do,.

Now we notice that

012 = Juf? =[] = WL * = —(u-n)? = 2(vs - ) (u - n)
= ulP€ = 2(0. - m)(v - 1) + 20 - )?
= —|v]2€% — 1,2 + v 0.2 = 2(vs - n)(v-n) + 2(v, - )2

Note that the first term is negative and quadratic in v, and the rest of the terms are of lower order
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in v. Hence, calling v, := fsd—l £2b(|€]) d€ we have

[ oo == [ 0P s) [ Ml = vl dv. o
o [ 1) [ o EMEl = du do
N /R vf(v) /R v M(0)|0 — v. |7 dv, dv
—2/Sd_1/Rd(v~n)f(v)/Rd(v*~n)/\/l(v*)|v—v*|7dv*dvdn
+/S /Rdf(v) /Rd(v*~n)2M(v*)|v—v*|7dv* dvdn

<= [ W) [ Ml = vl dv.do

) [ 10lf) [ oMol — o7 do. o
+/Rd ) /R o2 ZM(02) [0 — 0.7 do, dv.

We can now use the following bound, which holds for all £ > 0 and some constants 0 < Ay < Cy,
depending on k:

Ap(1 4 |v]7) < / v, [F M (v,) v — v, | oy, < Cr(1 + |v)7), v e R
Rd
We get

/ L(P)of? dv < — Agy, / W21+ o) f(0) do + C1 (2 + ) / ol (1 + o)) £(v) do
R4 R4 Rd
+ Cs /Rd f)X+ |v]|7)dv
< / F@)(Ca + Co(1+1/2)/6) (1 + [o]") do
Rd
~ (o = o1 +2/2) [ | 0P 1+ P f0)do
< [ 1) (€24 Gl + /2 e+ (o1 +90/2) = Aa)lof) (1-+ D) (0}
~ (o = eCr(1+/2) [ Pr)
Rd
o v)dv — ag v|? f(v)dw.
<or [ fo)to—as [ P (o)

Here we choose € sufficiently small to make the constant in front of the second moment negative.

This also means that
(Co+ Cr(14+7/2) /e + (€C1 (1 +75/2) — Aoyelv]*) (1 + [v]7)

is bounded above. These things together give the final line. O

Proof of Theorem 3.7. We have minorisation hypothesis 3.3 from lemma 3.2 and the Lyapunov

structure 4.2 from lemma 3.7. O
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3.5 Kinetic non-local diffusion equation

Here the equation is
Of+v-Vof =Kxf—f+V,-(vf), zeTvecR? (3.14)

or
Of +v-Vof =V U-Vof =Kxf—f+V, (vf), zeRveR (3.15)

Where K is a smooth, radial, compactly supported function which integrates to one. The big
difference with this equation is that we only spread the velocities out in a small ball around our
current velocity. This means we cannot hope to prove something like Lemma 3.2. However we can
instead make a large number of jumps where we only travel for small distances in between them.
We make the assumption that

K(w) > alpo,s)-

This equation gives the evolution of the law of the following Markov jump process.

t
X, =Xo + / V,ds,
0

t t t
Vi =V, — (/ VmU(XS)ds> —/ Vsds—i—/ / wP(ds, dw).
0 0 0 JRrd

Here P is a Poisson random measure with intensity measure Az, ® K.

We take a slightly different transport map to before which takes into account the confinement

term in velocity as well. We can see that if
Xy =V, Vi=-V,U(Xy)=Vi,Xo=2,Vo=v
then we have that
o0 (eI, X0 ) ) = e VUK « (8 X, V).

We write
Tif(z,v) = f(X¢, V})

and
LYf=Kxf.

This means we get a similar result as before that

t t t
e*<d*1>tf(t,x,v)z/ / / Ty o, LTy, o, LT ... LYTy, fo(z,v)dty ... dt,.
tn Jtn—1 0

We also have that H(z,v) = U(x) + |v|?/2 decreases under the flow T}.
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3.5.1 On the torus
Let us begin with looking on the torus so the transport part is simplified.

Theorem 3.8. The solution to (3.14) converges exponentially fast in a weighted TV distance.
Specifically there exists C' > 0 and A > 0, which we can compute explicitly, such that

p(Pypir, Pepiz) < Ce M p(puy, pia),

where
plomopz) = (14 [oflps — pal (o).

Proof. Our strategy is to show that for any R, there exists n such that
/Tt,t”LJth”,tnilL-i_ . Tt27t1L+Tt16$O’vOd.T Z O‘LlB(O,\/E) A Vo € B(O7 R)

If we have this we can just let the transport part run so that we then cover the whole of the torus
then we jump n times again to decouple the space and velocity.

Here the transport map reduces velocity
T4, 09,00 = Oy,01 -

Then we have
L+5w1,v0 Z aé:m (x)lB(vl,zY)-

After transporting for a short time we have

Tty —t, 002, (2)1 B(wo,5) = laec(v)1B(vy,35/4)

vy —w 30 0
B 7 ]|1
<w+ |vg —w| 4 ’4)‘ B(v1,56/4)(w)

> aC(8/4) ey w) 1 B(vo,56/4)-

LM )1 B, = @loecgs(v)

We continue like this to get that
/Tt—tnL+Ttn—tn71L+ o Tty LT3 00y o d > 0™ (8/4) "D g, 5(14m/1))

2 aLlp,—e-1)-1eva)-

Now we have that

7 (5%6‘(”)1B<o,(1—e—l>—1e¢3)) :/cm B0z po,(1—c-1) 10y (V)47

:/G( )5i+(1—e*1)v(95)13(0,(176—1)—1\/3)(71)(137
= 1 7 61} H(z,2 dz
/G(U) B(#,Vd) vEH (z,T)

:/ 51}6H(m,i)di' = lyek-
G(v)



86 CHAPTER 3. HYPOCOERCIVITY VIA HARRIS’S THEOREM

Here H(z,#) is the set of velocities which in B(0,+v/d) which will go from Z to . So we end up
v lying within some complicated set, K, inside B(0,d). We now repeat our n steps and since we

began with uniform distribution in x. We have that
Ttn*tnflL+Ttn71*tn72L+ s L+Tt1 (1U€K) 2 O‘LlueB(o’(lfefl)*le\/E)'

This gives the minorisation condition.

Now we need a Lyapunov condition since our estimate cannot be made uniform in the starting

velocity. We look at the kinetic energy and see that

%/f(t,x,v)|v|2dzdv://K(vfu)f(t,z,u)wzdvdud:z:f/f(t,x,v)|v\2dxdv
+ /vv ~(wf(t,z,v))|vAdedy
§2//K(v—u)(|u|2+52)f(t,a:,u)dudvdx—3/f(t,x,v)|v|2
5 — / F(t, 2, )|v|2dvdz.

Therefore we have both the minorisation 3.3 and Lyapunov 4.2 hypotheses satisfied. O

3.5.2 With a confining potential

Theorem 3.9. Suppose that U(x) is a function satisfying
V. U(x)| < CU(x)"

for some n € (0,1) and
z-Ux) >zl +12V.U(z) — A

for positive constants and v1 < 1. Then the solution to (3.15) converges exponentially fast to
equilibrium in a weighted total variation norm. More specifically there exists C' > 0 and A > 0

which we can calculate explicitly such that

p(Pipir, Prpiz) < Ce M p(pn, pa),

where

1 1 1
pwhm>=/(rumw+2vﬁ+2mv+gmﬁnu—m«mw»

Furthermore if U is super quadratic at infinity (which maybe implied by earlier assumptions) then

p 1s equivalent to the distance weighted by the Hamiltonian
o pz) = [+ Hlz o)l ~ pal(dodo).

We emulate the strategy from earlier. We want to restrict the amount we move when jumping
to build up. Suppose we start with (xg,vo) such that H(xg,v9) < Ry then we will add at most
R> to this by increasing the velocity. So we stay in the set with H(x,v) < Ry + Re. We also have



3.5. KINETIC NON-LOCAL DIFFUSION EQUATION 87
that same assumption as earlier that
|V, U| < CU(z)".
First we don’t need to use the result with 7. Using these facts we have
| X — Xo| < tC(R1+ Ra), |Vi— Vol <tC(Ry+ Ra).

So now we see that

T, 6(10700) = 6(96171)1)7

where (z1,v1) are also inside our good set. Then
L+Tt1(5($0’v0) > ady, (x)lB(vh(;).

Then we want to transport this set. If we make ¢ — ¢; suitable small then the velocity variable

can have moved at most §/2 so we get to
Ttgftl L+Tt1 6(m0,vg) > a5zEG(1))1B(1)1,6/2)-

We proceed as on the torus except this time we must transport for only small amounts of time and

pay the price of shrinking the set. So we get
/Ttit"LJthnftn—lLJr s ﬂQ*tlLJthl(sIo,Uodx > an(5/8)(nil)d]‘B(Ulyé(l-l-n/?))/Q

2> arlp(o,Rs)-

Here how large we make n depends on Rjs.

Now we want to use the earlier strategy

Lemma 3.8. For any R there exists dpr and Ry and a range (S, s*) such that for all s € (s, s")

we have that
/Ts (5:1:0 (x)l‘v|<R2 ('U)) dv > 1|I\S5M'

Proof. Again we define
Xt =z + vt.

We have that .
X, — Xy| < 5152 max [V, U (X7) + V.

So as before we can bound "
~ 1
X — Xy < CF (R + 2Ri) .

So we now are in almost the same situation as the earlier lemma. However we need to worry about
the fact that the Hamiltonian might be increasing if we go backwards in time so when we are

estimating
n

| X (X N, 0)) — X (X (2, 0)] < Ot (R+ ;RZ)

However this extra factor of e is negligible for very small ¢ so the same proof works. O
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For the Lyapunov function we suppose that K is an even function and note that

//Kv—u u)|v] dudv—//f w)|u + w) dudw</f )(Ju]* + 6%)du
//K(v—u) Ududv—//f w+u)dwdu-/f Yudu.

So we look for a Lyapunov function of the form

Also,

1
M(z,v) =U(z) + §|v|2 + ax - v + blz|?.
We can calculate that

%/Mfdxdv S/f(a|v|2+2ba:-v—aa:-VwU(x)—1-52—\U\Q—axm)

2

S/f(0—2<1|v2+;m-v+i|x|2) —?U(w))
< — mln{ }/fM—l—C

3.5.3 Subgeometric convergence

leta=1/2,b=1/4 g/f<52+A/2;v|271|x|2722U(x)>

As with the other equations we can also show subgeometric convergence with weaker conditions

on the confining potential

Theorem 3.10. Suppose that U(x) is a function satisfying
\V.U(2)| <U()", 2-V,U(z) >y (z)’ +yU(z) — A.

Where
() =1+ |z,

and B € (0,1). Then the solution to the non-local diffusion equation converges to equilibrium in a

weighted total variation norm in the following way. We define the function M by

1 1
M(z,y) = Ulz) + 3lo* + 5

1
5% v+ Z|ac|2

Then there exits a constant C > 0 such that
[PeSz, — Pebayllry < C(M(21) + M(2)) (1 + 1)~/ =),

and
1P:d. — pllry < CM(2)(1+ )~ YO=A) L o1 +1)=#/0-8),

Proof. As before we have already got the minorisation condition, we only need to prove a new
Lyapunov condition. We take the same Lyapunov function as for the geometric case. The result

follows in exactly the same way as for the linear BGK equation. [



Chapter 4

Hypocoercivity for the kinetic
Fokker-Planck equation with a
confining potential via Hairer and
Mattingly’s Wasserstein-1 Harris’s

theorem and Malliavin calculus

4.1 Hypocoercivity and hypoellipticity

In this chapter we return to one of the first equations which was studied in the context of hypoco-

ercivity, the kinetic Fokker-Planck or Langevin equation
atf+v'vacf_sz'va:Avf+vv ’ (’Uf)

Here u = M exp(—|v|?/2 —U(xz)) for some normalising constant M. Hypocoercivity for the kinetic
Fokker-Planck equation has been shown by many authors. It was shown in L?(x~!) in [80]. This
paper then inspired the mémoire of Villani [116] where he proves a general theorem in the first
section which he then applies to the kinetic Fokker-Planck. The L? and H' results are also given
as special cases of the theorems proven in [50] and [102] respectively.

The kinetic Fokker-Planck equation is an equation in the sum of squares form given in [116]
with B=v-V, —V,U- -V, and A = —-V,. Then

Ouf + Bf + A*Af = 0.

This equation is also hypoelliptic. The hypocoercivity and hypoellipticity of some degenerate dif-
fusions can be proved using similar techniques and the name hypocoercivity was inspired by this
similarity. The main examples of this is the paper [80] where they prove hypocoercivity and hypoel-
lipticity simultaneously using pseudo differential techniques and the new proof of hypoellipticity

for the kinetic Fokker-Planck equation given in [79]. The link is expressed clearly in [79]. These

89
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proofs of both hypocoercivity and hypoellipticity for kinetic Fokker-Planck equation use crucially
the fact that
[B,A] = —V,.

More generally both hypocoercivity and hypoellipticity rely on the diffusion being spread to the
other direction seen by taking successive iterated commutators between the vector fields [81].
Some degenerate diffusions equations are also the Kolmogorov backwards equations for the law
of the SDE
Az, =Y A;dW;] + Bdt.
Where the tilde vector fields are closely related to the the ones appearing in the PDE. In [116]
(Part 1, Prop 5) Villani shows that all SDEs which converge to an equilibrium state have backwards

equations which can be written in the form
Of+> ATAf+Bf=0.

This is the form for which it is possible to state his hypocoercivity theorem. Here the vector fields
are different to those in the Ito SDE form of the equation. Hypoellipticity has been understood
on the level of SDEs via Malliavin calculus see for example [92, 103]. The machinery of Malliavin
calculus allow one to see how the effect of the Brownian motions is transferred along different
directions given by the iterated commutators of the driving vector fields.

Kinetic Fokker-Planck equations were shown to converge to equilibrium in [94] using techniques
from [96]. These works use probabilistic techniques, relying on Harris’s Theorem which gives expo-
nential convergence to equilibrium based on a Lyapunov condition and a minorization condition.
The minorization condition is typically of the form that for all R there exists some probability

measure v and constant « such that for all z in B(0, R) we have
f£ > av.

Here f7 is the solution to the PDE at time ¢, with initial condition 4.

These proofs do not give explicit constants and this lack of quantifiability arises when showing
the minorisation condition. They first show that f7 has a density using hypoellipticity theory.
Then they show via control theory that for some compact C' then there is some y € C such that
for any § we have t1(J) with

Py, (x,Bs(y)) >0 Ve C.

They then use these to prove a minorisation condition. Its not clear how to make this argument
quantitative as it would require us to be able to estimate p;(z, y) from below at a specific point and
uses compactness arguments. As the proof of hypoellipticity can be made using Malliavin calculus
it makes sense to ask whether the minorisation condition can be shown directly and quantitatively
using Malliavin calculus. This would then allow one to prove hypocoercivity for the SDE quan-
titatively on the level of the SDE itself rather than via the PDE. Convergence to equilibrium in
Wasserstein for the kinetic Fokker-Planck equation is shown very nicely in [52] by a direct coupling
approach. In [52] they use a Lyapunov structure to show that the solution concentrates in the
centre of the state space. Within this centre they show contraction in Wasserstein by using a

mixture of reflection and synchronisation couplings. In this setting the reflection coupling should
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push the x coordinates of the processes towards each other and the synchronisation coupling should
push the v-coordinates towards each other The final result of this paper is very similar to the one
given here. However, our techniques for looking at the behaviour in the centre of the space are
very different. We use a much less trajectorial viewpoint. This means we are unlikely to get as
sharper constants as with a coupling approach. It does allow us to see how we are exploiting the
hypoelliptic structure of the equations more clearly.

We could not show something as strong as the minorisation condition quantitatively. This is
because we use Malliavin calculus to approximate our solutions by Gaussians for which spreading
out in all directions is clear but we then get an error from this process which is not bounded in
L> as we would need to show minorisation. However this error is sufficiently well behaved that
we can bound below the probability that any two solutions to the SDE started within a compact

will be within a distance § from each other at some time T, i.e.

inf sup r{(z",y) : d(2',y') < 6} > a.
lelly|<C rec(Pso.,Préy)

Where
C(P10s, Prdy)

is the set of couplings of the solutions at time 7T'. This is one of the assumptions of the Wasserstein-
1 version of Harris’s theorem proved by Hairer and Mattingly in [72] to show spectral gaps in
Wasserstein for the stochastically forced Navier-Stokes equation.

Therefore the goal is to show exponentially fast convergence to equilibrium in a weighted

Wasserstein-1 distance for the kinetic-Fokker Planck or Langevin equation

dX; =Vdt, (4.1)
AV; = — (Vi + VU (Xy))dt + V2dW;. (4.2)

4.2 Harris’s theorem in Wasserstein

We are going to use the version of Harris’s theorem in a Wasserstein-1 distance proved by Hairer
and Mattingly in [72] for use in giving explicit rates of convergence to equilibrium for the 2D

Navier-Stokes equation. We first introduce the distance for some function L

pr () = inf / L (@) 50,

where 7 is an exponent and the infimum runs over all paths v between x and y. Let us write
p1L=p-
The assumptions of this theorem are

Assumption 1. There exists a continuous function L > 1 which has the following properties:

1. There exist strictly increasing functions L., L* such that
L.(|z]) < L(z) < L*(|2]),

with limg o0 Ly(a) = 00.
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2. There exist constants C' and k > 1 such that for all a
aLl*(a) < CL(a).

3. Finally, there exist constants C, > 0,0 < 1o < 1 and a function & : [0,1] — [0,1] which is
non increasing with £(1) < 1 such that for every h with |h| =1 we have

L7(e(2)(1+ V2 2e(2)h) < C.L™O (),

for every z and every r € [rg,2k] and every t € [0,1]. Here ®; is the flow map which takes an

initial position z to the random variable which is the solution to the SDE at time t.

Assumption 2. There exists a C; > 0 and p € [0,1) so that for every a € (0,1) there exists
positive T'(«), C(a) with

IV2Ped(2)|| < L(2)? (C(a)\/(Pt|¢|2)(2) + a\/(PtIIVz¢||2)(Z)> ;
for every z € R, ¢ € C} and every t > T(a).

Assumption 3. For any C > 0,7 € (0,1) and § > 0, there exists a Ty so that for any T > Tp

there exists and a > 0 so that

inf sup m{(21, 25) : pr(21,25) < 8} > a.
lz1],22|<C ren(Prs., ,Prosy)
Here II(p, v) is the set of couplings of p and v. In our situation we actually only use the coupling

where they are independent. This depends on L through the distance p but not very strongly. We

can rewrite this as
inf / / 1pr(zi,Z§)<5P%(dzi)73;(dz§) > a.
RQd R2d

[21],]22]|<C

Then the theorem is

Theorem 4.1 (Hairer & Mattingly 2008). If the semigroup P satisfies the assumptions above
then for all p, v there exists C' and A which we can calculate from the constants in the assumptions
so that

WP(P:%,P:V) < Ce_Ath(,u, v),

for any p,v. Here W, is the Wasserstein-1 distance corresponding to the distance p. i.e.

W, (p,v) = 7irrelfl_l/,o(zl,,22)7r(dzl,d,22).

II is the set of couplings of u and v probability measures on R2? which have marginals pn and v on

the first and last d dimensions.

Our goal is to verify each of these assumptions with explicit constants. I will briefly describe

the strategy.

e The first assumption is a Lyapunov structure. We verify this using more tools from [72] and

known Lyapunov functions for the kinetic Fokker-Planck equation from [94].
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e The second assumption is a gradient bound. This is an additional condition needed for the
Wasserstein proof to work and is not present in Harris’s theorem in any form. We verify this
using tools similar to those of Bakry-Emery calculus. Some work on Hypoelliptic diffusions
via Bakry-Emery stuff has been done in [12, 98] and papers referenced therein. We need the
Hessian of the confining potential to be bounded for this to work but it seems plausible to

relax this assumption.

e The third assumption is a kind of uniform boundedness condition. We verify this using
Malliavin calculus by showing that for any positive the solution spreads out in all directions.
This part should work for any equation satisfying the Hérmander bracket condition provided
that it also satisfies the very strong assumptions that all the vector fields appearing in the

commutator conditions are constant.

Theorem 4.2. Suppose that P, is a semigroup corresponding to the solution to the kinetic Fokker-

Plank with the confining potential U being a smooth function satisfying
Hess(U)(x) < M, x-V,U(x) > cU(z) + cax® — c3

for some strictly positive constants M, ¢y, co,c3. Then we can choose constants a, and k depending

on these other constants to define the function
L(z,v) = exp (a. (v +2U(z) + 2ka® + kav)) .

We define p corresponding to L with

pler,z2) = inf / L))t

Here T is the set of all C' paths between z1 and zo. Then if W, is the Wasserstein-1 distance

associated to p we have constants C' > 0 and A > 0 which we can calculate explicitly such that
W, (Pipt, Piv) < Ce MW, (1, v).

Remark. The conditions on U are equivalent to requiring it to behave roughly like a quadratic at
infinity. This allows it to have ‘bad’ behaviour on a compact set. For example multiple wells or
being flat in large areas. In particular this would allow for the double well potential which behaves

quadratically at infinity in 1D.

Remark. W, (i, v) bounds the Wasserstein 1, distance associated to the euclidean metric. We can

see that there exists some M such that
|21 = 20| < p(21,22) < |21 — 2o exp (M (|21 ]* + [22]%)) -

We structure the paper as follows. We split the proof of Theorem 4.2 into three parts relating to
the three assumptions. We then deal with each of these parts separately. We rely on the theorem
of Hairer and Mattingly but in order to make it clear how the proofs work we include a proposition
showing how each assumptions will allow us to show contraction for a different part of the space.
These propositions follow closely Hairer and Mattingly’s proof of theorem 4.1 and are not original.

They are intended for expository purposes and to make this chapter more self contained.
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Proof of 4.2. We prove Theorem 4.2 by showing that we can verify all the assumptions of Theorem
4.1 and then applying this result. Assumption 1 is verified in Lemma 4.2. Assumption 2 is verified

in Lemma 4.3. Assumption 3 is verified in Lemma 4.5.

We also give the proof of 4.1 in our context. We note that for any distance d we have

WLd('Pt/J,'PtV) < IIII%f )/WLd(’Pt(Szl,Pt522)7r(dz1,dz2).
mell(p,v

Therefore if we can show for each zq, zo that
Wh.a(Pi6,, Pids,) < ad(z1, z2)

then we have
Wi a(Pep, Prv) < aW(p, v).

We do not work directly with the distance p and instead look at the equivalent distance

d(z1, 22) = (pT(Z:;’ZQ) A 1) + Bp(21, 22).
For any r < 1 and 4, 8 to be chosen later.

In Proposition 4.1, we show that there exists some K such that for all » € [rg,1) and for all
B € (0,1) we have that P, gives a contraction between measures d,, and J,, in Wj 4 uniformly
over the set p(z1,22) > K and uniformly over all ¢ sufficiently large. In Proposition 4.2, we then
show that there exists an r € [rg,1) and a 6 > 0 such that P; is a contraction in W 4 uniformly
over the set p,.(z1,22) < d, 8 € (0,1) and ¢ sufficiently large. Finally in Proposition 4.3, we show
that for this given 7,6 and K we can choose 8 such that, for every ¢ sufficiently large, P; gives a

contraction in W 4 uniformly over the set p(z1,22) < K and p, (21, 22) > 6.

O

4.3 Proofs

4.3.1 Assumption 1

We would like to show that these assumptions hold with explicit constants for the kinetic Fokker-
Planck equation. We begin with assumption 1 where our treatment closely mirrors that of Hairer
and Mattingly in [72]. Here the Lyapunov function we find is essentially the exponential of the
Lyapunov function used by Mattingly, Stuart and Higham in [94]. We write Jo; = VP ()

Let us define
1
Q(x,v) = |[v]> +2U(x) + 5\$|2 +x-v, Py(z,0) =2(|z]* + [v|* + kU (2)).
We will choose k later.

Lemma 4.1. Let U be a smooth function satisfying that for all x x-V,U(z) > c,U(x) + cox?® — c3,
for strictly positive constants c1,cq,cs and Hess(U) < M for some M > 0. Define L,(x,v) =

exp(aQ(z,v)). Then we show there exists a, > 0 such that, for 0 < a < a. and uniformly over
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t € [0,1], there is a constant 8 > 0 such that

E(La(®4(,0))[[Joell) < Le-pe/s(, ).

Proof. Note first that we may as well choose ¢; < 1. We have that
d(aQ(Zy)) = (—a|V5\2 —aX, V. UXs) + 2a) ds+a(Xs+2V,)dWs = —aHds+a( X +2V5)dWs.

Where
H, = |V,]* + X, -V, U(X,) — 2.

Therefore with £ = ¢; we have that as functions of z
Hy(z) < BP(2) + cs,
for some 8 which depends on ¢y, c. We also have that Q(z) < P(z)/c;1. Now we define
Y, = aQ(Zs) + v /O ) " Daey P(Z,), M= /0 S a2V, + X,)dW,.
Differentiating this gives us that,
dY, = 77 (aH, + ay(Q(Zs) + ¢1 P(Z,)))ds + d M.

Hence for s < t we have

Yo < M+ Yo+ “/ T (H, +4(Q(Z) + e P(Z,)))dr
0

S
< M;+Yy+ a/ "D ((2y — B)P(Z,) + 2 + ¢3)dr.
0

Therefore we have that

Y, < My +Yy+C+ a/ "= (2y — B)P(Z,)dr.
0

We now note that we have
Yy = aeiWQ(ZO),
and that .
Y; > aQ(Z;) + acwe‘“/ P(Zs)dz.
0

We also have that s
(M), < 164> / =Y P(Z,)dr,
0

therefore for every s < t we have

My — (B — 27)cla/os eV(T_t)P(ZT) < M, — M<M>s

- 16a
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The exponential martingale inequality gives that

P <sup <Ms - M<M>S> > K) < exp (W) .

s<t 16a 8a

Now we choose v = /4 this gives
Y,-Yy—-C< M, — gacl/ O P(Z,)dr < My — —2=(M),.
0

Combining this with our earlier assumptions we have

t
aQ(Zy) + aclge‘ﬁt/“/ P(Z,)ds — ae P"*Q(Zy) — C < M, — %.
0 a

Therefore,

t
P (exp (aQ(Zt) + aclgefﬁt/zl/ P(Z)ds — ae™P1Q(Z,) — C’) > x) < gmaB/16a
0

We can make a smaller than a* = fc¢1/32 we have the exponent is bigger than 2 so we integrate

to get

t
E <exp (aQ(Zt) + aclfe_ﬁt/‘L/o P(Zy)ds — ae”'*Q(Z,) — C)) < Clﬁcl_iﬂlﬁa'

Therefore,

E (exp (aQ(Zt) + aclge—ﬁt/‘* /0 t P(Zs)ds)> < C(a) exp (aQ(Zy)) -

Now we have that
0

I
dJos = Jo.pdt.
—Hess(U)(X:) -1

It therefore follows that

(Joth)"

A=

0 I
Jo,chdt < (14 M)||Jo¢h||dt.
—Hess(U)(X:) -1 '

This means that for every t € [0, 1] we have
[ Jo,¢hll < e+

Then we have that for ¢ € [0, 1], h a unit vector, n > 0

t
1okl < M exp ((n JRCARIAE kU(Xs»ds)) .
0

Therefore for any a < a4 and 7 small enough in terms of a we have

t
bl < e exp (aer e [ piz,)as).
0
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This combined with our earlier result gives the lemma. O
Lemma 4.2. Provided that U is a smooth function satisfying
x-V,U(z) > ciU(x) + cox® —c3, HessU(x) < M
for some positive constants we can choose ay, k such that
L(z,v) = exp (a. (v’ + 2U(z) + 2kz* + kav))

s a function satisfying assumption 1.

Proof. We can add a constant in the definition of U so we may as well take U > 0. Since
Hess(U) < M we have

3
i(lfvl2 +[v]?) < Q(z,v) < (24 M)(|z|* + [v]?).
We also have that

a

a(2+M)|z)* <

PR 1 e o 1 (63a|z|2/4>4(3+M)/3 < L aaGnae) /s,
a

a

Therefore if 8a(3 + M)/3 < a* Then by lemma 4.1 we have that

E <<|‘I)t(z)|ea(2+M)‘I’t(2)|2)2> < Letarane g/
a

Therefore if we set
a, =3a"/8(3+ M)

then we can set
L(Z) — ea*Q(Z),L*(Z) — €3a*lz‘2/47L*(z) = 6(2+M)a*‘2|2_

Then our calculation shows that
L. <L<L*

)

and furthermore that
|2|L*(|2]) < L. (2)",

with K = 3(3 + M)/3. Then lemma 4.1 shows that

—Bt/4

E(L7(®:(2))) < L™ (2),

for all r < 2k. O

Now we briefly describe how the proof of Hairer and Mattingly uses this lemma to show con-

vergence for p(z1,z2) > 4Cy with C; given below.

Proposition 4.1. If we define p as above then for every o > 1/2,Ty > 0 there exists constants
C1,C such that for all t > T

E(p(®¢(21), Pi(22))) < Cp(z1, 22),
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E(p(®:(21), Pi(22))) < C1 + ap(21, 22).

Furthermore, there exists some radius Ry such that if |z1| or |z2| > Ra then,

E(p(®:(21), P(22))) < ap(z1,22).

Proof. Fix z1, 22, t > T} then there exists some curve joining 21, zo such that

/0 L' (v(s))F(s)lds < pr(z1, 22) + €.

So then we can evolve every point along this curve by ®; to make a curve joining ®;(21), P¢(22).

Using lemma 4.2 this gives

E(p(®,(21), By (z2)) < E ( / 1 L<¢>t<v<s>>>|Jo,m<s>|ds) <cf L) ($)ds < Clp(r, ) + ).

€ was arbitrary. In fact we could have written

E(p(®:(21), B1(22))) < C / £ (v () (s) ds.

Then since L grows at infinity there is some R so that CLCiBM(z) < aL(z) for |z| > R. Therefore

1
E(p(®1(21), Pi(22))) < ap(zl,ZQ)Jr/O L(v()($)|1y(s)e B0, r) 45

Now we recall that there exists constants m and M so that

2

Cemlzl2 <L(z) < Mzl

If we replace the segment of v in B(0, R) by a straight line segment this means we can never need
to pick up more than
ReME® + €

in our integral while travelling through B(0, R) so we have that
E(p(®i(21), ®4(22))) < ap(z1, 22) + CRMT.

So we know we are contractive if p(z1,2z2) > 4C} say, and also we can see from this proof that we
will be contractive whenever almost optimal paths between 21, zo do not pass through the B(0, R).
We can calculate that the distance, p, from z to B(0, R) is bounded below by

2| )
C/ e dr.
R

Therefore we have Ry such that if |z| > Ry then this will be greater than 4C4. This means that if
~ is a path from 21, 29 going through B(0, R) with |z1| or |22| greater than Ry then

/ Liv(s))F(s)lds > 401,
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This means that if |z1| > Ra or |z2] > Rs then either close to optimal paths do not go through
B(0, R) or p(z1,22) > 4Cy. Therefore

E(p(®¢(21), ®1(22))) < ap(21, 22),

for |z1| > Ra or |22] > Ra. O

4.3.2 Assumption 2

Assumption 2 looks very similar to the gradient bounds found in Malliavin’s proof of Hérmander’s
theorem see for example [103]. It seems to be more of a technical challenge than anything else
to make the estimates here explicit. However, it is simpler to use more standard hypocoercive

techniques based on point wise Bakry-Emery style estimates on the semigroup P;. Let us write
F(f, g) = 2vmf Va9 — wa Vg — vvf ' vw.f + vif *Vaug.

Now write
L=A+4+v-V,—v-V,—-V, U -V,

this is the forwards operator for the solution to the SDE. We set I's(f) = LI'(f, f) — 2I'(f, Lf).

Lemma 4.3. For P; the semigroup associated to the SDE when U" is bounded we have that for

an explicit constant Cyy
IVaPuf P+ [VoPef P < CuPu(f2) + 3¢~ PPy (Vo f 2 + Vo fI7) -
Proof.

To(f) =4IV Vo f|? = AVaVof : VoV f + 4|V YV, fI? + 4V, fHess(U)V, f — 2V, fHess(U)V,, f
+ 2|wa|2 - 2vwf . va + 4|va|2 - 4V:vf . va
>4V, Hess(U)V, f — 2V, Hess(U)V, f 4+ 2|V f|> =6V, f - Vo f + 4|V, f|?

3
1 2
We set €; = 1/6 and e; = 1/4M to get
To(f) = Vo f]? — (144 6M? + 2M)|V, f|*.

Let T(f) = D(f) + (15 + 6M? + 2M) 2, and write Cp; = 15+ 6M? + 2M. Then we get

LE(f) = 20(f, 1f) > [Vo P+ Vo f P > ST(F) = = (F() = Cuf?).

W
W —

Therefore, let
(s) = PL(Pes(f))-

Then

¢(S) Z % (Psf(Pt—sf) - C]WPS(Pt—s)2>
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Hence,

So
() = 9(0) 2 O (1= =) Puls?)

which means that

e PPUL(S) = D(Pef) = Cu(Pef)? = =CurPu(f?).
Rearranging this gives
L(Pef) + Car(Pef)? < CuPe(f2) + e 3*Py(D(f)).

We also have that
Va2 + Vo fI? <T(f) <3(IVaf P + Vo fI?) .

So we have that
IVaPef |2+ [VoPef|? < CuPe(f2) + 3¢ 3P (IVaf > + Vo f]?) .
O

Now we look at how this is used to show convergence in the main theorem. We define a new

metric

d(z1,22) = (W A 1) + Bp(z1, z2).

We see that for p(z1,22) > 4C; proposition 4.1 still gives a contraction in this metric for every g.
Proposition 4.2. If p.(z1,22) < § then we have that for t sufficiently large
Wl,d(Pt(SZl 9 Pt6z2) S 'Yd(zly Z2)

for some explicit v < 1.

Proof. In this section we want to use the dual Lipschitz formulation of the Wasserstein 1 distance.
We have that
Wl,d(Pt5217Pt6zz> = Sl;p(tpt(b(zl) - Pt¢(22))

Here the infimum is taken over all Lipschitz ¢ with |¢|z;, < 1. In fact by density and adding and

subtracting we can take a supreme over phi € C! with ¢(0) = 0. If ¢ is such a function then
[0(2)] < (1+ B)2|L7(2), [V (2)] < (1/6 + B)L"(2).
Therefore by lemma 4.3 and lemma 4.1 we have that
VP ()| < L™ (2)(C + 3e73(1/5 + B))
Therefore for ¢ sufficiently large so that ke #/* < r and 3e~*/3 < 1/4 we have that

VP(E)| < (5(C +2) + 1/4)517(2).
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Now take 6 < 1/2(C + 2) so we have

VP(z) < 1

45LT(Z)'

So we have that
Pu(er) = Puo(ea) < [ TP0la(s) - 3(a)as < 35 [ LG lds

For any path ~ joining z; and z5. Therefore we have

31
Pip(21) — Peop(z2) < ngor(zl’Z?)'
Since p,(z1,22) < 0 this means
3
Wi.a(Pi0s,, Pids,) < Zd(zl,zz)

4.3.3 Assumption 3

Before starting we need some material from Malliavin calculus

Malliavin Calculus

The material in this section is all standard and follows [104, 71]. Malliavin calculus is a way
of ‘differentiating’ a random variable whose randomness comes from some Brownian motion with
respect to this Brownian motion. Since it is the driving Brownian motion which causes the diffusive
behaviour of the solutions to SDEs, the Malliavin derivative allows us to measure the strength and
direction of this diffusion. We will denote the Malliavin derivative of a function by DF, this
derivative is in fact a function and if F' is a functional of W,,0 < s < t then the Malliavin
derivative is a function on [0, ¢] we denote the evaluation of this function at a particular time s by
Dy F. We quickly introduce some of the definitions in Malliavin calculus. First we need to know

what kind of functions can be differentiated. Let
Q=Co={f | feC(o,T]";RY), f(0) = 0},

be Wiener space, and P the Wiener measure. Let H be the Hilbert space H = L?([0,T]). Then

we define a simple type of Weiner functional
T
W:H—=>R, W(h) :/ h(t)dW,
0

by Ito integration. We have that DW (h) = h. For each h € H, W (h) is a random variable. Let ¢
be the sigma-algebra generated by {W(h) : h € H}. We want to look a Weiner functionals which

are in the Hilbert space G,
G=L*0%9,P).
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The Malliavin derivative operator is D : G — H is a closable, unbounded operator much like the
weak derivative operator on L2. Since, we are dealing mainly with SDEs we wish to know how to
find the Malliavin derivative of the solution to an SDE. If we work purely formally we can derive

an SDE for the Malliavin derivative to an SDE, writing in integral form we have

n t t
Z :Z0+Z/ Ak(Zs)de7s+/ B(Z,)ds
k=1"0 0

then we can formally take derivatives

%7, = Ay, Z ) 9F (2 )des+/ VB(Z,)- 2%(Z,)ds

Jlr

Here the k in the exponent corresponds to the Malliavin derivative with respect to the k** Brownian
motion. The Malliavin derivative can be constructed rigorously and in the case that A, are smooth
and uniformly Lipschitz it can be shown that 2* will satisfy this SDE, see [104, 71].

We now wish to look at our solution in a different form. If we write the map
7 (Zs) = Zy,
the solution map. Then we can differentiate with respect to the initial conditions to get
0P, s = Jos.

Then we would like to write an SDE for J, ;. Let us write

t t
JsiZs = Zsg +/ VAL(Z,) - Jsr ZsdWi . +/ VB(Z,) - JsZsdr.
S S
Comparing this with the SDE for 2,7; shows that, formally anyway,
DsZy = Js 1 A(Zs).

Furthermore we can write an SDE for J;; on its own in both Ito and Stratanovich form.

t
=1+ Z VAk ) T rdWi o, + / VB(Z,) - J,dr,
k 1 S S

t
=1+ Z VAk ) Jor 0 dWy, + / VA(Z,) - Jpdr.
k=1 S S

We also notice that as
(I)s,t = (I)r,t o CI)S,T

the chain rule gives us that
Js,t = Jr,th,r-

We can also show that J;; is invertible by writing a suitable SDE for Js; and showing that the

solution will not blow up. This lack of blow up comes from global controls on the size of VA and
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VB which we would like to impose. This SDE is

t
= Z/ J VAL(Z odW;”—/ Ji 'V B(Z,)dr.

Putting these two facts together gives that
Jot = Joudo s = DsZy = JoyJg L A(Zy).

This is useful because Jo. jA(ZS) is a measurable function of Z,,r < s so we could write an SDE
purely on this quantity. This will be useful later, we do this in Stratanovich form where V' is any

smooth bounded vector field,
od (Jo, V(Z0) = (ed o) V(Ze) + o (AV(Z1))

== VA(Z) 5}V (Ze) 0 AW =V AG(Z4)J5 ]V (Zy)dt

k=1

+ Jo YV (Zy) ZAk Z) o dW™ 4 Ag(Zy)dt

k=1

=" Jo AR VI(Ze) 0 dW P + J5 Ao, V](Zy)at.
Converting this to Ito form gives

L1
d (Jo, V(Z)) ZJOt [Ar, V](Z)dWw ™ + Joi (2 ; [Ak, [A, VI(Z1) + [AoaVKZt)> dt.

We also need another important theorem from Malliavin calculus

Theorem 4.3 (Clark-Ocone Representation Formula). If F is Malliavin differentiable and E(F?) <
00, E((DsF)?) < oo and W is a Brownian motion with natural filtration F; then,

t
F=E(F) +/ E(D,F|Z,)dW.
0

This could be considered a version of the fundamental theorem of calculus in this context. A

proof of this can be found in [104].

Back to Assumption 3

Now we return to assumption 3. We are now in the setting of looking the the kinetic Fokker-Planck
SDE
dX; = Vidt, dV; = —Vidt — V,U(Xy)dt + dW4.

For this SDE we have that n =1 and A; = (0,1) and B = (v,—v — V,U(x)). We define C; by

Cl = [Al,B}(Z) = < _11 ) .
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The key idea of this sections is that we can use Malliavin calculus to show that for very small ¢

the solution behaves approximately like
t
E(Zt) + A1Wt + Cl / SdW§
0

Then because (W4, fg sdWy) is a 2d dimensional non-degenerate Gaussian and because Ay and Cy
are linearly independent this shows that the solution spreads out in every direction. In particular
if we take two independent realisations Z} and Z? with different starting points the solutions will
spread in the direction E(Z}) — E(Z?) which allows us to show there is some positive probability

of them becoming close.

Lemma 4.4. Let U be smooth and satisfy Hess(U) < M and fix 6 and R. There exists T = T(J, R)
such that for fixed 0 < t < T there exists an o = «f(t,d, R) with the property that for any two
independent solutions to the SDE, Z}, Z2 with initial points having z1, 2o € B(0, R), then

P(|Z} — Z| < 6) > a.

We have that
a(t,6,R) =1 05216 km2 + 8e ”
=1- —exp | ——= xp | ————= | -
% A E P\ 160t
Here k and m are explicit numerical constants. This value of «(t,d, R) is only positive for t
sufficiently small and T is the value for which a(T,d, R) = 0.

Proof. The key idea of this proof is to use the fact that the solution spreads out in every direction
due to hypoelliptic effects. We represent the solution by a deterministic part, a Gaussian part and
a small error. We begin by approximating the Malliavin derivative of the solution using the SDEs
d
&Js,tAl = JS,tC].7
d
&Jsﬂtcl = Js,tcl - U//(Xs)Js,tAl

We can then Taylor expand and use the Clarke-Ocone formula to get

Zt:E(ZtH/Ot(( ? ) —<t—s><_11>+Es,t>dWs.

t
E;y=-E (/ (Jr:C1 —U" (X)) Tt A1) (t — r)dr|fs)

At this point we have to assume that U” is bounded in order to get bounds on F,,. Using the
first part with the Lyapunov structure we know that Jy; can be bounded in terms of Lyapunov
function we have

t t
Il < ¥ exp (n [ (024 V2 4 UCXr) < M exp (o [ (6242 4 U0 )A) < CLZ)
Taking the supremum over possible starting points in B(0, R) we have E;; < C(t — s)? for some

constant C. Let us write

t
& = / B, dW,.
0
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We would like to get bounds on the expectation of exp c|&;|. Since

gr = / Es,tdWs
0

is a Martingale for » < ¢ then by the exponential martingale inequality

Eexp (€ €0) < exp ([ Clg(e - 9tas) < exp (ClPP).

Alternatively, we can bound J; ; in a way that doesn’t depend on the initial data but does use that
Hess(U) < M. We can use the equation to see that

|Jst A1 + Js . C1? < 4e(2HM),

2+ M)t

Then the rest follows exactly as before but we replace C' with Ce! . Since we are looking at

the asymptotics for small ¢ this makes no difference.

So we have decomposed Z; into a deterministic part E(Z;) a Gaussian part which we call G
and an error which has exponential moments.
P (2, - Z} ¢ B(0,9)) <P (E(Z,) - E(Z}) + G; — G} ¢ B(2.6/2))
+P (& ¢ B(0,6/4)) +P (£% ¢ B(0,6/4)) .

So we have by Markov’s inequality
P (& ¢ B(0,6/2)) < dexp (Cn*t® —nd/2) .
Optimising over 7 gives ,
P (& ¢ B(0,0/2)) < 4dexp <_1660t5) .

We can write down the density for G; — G7. We have

d
ang — 7% < (24 ME(|Z} — Z2%) + 4d.

This implies that
E(12} = ZEP?) < PHUE(|Z5 - Z5) + 4d) < PHNR? + 44).

We can therefore find the smallest that the density of G} — G? can be on a ball of size §/2 at
the point —E(Z} — Z?) when G! and G? are independent. Using this we make the two processes
independent. The covariance matrix for G}, G? has eigenvalues (t/3+o0(t3),t—t2+t/3+0(t%)). Lets
call o, (t) the smallest eigenvalue and oy (t) the largest eigenvalue. We also have that z < L(z)/a.
so using Lemma 4.2 we have that E(Z} — Z?) < 2C, max|,|<r(L(2))/a. =: m So we can bound
the probability by

1— 6%(2non (t) Y2 exp (_ J:(Qt)> .
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We then have that can approximate for ¢ < 1,

P(E(Z} — Z})+ G, — G} ¢ B(0,5/2)) <1— 052%2 exp (;m2> .

Here k and m are constants we can calculate explicitly. In total we have that

1 k 52
1_ 2 <1_0822 _ ke 9
P(Z;, — Z; ¢ B(0,9)) <1-C$¢ 5 exp ( t3M ) + 8exp < 160155)

So as t — 0 we can see that for a fixed sufficiently small ¢ we have
P(Z; € B(z,0)) > «a.

Where we can calculate a explicitly in terms of ¢,d, R and the other constants appearing in the

equation. O

Lemma 4.5. Suppose we fiz §,t and R. Then there exists o such that for any two independent
solutions to the SDEs Z}, Z2 with initial points having z1 — 22 € B(0, R) then

P(|Z} — Z}| < §) > a.
Furthermore if they start with initial points both in B(0, R) then

P(p.(Z},Z2) < 6) > o'\

Proof. We want to extend the previous Lemma to larger times by showing that if two solutions
start with 2! — 22 € B(0, R) then they stay there with some positive probability. To do this
we repeat the calculation but replacing § by R then since the two processes are independent the
probability that their difference stay inside B(0, R) is given by the first lemma. So we have for
some ty

P(Z} — Z2 € B(O,R) | Z} — Z3 € B(0O,R)) > b

Therefore if t = nt, + s with s < ¢, then
P(Z} — Z? € B(0,9) | Z} — Z? € B(0,R)) > ab™.

Here a, b, t, are explicitly calculable constants depending on M, F. However, we in fact need to

look at p, instead of the normal distance. In order to do this we need to look at
P(Ztl - Zt2 S B(Oa 5)7 Ztla Zt2 € B(O7 R/))v
for some R’. We have that

P(Z} — Z; € B(0,6), Z}, Z} € B(0,R)) =P(Z},Z} € B(0,R'))
- P(Ztl - Zt2 §é B(Oa 5)7 Ztla Ztl € B(O7 R/))
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So we bound

+P(|Ef|| < 6/4) +P(|EF|| < 6/4)

Furthermore we have
1
P(E(Z} — Z}) + Gt — G? € B(0,6/2), Z},Z% € B(O,R")) > 0521%’;2 exp (—K/t?)

for explicitly computable constants C' and K. So in the same way we have for all ¢, R, R’ there is
a(t, R, R’',0) > 0 such that

P(Z} — Z} € B(0,6),Z},7Z? € B(O,R') | Z3,7Z3 € B(0,R)) > a(t,R, R, 6).

Then we can find an R’ such that on any optimal path between two points in B(0, R’) we have
L(~(t)) < R” so this implies that for z,y € B(0, R') we have

t t
pr(T,y) =inf/ L(v(t))ﬁ(t)dtéinfR”/ y(t)dt = R" |z —y|.
7 Jo R 0

We mean that the two distances are equivalent on compact sets. So if |z —y| < §/R” we have that
pr(z,y) < 0 therefore
P(pr(Zy, 27) <0 | Zy,Z5 € B(0,R)) > a(t, R, R',6/R").
O

Now for this section we look again at how this shows contraction in the theorem of Hairer and
Mattingly. We have that

Proposition 4.3. If p(z1,22) < 4Cy and p,(z1,22) > § then there exists v such that
Wl,d(Pt(SZl 9 Ptézz) S ’yd(zlv 22)'
Proof. Suppose that we have that p(z1,22), > ¢ and p(z1, 22) < 4C; then we have that z1, 22 are

contained in some ball. There is some R such that for |z| > R we have

5
* T < . .
L*(z)" < 8C, L.(2)

Then as we discussed there is some R’ such that

R/
/ L, (r)dr > 8C;.
R

Therefore if |z1], 22| > R’ and p(z1, z2) < 4C; then if 7 is a path such that

/0 Liv(s)F(s)]ds < plz1,2) + €
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then v must not pass through B(0, R). and for such a path
1

pr(z1,72) < / ()Rl < g0 [ Lohols < G40+ ).

Since ¢ is arbitrary this shows that p(z1,22) < 6. Therefore if p(z1, 29) < 4C and p,(z1,22) > §
we have that 21,29 € B(0, R"). Then for this R’ we can apply lemma 4.5 to get that there is some

a such that if we make Z', Z? independent then we have
Plpr(Z;, 28) < 6/2 | Zo, Z5 € B(O, ') > a.
Using this we have for the independent coupling

E(d(Z;, 2)) < 5P(p(Z}, 22) < 6/2) + (1 = P(p(Z, ZF) < 6/2)) + BE(p(Z;, Z7))

N |

< (1-a/2) + BE(p(0, Z;)) +E(p(0, Z)))-

Now we can see that
E(p(0, Z})) <E(IZ|L*(Z})) < CL"(z1) < C.

since z; € B(0, R’). So if we take § < a/8C, then we have that

E(d(Z}, Z}) <1 —a/4 < (1 —a/4)d(z, 22).



Chapter 5

Hypocoercivity in ¢-entropy for the

linear relaxation Boltzmann equation

5.1 Introduction

In this chapter we constructively prove convergence to equilibrium for the linear relaxation Boltz-
mann equation on the torus in relative entropy. We also look at other entropy functionals, the

p-entropies. The equation is
Of +v-Vaof = MI(f) = \f. (5.1)

Where f = f(t,z,v) : Ry x T x R — R and ) is a positive constant. We always consider f to be
a probability density so it is positive and of mass one, this is well known to be preserved by the

equation. The operator II is defined by

fi(f) = ( Rdf(t,a:,u)du) (2m) =2 exp (—;v|2> _. (/R f(t,x,u)du) M).

The equilibrium state of this equation is p(z,v) = M(v) x 1. We give two separate notations here
to emphasize when we consider it as a function of v alone or a function of z and v. We will always

work in terms of h = f/u which satisfies,
Och +v - Vgh = \Ih — Ah, (5.2)

here we define II by
M = / h(t, z, u)M(u)du.
Rd

So the function ITh does not depend on v.

We want to study the convergence to equilibrium for solutions to this equations in relative
entropy, H, and Fisher information, I, of f to u. Studying the relative entropy has been an impor-
tant way of showing convergence to equilibrium for kinetic equations since Boltzmann’s H-theorem
[23]. Fisher information was introduced into kinetic theory by McKean to study convergence to

equilibrium for a caricature of the Boltzmann equation [95]. These quantities are defined in terms
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of h = f/u, and are

)= [ hlog(i)an
d>< d

2
I(h) = / VAL g,
Rd xTd h

Villani and Desvillettes demonstrated convergence to equilibrium in weighted H' for spatially

inhomogeneous kinetic equations including the Boltzmann equation in [46, 47|, their techniques
were also applied to the linear Boltzmann equation in [33] where they show convergence faster than
any power of t. After this the theory of hypocoercivity was developed and the equation is shown to
converge to equilibrium in weighted L? [77] by Hérau in order to demonstrate the applicability of
the tools used in [80]. Convergence in weighted H! is also demonstrated in section 5.1 of [102] by
Neumann and Mouhot as a consequence of a more general theorem. The techniques used in both
these papers exploit commutator relations between the transport and collision part of the equation
using the tools of hypocoercivity also see [54, 80, 116, 76, 97, 50]. The paper [2], shows convergence
in Sobolev spaces with improved rates, and studies the convergence in relative entropy for models

with discrete velocities. The convergence demonstrated in all these papers is of the form

H(f(t)|p) < Ce " H(f(0)|p),

where C' and ~ are explicit constants. If C' = 1 the equation would be coercive in this norm. When
C > 1, we use the terminology introduced in [116] and say that it is hypocoercive. We can see
that our equation is hypocoercive not coercive as if it were coercive for all initial data that would

be equivalent to the inequality

d

T HOl) < —vH(f@)]n)-

If we call the left hand side of this inequality the functional —D(f(¢)|x) then having this inequality

for all initial data in some set A is equivalent to

D(f|u) > ~vH(flp) VfeA

We can check that this last inequality does not hold for the functionals we consider when f is in

local equilibrium (i.e. of the form p(z)M(v)). More precisely we can check that D(pM|u) = 0.

Entropic hypocoercivity was introduced by Villani in [116]. More recently entropic hypocoerciv-
ity and hypocoercivity in different ® entropies have been studied for diffusion operators [12, 98, 11]
using Bakry-Emery type methods, in [19] for non-linear diffusions and in|7, 3] for linear or close to
linear operators to find optimal rates. Working in relative entropy allows us to show convergence
to equilibrium for a different class of initial data than if we were to use the results in Hilbert spaces.
Another important advantage of working in entropy and Fisher information is that these distances
behave well as the dimension of the space increases. The proofs also rely on logarithmic Sobolev
inequalities where the constants do not depend on dimension. In part 1 section 6 of [116], Villani
studies entropic hypocoercivity for derivative operators in a ‘A*A + B’ form. As in the Hilbert
space theory this is done by constructing a ‘twisted norm’ which he then shows will converge to

equilibrium. Here the role of the ‘twisted norm’ is taken by a distorted Fisher information like
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term

Vh-SVh
R
where S is a non-diagonal matrix. Crucially, as in many previous works we need to introduce a
term with mixed derivatives. This term allows us to use the transport part of the equation to
generate dissipation in the directions not dissipated by the collision operator.

The main purpose of this work is to demonstrate that entropic hypocoercivity can be proved
for an equation which is not in ‘A*A + B’ form. The key difference between the proofs given here
and those of previous hypocoercivity results arises because we do not have a diffusion operator.
Therefore we cannot use the chain rule or understand the dissipation in terms of commutators or
compositions of first order derivatives as is done in the first section of [116]. We find that these
terms produce more extra terms which do not have an analogy in the Hilbert space case in the
proof of Theorem 1.1 in [102]. Therefore, we need to add an extra entropy term to the functional.
This term can be bounded above by H(f) so we can still state our results in terms of the entropy

and fisher information.

Theorem 5.1. If f is a solution to (5.1) with initial data fo such that

Vawhol?
/Rd Td %d/ﬁ =0 fo< Wl,l(lﬁ?
X

then there exist constants A > 0 and o > 0,8 > 0, which we can calculate explicitly depending on

A but not on the dimension such that
I(hy) + BH(IThy) < exp (—At) (al(hg) + 28H (IThy)) .

This implies that for some 7,
H(ht) < exp (—=At) (vI(ho)) -

We then look at the convergence to equilibrium in p-entropy, that is for p € (1, 2] we consider

h? — h
H® (h :/ ———dp,
) rixd P(p — 1) :

where h is as in the first section, and here the analogy of Fisher information is

entropies of the form

I®(h) = / hP=2|V . oh|*dp.
Rd xTd

These quantities interpolate between the Hilbert space case p = 2, and the Boltzmann entropy case,
p ~ 1. They are used in [8, 20] to study Fokker-Planck equations and convergence to equilibrium.
Here we have inequalities due to Beckner in [13] which play the same role as the logarithmic Sobolev

inequality does in showing hypocoercivity in Boltzmann entropy. They are of the form

h? — h 9 9
——dpu < C hP~2|V, wh|=dpu.
rixTd P(p — 1) R4 x T4

These can be shown by interpolating between Poincaré and logarithmic Sobolev inequality [5].

Using this we can prove a similar theorem in the p-entropy case.
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Theorem 5.2. If f is a solution to (5.1) with initial data fy such that
/ WP 2| Vhol|?dp < o0, fo € WH(p),
R xTd

then there exist constants A > 0 and o > 0,5 > 0, which we can calculate explicitly depending on
A, p,d such that

19)(he) + BH®) (1Thy) < exp (=At) (2@ (ho) + BH®) (ITho) ).
This implies that for some ~y,
HO) (hy) < exp (~At) (1P (ho) )
Remark. For the case p = 2 we recover the result of section 5.1 in [102].

Lastly, we briefly look at the kinetic Fokker-Planck equation and its convergence to equilibrium
in p-entropy. It is already known that this is hypocoercive in H' and relative entropy see for
example [80, 116]. We show here that, as in the linear relaxation Boltzmann case, we can extend
this result to the p-entropies. The proof in p-entropies is very similar to that of these other results.

The equation in terms of h is
Oh+v-Vih=(V,+0)Vyh. (5.3)

Theorem 5.3. If f is a solution to (5.3), with finite initial Fisher information, then there exists
an explicit constant k such that

2 2
1P (hy) + gH(p)(ht) <e <3I(p)(ho) + ;H(P)(ho)> .

This implies for some C' we have,
H®P) (hy) < e *M(CTW (hy)).
Here k does depend on p.

Remark. We now briefly consider the case where x € R? and the transport operator also involves a
confining potential term. For the kinetic Fokker-Planck equation Villani shows convergence in H'
and Boltzmann entropy in the first section of [116]. In [98] Monmarché proves a general theorem
which shows that hypocoercivity holds for the kinetic Fokker-Planck equation with confining potential
i a class of ® entropies which include the p-entropies. The proof here is different in strategy to
the one given here or in [116] but very similar calculations to the ones used here in the proof
of Theorem 8 can show hypocoercivity for the kinetic Fokker-Planck in the confining potential
case. The situation is different for the linear relazation Boltzmann equation. It is shown to be
hypocoercive in L? in [77, 50]. To show hypocoercivity for the linear relaxation Boltzmann equation
with a confining potential in ®-entropies would involve a very different strategy to our proofs in this
equation. However, in the near to quadratic case it is possible to exploit additional cancellations

happening in the operator to show convergence as is shown in [99].
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5.2 Boltzmann entropy

Throughout the main parts of this paper we work with an h which is bounded above and below
by constants and has bounded derivatives of all orders. In this set of possible h, all the integration
by parts and differentiating through the integral are justified. In the appendix we show that these
properties are propagated by the equation and that we can extend the result to a wider set using
a density argument.

We now outline our strategy for the proof. Our goal is to get constructive rates of convergence
to equilibrium by closing a Grénwall estimate on a functional that we construct. This functional
is composed from the components of Fisher information and an entropy term. We introduce the

components of Fisher information.

2
X =1%(h) = / [Vah du,
R x T4 h

V,h|?
v ::IV(h):/ | h' dp,
RdxTd

M =1 (n) :/ Vah Vb,
Rd x T4 h

We note here that I™ does not have a sign. We also introduce a projected entropy which we use

in our functional,
Hy(h) = / IThlog(ITh)dz.
Td

We have several more terms which only appear in the intermediate steps of the proof,

' R xTd ’

(Ih/h)
Rd xTd (Hh) 7
R4 xT9 (Hh/h) R4 x T4 h h
We prove later in this section that X — [1X >,
By differentiating along the flow of the equation we show that
d
— X < ANIXX (X - X 5.4
S < ( ). (54)
%IM <—IX XM 4 A prx/x + XeITVIV (5.5)
€

%IV < —2IM ATV - ATV/V, (5.6)

We begin by constructing a functional of the form
J = AT + A 1M + A31Y,

with Ay Az — A2/4 > 0. This inequality means that .J is equivalent to the Fisher information I.
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We now give a strategy for choosing the A;. Whenever A; A3 — A3/4 > 0 we can choose € so

that the sum of terms in the derivative of J which involve I™X/X 1TV/V

will be negative. We need
that As is non-zero since inequality 5.5 provides the negative IX which we want in the derivative.
The most natural next step would be to use the Cauchy-Schwarz inequality to control I™ by IX,
and IV. However, we can check that the quantity of I is too large for this to be possible. We

need to utilise inequality 5.4. We do this by showing that

1 d
M Ty X Xy Sy 5.7
=5 +277( ) q (5.7)

This is the key new element in our proof.

By adding a quantity of Hiy to the functional and using inequality 5.7, we can now control I
by IV and I* — I Since the inequality 5.4 doesn’t produce bad terms we are free to add as
much I to the functional as we need. Therefore, by adding a large amount of Hy and I to our
functional we can cancel out the positive IX — I''X Therefore we can make 1 small. This means
the sum of the positive IV from controlling I™ and the negative IV from inequality 5.6 will sum
to a negative amount of IV'. We recall that we also have some negative IX for inequality 5.5. So

we have,
d
dt

We then use the equivalence between J and I and the logarithmic Sobolev inequality to get

(J 4+ A4Hp) < —C(IX +Iv).

d
&(J+A4HH) < —-C(J+ A4Hn).

So we can close a Gronwall estimate and then use the equivalence between J and I again to

translate this to an inequality on I.

Before beginning the main proof it is helpful to separate out some lemmas. The first result
relates the quantities involving only IIh to quantities coming from the full Fisher information. For

this we define the local average speed U(z), of a solution to (5.1) by

U(z) = /Rd vh(v,m)./\/l(v)dv:/ vf(v,z)dv.

R4

Lemma 5.1. For any h we have that

V,IIh[? Vo2
(h) R4 x T4 Ih o= R4 xTd h a

This implies that for all h there exists a constant C such that

[Vah|?
dyRd h

Hr(h) = / Ih log(Ilh)dz < C / dp.
Td T
Finally, if h is a solution to (5.2) then

Hy(h(t)) = — /Td log(TTh)V,, - U(x)d.
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Proof. We can see that the first inequality will follow if

2 2
IVLIIB? o (Vah?Y
ITh h

Since II is integrating against a probability measure we would like to use Jensen’s inequality.
Instead of looking at h we consider H = (V;h,h) and the function ¢(x,y) = |x|*/y which is

convex so we have from Jensen’s inequality that,
o(IlH) < I(¢(H)),

which implies our desired result since II commutes with V,. (Here II acts component wise on

vectors).

The second inequality follows since the log-sobolev inequality on the torus with uniform measure

says that

L1h[?
/ IThlog(IIh)dx < C’/ ud:v.
Td Td Hh

We then use the first inequality to get the final result.
For the last part,

Olh = — / v - VahM(v)dv + MI(ITh) — Allh
Rd

=—V, -Ux).

Since,

3tth:c = 5',5/ hdp, = O,

Td R4 xTd

we have that

O, H(h) = /jT (@4TIh) log(1Th)dx = ~ /TF o (ITh)V. - Ula)d

We now prove inequalities 5.4, 5.5, 5.6. First, for simplicity, we introduce some notation. Let
T = —v-V,and L = A(IT — I) then let (d/dt)o represent the derivative along the semi-group

generated by any given operator O.

Lemma 5.2. We have the following inequalities or inequalities on the derivatives of the components
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of Fisher information,

(4 I~ =0,
dt /)
AN
dt )
=7X

= 2e &
N——"

~

~
<

= A (17 1M

~

~
>

S —AIHX/X —)\(IX —IHX),

[N
=

| &
~
g

I
/_\/\/‘\q\/‘\/\
o
~——
!
~
S

S)\GIHV/V + AIHX/X _)\I]W.
€

),

Here € is any strictly positive number.

Q.
=

Remark. The first three equalities simply follow in a very similar way to [102]. When we are
differentiating under the flow of L we begin to see terms appearing which correspond to the relative
Fisher information of h to IIh or vice versa. These terms are similar in spirit to terms like
IV (h —IIR)|| appearing in [102].

Proof. The first three equalities are straightforward calculations. They are also given in a different
form in [116].

d IVh|? Vv Vah - Vih IVoh|2 v Vah
— (= dp =2 AR A du
dt T Rd xTd h Rd xTd h Rd xTd h h

|Voh|?
= . VI d
/Rdx’[[‘dU ( h a

=0.

2 . . 2.
_<d> / V| du :2/ V- Vah Vvhd’u_/ |V oh|2 v Vah g,
dt T RA xTd h Rd xTd h Rd xTd h h

. 2
:2/ Vah - Voh Vvhdu—k/ vV, <|Vvh| )du
R x T4 h R x T h

R4 xTd h

_ g / Vzh~Vvhd 7/ Vvv.th~VIhd Jr/ Vvh'vmv'vmhd
dt ) ; Jraxra h h= Rd x T4 h a Rd xTd h K

7/ Voh - Vohv-Vih,
Re xTd

h h

=h - Vyh 2h|?
:/ v'vm<vhv>du+/ Nh'du
Rd x T4 Rd T4

[Vah|?
= d .
/]Rdx’l[‘d h :
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For the last three terms we have that,

2 _ . 2 _
<d> / Tk, :%/ V,(IT - I)h V”hdu—)\/ IV,h|2 (IT Dhg,
dt L ]Rd X’]I‘d h ]Rd XTd h ]Rd XTd h h

__A/ IVuh|? (I + DA
pixra h

dp.

where this last result follows from the fact that V,IIh = 0.

2 — . 2 —
d / IV oh) du :%/ V. (Il - I)h Vﬁhdqu/ |Vh|2 (IT I)hdﬂ
dt L Rd xTd h Rd xTd h Rd xTd h h

2 .
:,)\/ Mdﬂ+2>\/ Mdu
Rd xTd h Rd xTd h

/ IV h|2 ITh
Y —dp
Ra xTd h h

IV, ITh|? / IV, h|?
-\ e 20 g = A AL
/Rwd [T/ P A

2
B A/ Vallh _ Vuh*
wixra | 1A h

:A(/ et - / mmzdu)
Rd xTd Hh R xTd h

V. (ITh/h)?
B A/ ahny W

Vo (ITh/h) >
rixre  (ITh/h)

<=2 hdye.

Here the last inequality follows from the first inequality in Lemma 5.1.

d Vih-Vih Vx(H—I)h-Vvh th-V,U(H—I)h
— ————dp =X d A d
<dt>L/Rded h H Rd xTd h ot R xTd h H

Voh - Voh (I Dh
— /\/ du
Rd xTd h h
:_)\/ Vzh-Vvh(I+H)hdM+/\/ vah.vvhdu
Rd x T h h Rd x T4 h

:A/ v, <Hh> .vvhdM_A/ Vah-Vohy
Rd X T4 h R X T4 h

1 1 I 2
R4 xT4 R4 xTd

hoh ¢ (TTh/h)

) Vah Vol
Rd xTd h

We can check that all the terms appearing on the right hand side can be bounded in terms of

1A\ |VA|?
1+ — d
/]Rded < * h ) h -

which justifies switching integration and differentiation.
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It might appear at this point that if we were to split I™ < I /2n + IV /2 then we would be
able to close a Gronwall type estimate but we cannot close an estimate doing this. We can see
that unlike in [102] we have not bounded (d/dt);I* by terms only involving v-derivatives and
the distance between h and ITh with x-derivatives, this produces some extra mixed term in the

derivative which has to be dealt with.

Lemma 5.3. For any positive n we have

(X — 11Xy — gHH.

nv
M <1y
st dt

1
2n
Proof. First we notice that

B IVL(TTh/h)P i )
0 Wl gy = V., log(ITh/h)|2hdy
/RW Mh (/) pasera | EUTIA/R)

:/Rd » |V, log(TTh) — V, log h|*hdp
X

|V, ITh|?
= 2 hd
/ 2

- 2/ Vollh-Voh,
Ra xTd Hh

V.h|?
+/ [Vah”
Rd xTd h

IV h? / IV, 11h|?
- dp — ALl
/Rdw S R T

where here we push the integration in v onto either h or V h and use the fact that II commutes

with V,. Now we can see that

7/ Mduzf/ leogh-vvhdqu/ V. log(ITh) - V,hdp
Rd xTd h R x T4 R x T4

— / V. log(ITh) - V, hdp
R4 xTd

:/ V. log(Ilh/h) - V,hdp — / V. log(IIh) - VohM(v)dvdz
R4 X T4 T4 R

/Rdw Volllh/h) - Voh o /T log(ITh) V., (/R hv/\/l(v)dv) dz

(ITh/h)
2 2
- % (/I[‘d ITh log(Hh)dx>
:glv+%(lx _IHX) _ %Hm

We are now able to prove the main theorem

Proof of Theorem 5.1. We look at

J(h) = A1 TX + AI™M 4 A3TY.
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Using Lemma 5.2 we can see that

d _ Ap nX/X
= (a-2)1
— ANIY = ')

— A (Ag — eAy) VIV

— AoTX — NA3TV — (M +243)TM.

We therefore have for any ¢ > 0,77 > 0 and « € (0, 1),

A
% (J + (Ms + 245) H) < — ()\Al - “) /X
€

- <>\A1 - Zi(AA2 + 2A3)> (IX — 1)
U

— A(Az — €A )TV

- (AA3 - g(AA2 + 2A3)) v
— aAyIX

— (1 —a)ArX

<- ()\Al _ W) JUX/X
€

— ()\Al — %(AAQ + 2A3)> (1% — 11X
U

— A(Az — eA) TV

- (/\Ag - g(/\Az + 2A3)> v
— A IX

— (1 — a)A3CHyy.

We set,

119

Since if we send 1 to 0 then A; will become much larger than A, and A3 we can choose 7 sufficiently

small so that )
5143](}1) < J(h) <2A411(h).
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Then the inequalities we have to satisfy become

% (A +2) A3 — N2 43 >0,

1 9
—(A+2) 45 >0
2n< +A> s

(/\ - g (A + 2)) As z%Ag.

So we can choose 7 sufficiently small so that all these inequalities are satisfied and we get that

d AA AA
" (J(h) + (N +2)A3Hp) < —TBI(h) - 73’C’HH.
Which becomes,
d ) A2p CX )
— < -l - _
o (J(h) + (A\* 4+ 2)A3Hy) < 0012 J(h) D) ((\? +2)A3Hn)

Since, 7 is small (or if not we can make 7 even smaller), and Hyy > 0, the first term will dominate

so we get

d

3 (J(0) + (W +2)43Hn) < A

S TerT)] (J(h) + (A\* 4+ 2)A3Hn) .

So if we now convert to I we have

I(h) + 20\ + 2)Hy <= (J(h) + (\* +2) A3 Hr)

1L
2 A2t 9
S/Tg exp (—4()\212)> (J(ho) + (N* + 2) A3 Hri(ho))

A2t 4 .5 9
<exp (—4(>\2+2)> (77)\()\ + Q)I(ho) + 2(/\ + 2)H1‘[(h0))

Since H(h) < I(h), and Hy(h) < H(h) we can write this as in the theorem. O

5.3 p-entropies

In this section we will prove Theorem 5.2. Here for compactness of notation we suppress the p in
the notation for the entropy functional. The proof is similar to the proof of Theorem 5.1 except
that it is useful to understand the dissipation of IX in a different way. Also, a number of extra
terms appear which can be shown to have a good sign and are therefore easy to deal with. We
can justify switching the order of integration and differentiation as in section 2. We recall that

€ (1,2]. We again make some notation

X :/ h* 7P|V h|2dp, IV:/ h* 7P|V, h|*dp, IM:/ h*7PN . h - Vo hdp,
Rd xTd Rd xTd Rd xTd

and
X / Th*~P|V  I1h)?dp.
RdxTd

Our first lemma is Lemma 5.1 in the p-entropy setting.
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Lemma 5.4. For any h we have that

Iu(h) = /R Y AR < / 12|V, h2du.
X

Rd xTd

This implies that for all h there exists a constant C such that

p _
Hy(h) = / de < B/ hP=2|V b2 dp.
a pp—1) Td xRd

Finally, if h is a solution to (5.2) then

d - (ITh)P—
S Hn(h(1) = - /T V. U)e,

Proof. The proof is similar to that of Lemma 5.1 we first note that |z|?y?~2 is a convex function
of x and y for x € R% y € (0,00). As the sum of convex functions is a convex function, we can

particularize to the case d = 1 where the Hessian matrix is

< 2yP—2 2(p — 2)zyP~3 > -

2(p—2)xy?? 2*(p—2)(p — 3y *

The trace is 2y~ 2 +22(p—2)(p—3)y?~* > 0, and the determinant is —2(p—2)(p— 1)y~ 9z > 0.

So the Hessian is positive definite. Therefore by the same argument as before we have that
In(h) < I*(h).
Now by the Beckner inequalities for the torus, [5], we have that
Hy(h) < Clu(h),
from which the second inequality follows. Lastly we know that
OIlh = =V, - U(x),

SO

R R

We can also prove a Lemma which is very similar to Lemma 5.3

Lemma 5.5. For any positive n we have

1 d
—(I* - 1" — — Hyy.

_ [M < l [V
2 2n dt
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Proof.

hP—1
—/ hP~2V  h - Vyhdp = — / vx( )-Vvhdu
Td xRa Td xR4 -1
p—1 p—1
/ (h(Hh)) - Vohdpu
Td xR -1
(ITh)P—1
/ x< )
Td x R4 -1

(HhP ! hP 1)‘2

77 ‘V
<=I d

(ITh)r—1
71v U(z)dp

_|_

Td xR4

1
<hypv — (1% — Xy

— Hy.
<35 2 i

d
dt
Here for the last inequality we expand out and use that 1IV,h = V,IIh and II(h2~P) < (ITh)%*~P

since z27P is a concave function.

[l (5]

/ (|Vthl R*P =077 — 2V, T - V h(TTR)P =2 + [V, h[*hP~2) du
R4 x T4

[

S/ (IVoTTh|> (TTh)P~2 — 2|V, ITA (TTh)P =2 + |V, h[2hP %) dpa
Rd xTd

<X — X,

O

Before we continue the proof as before we need to be able to deal with another term which

appears for the p-entropies but not elsewhere.

Lemma 5.6. The function F,(r) defined for r € [0,00) by
Fp(r)=p—1+2-p)r—r*7,
is positive when r is positive. Note that F}, is zero whenever p is 1 or 2.

Proof. F,(1) =0, F,(1) =0, F)(r) = —(2—p)(1 — p)r~? > 0. Therefore, by Taylor’s theorem we
have F,(r) = —(2 — p)(1 — p)s P(r — 1) for some s between r and 1. So F,(r) > 0. O

We now calculate the derivatives of different components of I(f). In order that we can write

things compactly we introduce the following extra notation

[XﬁF:/ hP=2|V b2 E,(TIh/h)dpu, IV’F:/ hP=2|Vyh|* F,(ITh/h)dy,
Td xR Td xR?

VI — /T . hP=2|V ,h)?(ITh/R)?Pdp.
X
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Lemma 5.7.

|
e N

Sl Sl
H

|
N
&l
——
!
~
g
|
~
“><

d
() IV == X(IVF 4+ 17+ 1Y),
dt/
(d) I <—\D - \I%F,
dt )
d ™ SEIV,H+AD+LIX,F+@IV,F_)\IM.
dt L 2 €1 262 2

D =

Td x R4 (ITh)p—2

Proof. The calculation for the first three terms is identical so we do not repeat it. We first expand

out D to make it easier to recognise in the calculations later.
D= |(ITh)P =2V, 11h — hP~2V k| (ITh)> Pdu
TdxRe

= / ((ITh)P~2|V,ITh|? — 2hP =2V, IIh - Vb + (ITh)* Ph* 4|V ,h[?) du
Td xRe

Now we can proceed to calculate the derivatives.

d
() I =—pX hP=2 |V h2dp + 2X hP=2V  h - V IThdp
dt /), Td x R4 Td x R4
Ih
-(2-pA hP~2—= |V, h|*dp
Td xR4 h
=— A / (TTh)*~P|V h[2h2P~4dp + 2\ / hP=2V 1 - YV IThdp
Td xR4 Td xRd

-2 / (TTh)P~2|V  ITh|*dp
Td xR4

ITh
—p)\/ hP=2|V h2dp — (2—p))\/ hP™2 == |V, h2dp
T xR4 T xR4 h

+ A (TTh)2 7P|V . h|2h2P~4dp + A / (TTh)P=2|V  ITh|*dp
Td xR4 Td xR4
—2 2 LA —2 2
hP=2|V . h)2dp — (2 — p)A ——hP~2|V,h)?du

gf/\D+(1—p))\/
Td xR4 h

Td xRe

h\*”
- )\/']I‘d Rd (h> BV = A (17 = 1)
X

Ih
:—)\D—)\/ F () WP 2|\ VohPdp — A (15 — 1Y)
TdxR4 h
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Using very similar calculations for the v-derivatives we have,

d IIh
— | IV = *p)\/ hp72|vvh|2d:“ —(2-p) / hp727|vvh|2d/‘
de I Td xR Td x R4 h

2—p
=— )\/ <Hh> hP=2|V, h|?dp — )\/ F <Hh> hP=2|V,, h|?dp
T4 xR4 h T4 xR4 h

- A hp72|VUh|2d,u.
Td xR4
1I
(d> IV = — px hP=2V b - V,hdp — (2 — p)A —hhp_ZVIh-Vvhd,u
de¢ I Td xRd Td x R4
+ A / hP~2V I1h -V, hdp
Td xR4
—2 Ih, o
=—pA W™=V, h - Vyhdp — (2 —p)A —hP7V h - V,hdp
Td x R4 Td x R4

2—p p—1
Taxrd \ P p—1

2—p p—1 p—1
(B 0 )
Taxge \ P p—1 p—1

+ A/ hP=2V  h - V,hF (Hh> du

Td xRa h
- hP~2V b - Vo hdp

Td x R4

2—p
SLD-FE/ <Hh> hP*Q\Vthdu
261 2 Td x R4 h
+ A =2, b2 E (B0 qp 4 22 =2 v b2 F (Y dp
262 Td x R4 h 2 Td xRd h

Y hP~2V, - V,hdp.

Td x R4

Proof of Theorem 5.2. As before, first we consider an entropy of the form
J(h) = A TX + Ay ™M 4 A3V,

So by Lemma 5.7 we have

d Ay X IX
< _ I _ _
dr< )\<A1 261)0 M, (15 = 1Y)
—)\<A1—A2)IX’F—AQIX
262

A A
A <A3 - ?) A (Ag - ;62> IvF

— ATV — (A\Ay +2A43) TV,
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We can now use Lemma 5.5 to see

d A, Ay + 243 X 00X
LA -2 D (aa, - 22228 (;x g
7 = A (- g ) D (- HEER ) -1y

- A <A1 — ;42> IX’F —AQIX

€2
_)\<A3_‘4261>[V»H_)\(A3_‘4262>1V»F
2 2
(/\A Ty + 245)) IV — (M +245) S
- 3—2( 2 +2A43)) IV — (NA2 +2 3)dtHH'

We set Ay = Mg, e =2/X, A1 = (A +2/X)/n to get

d 1 )
— < = — — P
57 < A(n()\+2/>\) A /4) AsD

— %(ﬁ +2) Az (I — ')
-2 (;(A +2/X) — /\2/4> AgTF
— M5I%
- (A - gw + 2)) A1V
d
— (N2 + 2)A3$HH.
Making 1 small enough we have

d

A A
dt(J + (N2 +2)A3Hy) < — 5,43(IX +1V) - 5AsCH.

As before we have for 7 sufficiently small
1
§A31 < J <241

Hence, for i possibly even smaller

d ) A2p AC )

— < — _

(7 T (W +2)45Hn) < 502 12) T =73 (A2 +2) A3 Hn)
<—l(J+(/\2+2)A Hp)
= 2(A2+2) sy

Phrasing this in terms of I we get

I(t) +2(\? + 2)Hyy(t) < exp (—2(;221 ) t) (4(Ai: 2 +2(0% + 2)HH) .

5.4 The kinetic Fokker-Planck Equation

Here we consider the case where L = (V,, — v) - V,,, and still in the case where I, H represent the

p-entropies. The proof is similar to the proof in section one of [116]. We use a different formalism
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to make the connection with the earlier sections. Again new terms appear which vanish in the case
where p =1, 2.

The strategy of the proof is much simpler than in sections 2 and 3. This is because when we
differentiate the entropy we get —I". This means our proof does not need to involve Hy as we
can control I™ terms in the derivative of .J by splitting it as a very large amount of IV and a very
small amount of IX. Then we can cancel out the IV terms by adding a large amount of H to our

functional.

First we calculate the dissipation of the various parts as before.

Lemma 5.8.

d

() 1 =-2" - 2 pp- XY,
i),

d 2-p)(1 - 1 1
—) M S]v;ijIv,ijw (V4 PV 4 by Ly
), 5 5 .

d
(> IV = 21"V — (2 —p)(p—1)I*V +2IV.
at),

Where,

2
W2rdp, 120V = / [Voh|?[Vh[*hP =4 dp,
TdxR4

p—1
IV’X :/ vvvw (h )
Td x R4 p—1
B~
IV’V :/ vvvv ( )
Td xR p—1

Proof. First we calculate that

1
v (5=1)
p—1

2

R*Pdp, I*V = / |V, h|*hP~4dp.
Td x R4

2
h2P — |vc (hp72vclh) ’2 B2-P

— |72V, Vah + (p = 2)RP 3V AV b B3P
=hP72|V .V h|?> 4+ 2(p — 2)RP 3V h - V.V hV e h
+ (p — 2)2hP VBV o |2

where ¢, ¢’ are equal to either z or v. A similar argument shows

2 hp—t hp—t 2
h*7PV,V, < 1) VoV < 1) =hP~2V,V, : V,V,h
+ (p = 2)hP 3V h - VoV, ,hV,h
+(p = 2)hP 3V h - V,V,hV,h

+ (p — 2)2hP 4|V, h|?*V k- V.
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Now we can calculate we have
d X —3 2
— ) I" =(p-2) hP=3(V, +v) - Voh|V,h|?dp
dt) Td x R4
+2/ P2V ,((Vy +v) - V) - Vohdp
Td xR2
=—(p— 2)/ Vo (RP73|V,h|?) - Vyhdp
Td xR2
-2 / Vo (RP7?V3h) : VoV, hdp
Td xR4
——-2-3) [ IRV
Td x R4
—2(p—2) / hP=3V ,h - V.V, hV, hdpu
T4 xR4

—2(p—2) / hP™3V, - Vi Vo h Vo hdu — 2/ hP~2|V, VYV h|*dp
Td xR4 T

ded
hr=1
o) e ()
Td x Rd p—1

The calculation for IV is similar except an additional term appears as the commutator of 8, + v;

2
h*7Pdp — (2 = p)(1 —p) / W=V h[2 [V k2 dp.
Td xRe

and 9, is non-zero meaning we gain a +2I" when doing integration by parts on the second term
in the first line. Again for I™ the calculations are similar, this time we only gain +I due to the

non-zero commutator. O

Remark. Here again we can see additional terms appearing for p € (1,2) which are not present

at the limit cases similarly to the linear relazation case.

We are now able to prove Theorem 5.3.

d/hp—h v
Bl L p—
at ) pp—1 "

we have a lot more flexibility in our proof as we can add H rather that Hy to the entropy functional

Proof. Since,

and thereby make the coefficient of IV in the derivative of J as large as we want. So we calculate
as before

d
&‘]“ < —2A 1Y% — (2 —p)(p— 1) APV

2 — -1 A A
— AgIX 4+ ATV 4 ATV %AQ(IW + 125V 4 721X + 721V
Az

22X 4 AgelV — 2451V — (2 —p)(p — 1) AsI*Y 4+ 2451V
€

= (—QA]_ + Ag) IV’X

A
+ (2 fp)(p — 1) <A1 + 22> IQ’X’V + (A2 — 2A3) IV’V

A Ay, A
+2-pp-1) <22 —A3> V4 (—22 + :) I~

A
+ (22 + Ase + 2A3> Iv.
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Set € = 4A3 and Ay = 1 then we have

d
dt

L2001 4 2= 1)

1 1
— ZIX + (2 +4A% + 2A3> Iv.

So now set A; = A3 =1 to get

d

— V.
dt

1 13

J, < —-I" + =

H=y + 2
So we have from Beckner’s inequalities that

H<CI

for some constant C' and we have

N | =
~
INA
N
INA

N | o
~

Therefore,

1

5 (24 DI+ 2 -p)p-1) (—A1 + 2) v

— A3> I?,V

1 4 27 27
< —min{—, —— . — - .
< m1n{12,2160}<.]+ 4H) k(J+ 4H)

Recasting this in terms of I we get

27 27

2 2

I(t)+ = H(t) <e ™ (3[(0) +=H(0

).

5.5 Quadratic and close to quadratic confinement

This section reviews the work [99] (Monmarché 2017) which proves results based on the calculations

in the beginning of this section. We also present it here for completeness, to make some comparisons

with Fokker-Planck case and as it motivates the next section which uses similar ideas for the true

linear Boltzmann equation. In [7, 3] they study hypocoercivity in ¢-entropy for kinetic Fokker-

Planck equations with linear forces. i.e. equations of the form

8tf+v‘vxf_6x'vv:vv'(vvf+vf)'
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The goal of these papers is to get sharp rates for the convergence to equilibrium. To do this
they take a strategy similar to that of Villani in [116], however they exploit nicely cancellations
appearing between the different terms which allow them to close a Gronwall estimate purely on
Fisher information. We show these calculations for the above equation in the case of relative
entropy rather than general ¢-entropies. We now write T' to be the operator involving confining

as well as transport, v -V, — Bz - V,.

4 X =281M,

dt )

g IV _ 2[]\/[7

dt ),

AN + 81V

dt ) ’
I =—21%v

= 2l

— ——
h

IV =—21VV — 21V

ol
~

L

> M =2/ XV [VV _ M,
L

TN o/~ N 7 D R

&~

As before we construct a functional of the form
J = ATX + 24,1 + A5TV.

We choose A3 < Aj Az so this means that as before the higher order terms will always give a
negative contribution. Therefore,
d

37 < —2A,1% + (2BA; — 2A3 — 245)IM + (284, — 2A3)1V.

Therefore we can set 41 =1/8+ 2, Ay = 1, A3 = 23 to have

d
—J < —21% — 281V,

dt — p
We can then close a Gronwall estimate as before. We can choose the coefficients in J better in
order to get sharp rates but the key idea is that we can choose A; to cancel the rest of the mixed
term appearing. We can also extend this to the case where the confining is force is close to being

linear, in the sense that

V() = el + U(a)

where HessU < Cj. It was shown in [99] that the same strategy works to get convergence for the

linear relaxation Boltzmann case. Here suppose we have the equation

Ouf +v-Vuf —Ba-V,f = \If - f).
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Then we can work in the same way to get

M =—1% 481,

PR

&~
~_
~

IX _ )\IHX/X o A(IX *IHX),

= Ble
h

IV :_)\IHV/V —)\IV

TM A/ JUX/XOV/V _ \TM

/\/\/—\
S
h\_/\-/\—/
&~

This gives us that

%J < —2A,T% + (2841 — 243 — 20 A5)IM + (2845 — NA3)IV.

So we can set A1 = 2/\+ \/B, Ay =1, A3 = 20 to get

d
—J < —21% — 281"
dt” — p

So again we can close a Gronwall estimate as before. This can also be extended to close to
quadratic confinement when the perturbation away from the quadratic term must be bounded by

some constant that depends on both § and A. The precise statement is given in [99].

It might be interesting at this point to look at how the effect of linear forces looks on the level
of SDEs. In the kinetic Fokker-Planck case our equation is the Kolmogorov backwards equation of
the SDE

dX, =V,dt
dV, = — BX,dt — V,dt + V2dW,.

Suppose that we generate two coupled solutions to this SDE with the same driving Brownian

motion then we have

d(Xy = X7) =(V;' = V/?)dt,
d(Vi' = V) = = B(Xy — XP)dt — (V! = Vi?)dt.

So the difference between these two solutions is deterministic given the initial data and this ODE

has an explicit solution from which we can see that

(X} = X7+ (V) = V)P < Ape™' (X5 — X3)* + (Vg = V§)?) -
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Where cg is the spectral gap of the matrix

(54)

This gives an easy proof of a spectral gap in Wasserstein which captures the rates given in [7, 98]
which are there shown to be optimal in relative entropy. This idea can also be extended to the
case of close to linear forces as is done in [22]. This is a very different situation to the torus where
constructing a coupling to show convergence in Wasserstein is more complicated as is shown in
this thesis and in [48]. This is also the case when the confining potential is not a perturbation of
quadratic [52]. The couplings used in both these papers really need to use the mixing generated

by the Brownian motion to show that the solutions will get close together.

For the linear relaxation Boltzmann equation the stochastic interpretation is less useful. We
can write SDEs in integrated form by defining P to be a Poisson point process on [0, 00) x R? with
intensity measure given by the tensor product of Lebesgue in time and Gaussian in velocity space.

Then we have
t
X =Xo+ [ Vids,
0
t t
Vi =V, —/ 6Xsds—|—/ / (w — Vi) P(ds, dw).
0 o JRd
Now if we couple two processes to have the same law we do not get something deterministic
t
X} X7 =X} - X3+ [ 0 v
0
t t
VvV - vi - [t -xhas - [ [ (v - v2)Pds,du),
0 0 JRd
So the dynamics of this are that the difference between the solutions follows a deterministic path
keeping (V! — V?)2 + B(X} — X?)? constant then at random times the velocity part jumps to zero.

It seems very likely that this coupling should give exponential convergence to equilibrium but it is

not immediate as it was for the kinetic Fokker-Planck equation.

5.6 The linear Boltzmann equation

We now look at the linear Boltzmann equation for Maxwell molecules with cut off. This equation

is written as

Of +0-Vof — VU -V, f = B ( vz o ~a> FOOM@)dvdo — £ (5.8)
Rd x§d—1 |U - U*|
Where
P N e ~ (=) 55
= 5 0=v—(v—u)- 50,
o - VAU |[v — vy

T2 2
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Where
5 k—o V — Uy
6= ———, k= .
V21 —k- o) |v — vy
We note at this point that
06
—|=—4(1—-k-0)?
do ( o)

We also have that

Now we look at h = f/M we get that
Oh+v-Vyh = / B(k - o)h(v')M(v,)dv,do — h.
R xSd—1

Our goal is to see if we can prove similar theorems as for the linear relaxation Boltzmann equation
for this more complicated operator. Unfortunately, I don’t know how to replicate this proof on the
torus using techniques similar to the first chapter. However, we can show a result for a close to
quadratic confining potential as was discussed in the last section. In order to do this we need work
out how to control the dissipation of Fisher information type terms along the flow of the collision
operator. We do this using techniques from [115]. In order to do this we need to change the way

we write the twisted Fisher information terms. We define

2h + bV, h|?
]‘“”:/—'av —; Vuh dp.

We will write our twisted Fisher information as
J= Ia,b + IO,c

and choose a, b, c.

Lemma 5.9. We can calculate that

d 2 v 2 zlt” v
(4) poco [ (BITAE, GTahT),,
dt L Rd xRd 2 h h

Proof. We define
Qi (h) = / ) B(k - o)h(v" )M (v)dv.do,

and we want to bounds

[ levarive. e,
R4 xTd Q+(h)

Now we follow very closely [115] but adapting it to our case where we work in terms of h not

f and use derivatives in x as well as v. We define as in [115]
Myrx = (UL . ac)kL7 Pypx = (0-2)k + Mypx.

We use the following lemmas.
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Lemma 5.10 (Lemma 1 from [115]).

1

v — v

Vu(B(k-0)) = B'(k-o)lj.o0.

Lemma 5.11 (Lemma 2 in [115]).

/ doB'(k-o)F(o)l10 = / doB(k - o) MV F(0).
S§d—1 §d—1
Lemma 5.12 (Lemma 4 in [115]).

[Por| < [l

With these we can compute that

(aVy 4+ bV,)Q4(h) :/Rd s (B(k -0)(aVih(v') + b%([ + okT)(V,h) (V"))

bt B o)l oh (1) ) M(v.)

v — v

:/Rd Sd Blk-0) (avwh(v’)+b1(1+akT)(vvh)(U'))

T Vo (h(v >>) (v.)

Iv* Nk

/]Rded 1

Squaring this and using Jensen’s inequality gives and that |P,,x|? < |z|?

(Vs +59)QhR(0) 1 i (2 [TAOE B (TR )2
Q= (h)? §Q+<h>/wxgd13(’“ M *)< M) T2 h()
) -

Voh(v') - (Vb)) (aVeh(v') + 2V,h(V') - PopVh(v')
BT - W) ) '

Integrating and switching the primes to not primes we get that
(Vs +bV,) Q4 (h)[? / ( 2| Vah(v)]? | b2 [Vioh(v)]?
dup < B(k-o)M(vs) | a + —
R conioges O OMEI TG )
o Yeh(®)  Vuh(v) | (aVah(v) + b7, h(v)) - P;wvvh(v)>

(aV h(v (I + k™ + Mak)(vyh)(v/)> M(v,)
(aV h(v

(I + ng)(Vvh)(v’)> M(vy).

h(v) h(v)

Integrating in o gets rid of the last term as Py, is an odd function of o and B is even. So finally

we get that

2 2 2 2 .
R ATy S P I AT AR A P
Ré x T4 Q+(h) R xTd h 2 h h

So now we know that I, is a convex function of h. Therefore if L = Q4 — I we have that

Lap(e™h) = Iop (1 = )h + 1 (Q4(h) + 0(t))) < (1 = t)Lap(h) + t1ap(Q+(h) + o(t)).
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Consequently,

d

a a,b(etLh) < Ia,b(Q+(h)) - Ia,b(h)-

Using our expression for I, ,(Q+(h)) this gives

2 2 )
i ab(etLh) < ,/ bf |Vh +abvzh V.h du
d¢ ™ Rd xTd

2 h h

Now we want to look at the case that
U(z) = Blaf* + U(z).
Let us define Ty = —v -V, 4+ Bz -V, and Ty, = Vv,U - V,.

Lemma 5.13. Suppose that |HessU|| < § then we have that

d |V.h|? Vih-V,h |V, h|?
—) I®t=_29 e 2(a28 — b2 /M 92 /Ui
(dt)Tl ab/ Y dp 4 2(a”8 — b%) - dp + 2abp o dp,

d |V, h? IVoh|2 o\ /2 IV, k2
— ) I1%® <2426 / d / d 2 bé/id )
<dt>T2 =2a ( no ) T ) e no ok

Proof. The first line follows simply from the chain rule as before. For the second we just use the

chain rule and then split the mixed term using Cauchy-Schwartz. O

Theorem 5.4. Suppose f(t) is a solution to the linear Boltzmann equation as shown above (5.8)

with
lel* |, &

U(x)=28 5 +V(x)

where HessU < § with § satisfying
(9+8(8+9))d < 48.

Then we have that
L(f(t)) < Ce I, (f(0)).

Proof. We define J = I%" 4 I¢ then using Lemmas 5.13 and 5.9 we have that
d
77 < —2abI™ 4 (2abB + 2abs — b? /2 — 2 /2)IV + (—ab + 2(a*B — b? — ) IM + 2a*6VIX V.

We can choose a, b, ¢ such that

26

_ 2, 2 _ 2 _
ab=1, b°+c*=4(8+0)+4, a = OF8B L)

This gives

%J < 72(IX +IV)+ w\qx]v_
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Then provided that § is small in terms of § as required above we have that

d

—J < =2)\J.

dt —

We do not keep track of the constants but they can be made explicit. Since J is equivalent to

I,(f) and we get exponential convergence for J:

L(f(1)) < Ce™L,(£(0)).

5.7 Proofs that the results extend beyond smooth functions

We show for h, being bounded above and below and having bounded derivatives of all orders is
propagated by the equation (this is similar to what is shown in the appendix of [33]). In this set
we can do all the calculations given in the main part of the paper. We then show for h € Wt1(u)
with finite Fisher information then we can make a density argument to show that the result still

holds in this case.
Lemma 5.14. The equation preserves bounded derivatives of all orders.

Proof. We rewrite the equation for h in a mild formulation as follows
t
eMh(t, z,v) = h(0,z — vt,v) + )\/ e / h(s,x —v(t — s),u)M(u)duds.
0
This leads to the following inequality

t
M DZh(t)lloo < | DFR(0)] +/\/0 | DEh(s) ]| ods.

Therefore by Gronwall’s inequality we have that
1DZh(t)]loo < [I1D57(0)]|so-

We also from this mild formulation that any mixed derivative can be written in terms of « derivative

and derivatives of the initial data. Therefore, the derivatives will remain in L* for all time. 0

Lemma 5.15. The equation preserves positivity and constants are a steady state of the equation

therefore being bounded above and below is preserved.

Proof. We can show that
O (eMh(t,x +vt,v)) = //\e)‘th(t, x + vt, u)M(u)du.

Therefore if e*h(t,z + vt,v) is positive for all z and v then so is its derivative. Therefore it will
remain positive for all time.
It is easy to check that constants are a steady state so if h(0) — ¢ is positive then since positivity

is preserved so is h(t) — ¢ and similarly if C' — h(0) is positive then so is C' — h(t). O
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Lemma 5.16. Suppose that we have h(0) is in W11 (u) with bounded Fisher information, and
also suppose we have a sequence hy,(0) which has all our good properties and converges to h(0) in
LY (u) with

H(ha (1)) < A1 (1, (0)),

for every n then we have
H(h(t)) < Ae”™I(h(0)).

Proof. Convergence in L' implies that h,, tends to h a.e. along a subsequence. Also, suppose that

h1 and hs are two solutions to the equation then
Slgt) hi(s) = ha(s)|lL1( < e M||hy(0) — h2(0)|| L1y + 51?2 |h1(s) = ha(s)|| L1 (1 — e M.

Therefore,
sup [h1(s) = ha(s)[[z1 ¢y < [1h1(0) — h2(0)[|L1 (s,

hence h,,(t) tends to h(t) in L' therefore h,(t) also converges to h(t) almost everywhere along a
subsequence.

Then since hy, log(hy,) — hy, + 1 > 0 by Fatou’s lemma we have
/(h(t,:mv) log(h(t, z,v))—h(t,z,v)+1)du < liminf/(hn(tm,v)log(hn(t,:mv))—hn(t,x,v)—i—l)d,u.

Therefore, if we have h a solution to the equation with initial data h(0) as defined above we have
that
H(h(t)) < liminf Ae I (h,,(0)).

So to prove our theorem holds in this larger set it remains to show that we can find a sequence
h,(0) converging to h(0) in L*(u) where for every n h,(0) is positive, integrates to 1 against y, is
bounded below and has derivatives bounded of all orders which also satisfies

lim inf I (h,,(0)) < I(h(0)).

n

To do this we make a very standard mollifier argument. Let x be a smooth function on R
with x(z) = 1 for z < 1 and x(x) = 0 for z > 2 and |x/(z)|?/x(z) integrable. Then define
Xr(z,v) = x(||v|]|/R). Also let ¢ be a molifier integrating to one and compactly supported in
B(0,1) then set ¢(z,v) = € 2%¢((x,v)/e). Take some h in W' (1) with finite Fisher information.
Let hg = hxr, then set he g = ¢ * hp and then h, . r = (he g +1)/(||he,rll1 + 7). S0 hyer is
bounded below and has derivatives bounded of all orders and fairly clearly converges to h in L'(u).

So first we try and get rid of n since Vhy, e g = Vhe g/(||he,r|l1 + 1) We get that

[Vhyerl* . [Vhe,r|?
————— Iincreases to —————.
h777€aR he,R

Therefore, by mOnO(One Con\/ergence,
lim I(hn € R) - I(he R).
17—)0 7) ?

Now we work on €, we have that Vh, p = ¢ * Vhr. We can now make a similar argument
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based on Jensen’s inequality and the fact that |z|?/y is convex to get that

2 2
Vhenl _ (Ve
her hr

Since, the mollification of an L' function converges in L' to that function we get that
hII(l) I(he,R) S I(hR)

Now we work on R, we note that

|Vhg|? |Vh[?
= XR

L (X (lvll/R))?
hr h '

v
= Vh+h—
o] R x([lv[l/R

2
+ X (vll/R)
Since, h, Vh,|Vh|?/h are all in L (1) we can see that

lim I(hg) = I(h).

R—o0

5.8 General Entropies

In fact the proofs given above work for a more general class of entropies, ®-entropies defined by

Y — / B(h)dy
Rd xTd

1% = / @ (h)|Vh[*dpu.
R x T4

We work with ® a positive function such that ®(1) =0, ®”(¢) > 0 V¢, 1/®”(¢) a concave function
and ®(t)®” (t) > 2®/(t)? Vt. We use a new method of differentiating the entropies which allows us
to extend the calculations to a more general class of ®-entropy.

Let us define the entropy
Jy(h) = /Rdm ®"(h) (a|Vyh|? + 20V ,h - Vyh + ¢|V,h|?) dp.
Lemma 5.17. Let ® satisfy for all t > 0:
e &(t) >0
e &'(t) >0
o O"(1)dMW (1) > 200)(¢)2
Then if b2 < ac then J is a convex functional.

Proof. Since b? < ab we can write J as the sum of functionals like

J(h) = / 3" (h)|aV  h + BV, h[2dp.
R4 xTd



138 CHAPTER 5. HYPOCOERCIVITY IN ®-ENTROPY

Then if the function
o(z,y) = " (y)|=|?

the whole functional will be convex. This is because if ¢ is convex then

J(th+ (1—t)g) = /R @V + BY,) + (1= )(aVag + B ,9),th -+ (1 = o)
<[ {BVah+ BV (L= 00(aVag + 5V.0.9))

Rd xTd
=tJ(h) + (1 —t)J(g).

It remains to prove that ¢ is convex. We know that ¢ is the sum of functions ¢ = &” (y)x? where

now x is one dimensional. So we only need to show that these are convex. The Hessian of ¢ is

20"(y) 220 (y)
2000)(y) 220W(y) |

This has positive trace as both diagonal terms are positive by our assumptions. It also has deter-
minant 222®" (x)®® () — 422®®) ()2 which is again positive due to he assumptions we made on

® therefore the Hessian is positive definite so ¢~> is convex. [

Theorem 5.5. Let O satisfy the conditions in Lemma 5.17 and also let & be such that the uniform
measure on the torus satisfies a ® Sobolev inequality and 1/®" is a concave function. If [ is a
solution to (5.1) with initial data fo such that

/ " (ho) |V vhol|?du < oo, fo e Wh(p),
Rd xTd

then there exist constants A > 0 and A > 0 depending on A and the constant in the ®-Sobolev
inequality, such that

IY (hy) + HY (IThy) < Aexp (—At) (17 (ho) + Hy (IThy)) -
This implies that if the equilibrium measure satisfies a ®-Sobolev inequality then for some -,
H(hy) < yexp (—At) I(ho).

We can take o
A = min {1, ZM} mln{2, )\/2}

and
A =4max{2(1+1/0)% (1 + )}

Here C is the constant in the ®-Sobolev inequality for the uniform measure on the torus.

Remark. The conditions of ® are satisfied when ® is one of

Dy (t) :=tlog(t) —t+1
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and
By(t)i= (17— 1= p(t — 1)),

where p € (1,2] which are introduced below.

In order to prove our theorem we would like to study how a functional like J behaves under
the action of the collision part of the operator. We write L = A(Il —I) and T = —v -V, and write
(d/dt)o to write the derivative along the flow of the operator O. We have that

Lemma 5.18. We can differentiate J along the flow of L to get that

(d) J2(h) <a ( [, eramwampa- [ <I>/<h>|vmh|2du>
dat ), * R x T4 R x T

—2b/ d)”(h)vggh-vvhd,u—c/ & (1) |V h|2dp.
Rd xTd Rd xTd

Proof. As J E is convex we can see by Taylor expanding that

J(e"h(t)) =J3 (h(t) + As(IL — I)A(t) + o(s))
<(1 = As)Jyy (h(t) + o(s)) + AsJ; (ITh(t)).

Now we calculate that

Jir (Ih) = / ®"(I1h) (a|V,IIA|? + 20V ITh - V,ITh + ¢|V,ITh|?) dp
Rd xTd

=a / @ (11h) |V ITh[2dp.
R4 xTd
This means that

<I>”(h)|th2du>

J2(e*Ph(t)) — J7 (h(t)) <Asa ( /R " (1h)|V 1T 2dp — /

dyTd R x T4

— )\sb/ ®"(h)V,h - V,hdu
Ra xTd

- )\sc/RdXWCI) (h)|Vyh|*du
+ J7 (h(t) + o(s)) — J (h(t)).

Dividing by s and taking the limit as s — 0 gives the result. O

We now look at how J behaves under the flow of T'.

Lemma 5.19. We can differentiate J along the flow of T to get that

<d> J2(h) = —2b " (h)|V h|?du — 2c/ ®"(h)V h - V,hdp.
T

m
dt R x T4 R x T4
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Proof. We apply the chain rule. We have
d
— | J*(h) =— a/ " (h)(v - V4 h)|Vh|[*dp — 2a/ ®"(h)V4(v - Vih) -V hdp
dt T ® Rd xTd R x T4

- 2b/ 3" (h)(v - Voh)Vah - Vohdy — 2b/ & (W) Vy(v- Vah) - Vyhdp
RdxTd R

d s Td

- 2b/ " (h)Vyh -V, (v- Veh)du — c/ "' (h)(v - V4h)|V,h|*du
R2 xTd R

dxTd

—2c / ®"(h)V,(v - Vzh) - V,hdu
Rd xTd
:/ vV (" (h)(a|Vh|* + 26V h - Vyh + |V, h|?) dp
Re x T4

—2b " (h)|V h|*dp — 2c/ ®"(h)Vh - V,hdu
Ra xTd Rd xTd

= 2b/ ®"(h)|V,h|2dp — 20/ 3" (h)V4h - Vyhdp.
Rd xTd RdxTd

Now we need to show our helpful lemma relating projected entropy to the mixed term. This
result relates the quantities involving only ITh to quantities coming from the full Fisher information.

For this we define the local average speed U(z), of a solution to (5.1) by

Ulx) = /Rdvh(v,x)/\/l(v)dvzf v f(v, z)dv.

Rd

Lemma 5.20. Suppose that the uniform measure on the torus satisfies a ®-Sobolev inequality.

Then for any h we have that

IHX(h):/R : <I>”(Hh)|Vth|2du§/
d>< d

" (h)|Vh|*dpu.
Ra xTd

This implies that for all h there exists a constant C such that

Hryi(h) :/ ®(ITh)dx < C " (h)|Vh|*dp.
Td Td xR4

Finally, if h is a solution to (5.2) then

d

< Ha(hie) = _/ & (T, - U ()da

Td
Proof. We can see that the first inequality will follow from

®"(IIh) |V, IIh? < II(®"(h)|V,h[?) .

Since II is integrating against a probability measure we would like to use Jensen’s inequality.
Instead of looking at h we consider H = (V,h, h) we have already shown the function ¢(x,y) =

" (y)|x|? is convex so from Jensen’s inequality we have

o(I1H) < T(¢(H)).
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This implies our desired result since II commutes with V,. (Here II acts component wise on
vectors).

Now since we have a ®-Sobolev inequality for the uniform measure on the torus we have
/ ®(ITh)dx < C [ ®"(11h)|V,IIh|*da.
Td Td

We can then conclude this part by the first inequality.
For the last part,

OIlh = — / vVohM(v)dv + AII(ITh) — MIh
Rd
=—-V, Ux).
This implies that

O Hp = / @' (I1h) 0, IThdx = —/ &' (Ih)V, - U(z)dz.
T4 T

d

We now need a lemma which will help us control the mixed derivative.

Lemma 5.21. If 1/®"(t) is a concave function then for any positive n we have

—/ ®"(h)Vyh - V,hdp gﬁ/ " (h)|V,h|*du
R x T 2 JraxTd

+ L (/ @ (11h) |V ITh|2du —/ <I>”(h)|th|2du>
21 \Jraxta Rd x T4
d

2 ®(ITh)dp.
0 o TR

Proof. We need to rewrite the mixed term

*/ " (h)Vyh - Vyhdp = f/ V.U'(h) - V,hdp
R4 xTd Rd xTd

—— [ (V.U - VLU @) - Vb
RdxTd
- / V,U'(TIh) - V,hdp
R x T

<1 / & ()| Y, h|2dp
2 RdXTd

i/ VLU (h) — VU (TTh) ]2
2n JraxTa @ (h)

_ / & (TTh)V, - U(z)dp.
R4 xTd

+ dp

We get the equality for the last term since

—/Vvh/\/l(v)dv = —/vh/\/l(v)dv =U(x).
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Then we can use the last part of lemma 5.20. Now we observe that

’ o / 2
/ IV, @' (h) //Vx‘b (ITR) | dM:/ " (h)|V,h|2dp
Rd xTd @ (h) RexTe

—2 / & (TIh)V o h - V,IThdp
Ra xTd

3" (I1h)> )
— |V, 1A 2dp.
+/Rdxw o (h) e

Now we see in the second term the only part which depends on v is the V,h so we can replace it
by V,IIh. The last term is positive and the only term which depends on v is 1/®"(h) since we

have that 1/®"”(h) is a concave function we have

i <<1>~1<h>) < gy

Therefore we have that

P’ — @' (T1h)|?
/ [V ®'(h) — V.2 (ITh)] dug/ @”(h)|vxh|2du—/ &' (TTh) |V, TTh|2d .
Rd xTd P (h) Rd xTd Rd xTd

This completes the proof of our lemma. O
Now we can prove the main theorem

Proof of Theorem 5.5. The proof of this is now exactly the same as for Boltzmann entropy. O



Chapter 6

Non-equilibrium steady states in

Kac’s model coupled to a thermostat

6.1 Introduction

Kac’s model was introduced by Mark Kac in 1956 [85]. It is a stochastic N-particle model designed
to mimic the dynamics of velocities of particles in a spatially homogeneous dilute gas. The dynamics
are those of N particles with one dimensional velocities, these particles interact in a Markov process,
where two particles “collide” resulting in a mixing of their velocities. The state of the system can
be described by the vector of velocities of each of the particles. Kac derived an equation on the law
of this system, this equation is usually called the Kac master equation and it is a linear integro-
differential equation. Kac showed that, in a certain sense, as the number of particles goes to infinity
the master equation tends to a Boltzmann like equation. This motivates estimates on the behaviour
of the marginals of solutions which are uniform in the number of particles, which could then be
used to show, or at least indicate, the same behaviour for the Boltzmann equation. In general
a direct study of the Boltzmann equation has proved more fruitful, however the master equation
has become an object of study in its own right. Convergence to equilibrium and spectral gaps
have been studied in Kac’s master equation in both entropy [37, 56] and L? [83, 35]. This paper
studies convergence to equilibrium for solutions of the master equation coupled to a thermostat.
More precisely, we study the master equation for a system of N particles who, as well as “colliding”
with each other, can also “collide” with some infinite collection of other particles whose velocities
lie in some fixed distribution. When this fixed distribution is not a Maxwellian this allows for
the possibility of a non-equilibrium steady state. One possible more physical interpretation of this
would be if the system was interacting with two different heat baths at different temperatures.
Situations related to the existence and convergence to non-equilibrium steady states are studied
in [24, 1, 62, 55, 107] and in particular looking at exponential convergence in [108, 53].

This chapter is fundamentally motivated by two others the first [26] studies a similar model but
only in the situation where the thermal bath is a Maxwellian distribution. They show exponential
convergence to equilibrium in both entropy and L?. The second [39] studies the existence of non-
equilibrium steady states in various coupled equations arising from mathematical physics including
the non-linear spatially homogeneous Boltzmann equation. The paper [26] suggest as a further

question, what would happen in the case of a non-Maxwellian reservoir and we adapt the techniques

143
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of [39] to study this situation. We also include a study of how our estimates on the first marginal
behave as the number of particles N — oo. This allows us, in some sense, to commute the long
time and N — oo limit. The N — oo limit is very similar to the equations studied in [39], they
study a coupled Boltzmann equation where in our case the limit would be a coupled Boltzmann-
Kac equation. The convergence, both in this paper and in the Maxwellian case studied in [26], is
primarily driven by the external force and not by the Kac mixing part. However, the effect of the
Kac part is more evident in this paper since it affects the form of the steady state. The work in
[26] has been extended in [113, 25] to study how their thermostatted model relates to a partially
thermostatted model and to the original Kac’s model. In this second paper they make use of the
GTW distance used in our work.

Following the strategy of [39] we study the problem of convergence to equilibrium in the

Gabetta-Toscani-Wennberg metric . This metric is introduced in [59] and is

derw,n(f,h) = sup M7
EERN £#0 I3

where f represents the Fourier transform of f. This is a metric on the space of probability measures
with finite second moment and the same finite first moment. We also study convergence in the

metric

dri,~(f,h) = sup M7
£ERN ££0 €]

This is a metric on the space of probability distributions with finite mean.
If we choose g to be the distribution of the particles in the thermostat and we pick g € L? such
that g is a probability distribution function with zero mean and finite second moment K, then the

master equation for the system we study is

N

OFN = =AN(I = Q)[FN] — p Y (I = Ry)[Fn] = L[FW], (6.1)
Jj=1
where . .
QIFv = (5 S Fvtons )
and o
R;[Fn] = /dw]€ dfg(w;)Fy (vj(w,)).
In these

v;5(0) = (v1,...,v;cos(0) +v;sin(h), ..., —v;sin(8) + v; cos(d), ..., vn),
vj(w,8) = (v1,...,vjcos(f) +wsin(h), ..., vn),
w} = wcos(f) — v;sin(0).
We show that

Theorem 6.1. A steady state for the master equation exists, is unique and has the same moments

up to order 2 as g®N .

Theorem 6.2. If we start with initial data FY and HY which are probability distributions on RN
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with finite first and second moments then we have the following possible situations:
1. If FO and H° have the same mean initially then the GTW distance between the solutions is

finite for all time and we get the exponential convergence:
derw,n (Fn(t), Hy(t) < e " dgrwn (FR, HY).

2. If FO and H° have different means then we can construct an altered distance in which
the solutions still converge exponentially fast towards each other with rate u/2. We also have the
estimate

dri N (Fn(t), Hy (1) < e P 4dp n(FR, HY).

Remark. The altered distance involves adding a correction term and is defined in order to deal
with the fact that the GTW distance cannot deal with initial data with non-zero mean. If the two
solutions initially have the same mean this reduces to the GTW distance. We give the theorem in
both distances which shows we can either sacrifice something in the dependence on initial data or
in the rate. In the asymptotic study as N — oo the two distances give the same dependence on N
through different mechanisms which suggests that the dependence on N occurring here is in some

way intrinsic to the problem.

Remark. Here pi/2 is the rate found in [26] to be the L? spectral gap and the rate of convergence

to equilibrium in relative entropy.

Furthermore we wish to study how the N particle Kac’s model behaves as N — oo in the
manner originally proposed by Kac to link it with the spatially homogeneous Boltzmann equation.
In order to do this we study how the convergence results which we have obtained can be translated
into convergence results on the first marginal. We prove properties of the GTW metric which
are similar to subadditivity. If the initial data (Fn(0))n>2 forms a chaotic family then we can
control the convergence rate of the first marginals to equilibrium uniformly in N. We formally
define the notion of chaotic family later. Similarly to [26] we can prove propagation of chaos in
exactly the same manner as Kac in [85]. This means that the first marginals of the solution to the
master equation will limit to the solution of a Boltzmann like equation. This motivates our proof

of uniform in N convergence rates for the first marginal.

Theorem 6.3. Suppose that f and h are mean zero probability densities on R. If (Fn(0,v))n>2
and (Hn(0,v))n>2 are respectively f, h-chaotic families with respect to the Gabetta-Toscani- Wennberg
metric. If furthermore, the distance between Fy(0,-) and &V, and between Hy(0,-) and h®N are
bounded uniformly in N, and Fy,Hy are the solution to the N-particle coupled Kac’s master

equation with this initial data then there exists a constant C independent of N such that

Lt

darw,1 (11 (Fn), I (HN)) < (C+darw,1(f,h))e 2",

Here we say that a family is f-chaotic with respect to a family of metrics, (dg), if
di (I [Fn], f5Y) = 0,

as N — 0 for every k. Here dj, is a metric on R* and Il is a projection onto this subspace of RY.
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This is the standard notion of chaoticity which was introduced by Kac. Here we write it in terms

of a distance which metrises weak convergence of measures as it is more convenient for our set up.

Remark. Our theorem is really designed to work in the case of tensorised initial data and can be
extended slightly as we have shown. If we no longer wanted our estimates to depend on the first
marginal of the initial data we could replace the assumption of being close to tensorised initial data
with the weaker, but difficult to check, condition

dn(Fy,Hy) < C VN.

We also have two theorems in the case where we have non-zero and non equal mean for f and

h using each of the different metrics which we use to study this case.

Theorem 6.4. Let FY, and HY; are respectively f and h chaotic families where the GTW distance
between FY and fON (resp. for HY and h®N ) is bounded uniformly in N. Furthermore if f and
h are probability densities with finite first and second moments, then we can construct an altered
distance d so that

d (T [F], T [Hy])) < (C1 + (C2 + Cs)VN +d(f, h))e™ 2",
Theorem 6.5. Suppose that f and h are probability densities on R with finite mean. If (Fn(0,v))n>2
and (Hy(0,v))n>2 are respectively f, h-chaotic families with respect to the T'1 metric, and the T'1
distance between Fy(0,-) and f&V, and between Hy(0,-) and h®N are bounded uniformly in N.
Furthermore, let F, Hy are the solution to the N -particle coupled Kac’s master equation with this
initial data, then there exists a C (the bound between the initial data and the tensorised form) of
N such that

dry 1 (TL[FN)(8), Th[HN](1) < (C + VNdr1 1 (f, h))e /%,

We can also prove two similar theorems in Wasserstein distance on measures with finite second

moment. The Wasserstein distance is given by

1/2
Wialt,v) — in ( [ 1= ylPata, dy>) ,
™ R2d

here 7 ranges over measures with marginals p, v.

Theorem 6.6. If un and vy are two solutions to the master equation with finite second moments
then
Wha(pn (1), vn (1) < €72 Wa (i (0), v (0))-

Theorem 6.7. Suppose that un(t) and vy (t) are solutions to the master equation at time t, with

iniatial data u(?N and V(?N then we have that for any N,

Wa 1 (I (v (£)), Ty (vn (£))) < e 2 W1 (110, 10).

Lastly we have a section where we look at Kac’s model without coupling to a thermostat.

Recently there has been a lot of work on Kac’s model in GTW-distance. We have the result in
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[112] which gives rates of convergence to equilibrium and shows that initially the decay in Kac’s
model in GTW can be very small. We also have the paper [25] which looks at Kac’s model when a
large number of particles are already in equilibrium and shows this can be uniformly approximated
by the system coupled to a Gaussian thermostat. Convergence with uniform rates in N has been
shown for the 1D Kac’s model in Wasserstein-4 by Maxime Hauray [75]. We show that this result
has an analogy in the GTW setting. The original goal of showing this was to see if reinterpreting
the results in this form might allow us to extend this result to non-uniform collision kernels or to
the 3D Kac’s model.

Definition 6.1. The seminorm p is given by

P(M, I/) _ sup |R(,U,—2V)(£)|
£40,56=0 €]

Here j1 and v are two probability measures on RY with the same second moment (energy) and finite
fourth order moments. Also, R is a linear functional from the space of finite signed measures with
finite second and fourth moments to the space of continuous functions which are differentiable up

to order two at zero. This is given by
R(p)(€) = /GXP (=i (&0 + -+ + EvvR)) p(dv).

Remark. This is in fact the GTW distance between the laws of the V2.

Theorem 6.8. If u(t) and v(t) are two solutions to the Kac master equation that are supported

on the sphere vV NSN=1 then we have the following convergence

mmwwa»Sem<(1+ﬂNﬂlgt>mMu»

Further we have that p(u,v) = 0 iff the probability densities for the V2 corresponding to pu and v

7

are the same. Further we show that solutions converge towards the set where the signs of the V;
are uniformly distributed on {—1,1} with bound 2Ne~t. Le. if S is the set of measures yu such
that u({sgn(Vi) = o;¥i}) = 1/(2N) for every o; a vector of +1s and —1s, then

lu(t) = Slizv < 2Ne.

6.2 Behaviour of the Moments

In this section we prove some basic lemmas on how the moments of a solution behave. We recall

that K, is the second moment of g our fixed distribution.

Lemma 6.1. The kinetic energy of a solution to the coupled master equation converges exponen-
tially fast to NKg with rate pu/2.

Proof. Let
K(t):/ 102 F (v)dv.
RTL

Differentiating under the integral and recalling that radial functions are in the kernel of (I — @)
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and that (I — Q) is self adjoint we get,
N 27
0K = MZ/Ndv/dw][ dt9g(w;f)F1\/(vj(w,9))||11||2 — uNK.
Pl 0

The Jacobian of the change of variables (v;(w,0),w}) < (v,w) is 1. Also we have that ||v]|*+w? =

[vj(w,8)||* + w;?. Using these we have

oK =ué / v f dwyﬁ 7 () P (o) (o] + ?)

N 2
- LLZ/ dv/dwf deg(w)FN(U)w;-‘2 — uNK,
=1 /RN 0

=uNK +uNK, — uNK
N 2
— Z / dv / dwf dfg(w) Fx (v)(w? cos? § — 2wv; cos O sin 6 + v]2- sin? 9),
=1 /RY 0

1
—uNK, — uN 3K, - gK,

I
= - 5(K - NK,).

O

Lemma 6.2. The first moments of a solution to the coupled master equation converge to 0 with

rate greater than /2. Also the second order moments

dk},l = / FN(v)vkvldv,
RN
(k # 1) converge to 0 with rate greater than p/2.
Proof. Let dy, = [ dvFn(v)vy then we get the equation

= —(2/\ + ,Uz)dk

For the second set we can calculate

2\
dpg= | —4X—2 — | d
Ody1 < quN—l) il

6.3 Existence, Uniqueness and Convergence to a Steady State

We wish to show existence and uniqueness of a steady state via the Banach fixed point theorem
in the space of probability measures with zero mean and finite second moment with the GTW

distance. In order to do this we write the steady state equation for Fiy as a fixed point theorem.
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We set v = A/(A + ) to mirror the notation in [39].

N
> R;[Fx] = ®[Fy].

Jj=1

2=

Fy =1Q[Fn]+ (1—7)

We want to show that ® is a contraction in the Gabetta-Toscani-Wennberg metric. We first need

to show that ® preserves the metric space that we are working in.

Lemma 6.3. Suppose Fy has mean zero and finite second moment then ®[Fn] has mean zero and

finite second moment.

Proof.
QlFvoedy =X =2 [ Pyv) ot T Z/ 0 + vy sin 0)dod
QN vpdv == N v)vpdo ™ - )(v; cos 0 + vy sin v
1 Z 2m
+ / ][ Fn(v)(—vg sin € + v; cos 8)dfdv,
(3) k<j VRV JO

N-2

N fon Fy(w)vgdv = 0.

It is immediate that [ R;[Fn](v)vipdv =0 for j # k. So it remains to look at

/RN dvRi[Fn](v)v, = /RN /dw]{)%r Afg(w?) F (v; (w, O)v,
- f;ﬂ ¢ /RN /dUdU’g(w)FN(v)(vk cos @ — wsin#) = 0.

The fact that ®[Fy] has finite second moments is clear since Q*, R} acting on |[v|* or similar

produces a finite linear combination of other functions to make second moments. O

Further we would like to calculate how ) and R; act in Fourier space.

Lemma 6.4.

QFN© = o S Fvlén)ao
(2) k<j”0
where & ; = (§1,...,&cos0 + &;sinb, ..., —&,sinf + & cosh, ..., En). Also,
R[FN](§) =+ Fn(§(0))g(&; sin0)do,

0

where £;(0) = (&1,...,&jcosb,...,&N).
Proof.

/ Q[FN} —iv €y = ZJ[QW E) dUFM (/Uk:j (9))6_“){,
RN

k<J

2
Zf dé dvFN(v)e*i”’“J’ 0)-€

k<]

27
N/2 Z][ d@FN gkd

k<]
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Where & j = (&1,..., 8k cos0 +&;sinb, ..., =& sinf + & cosb, ... En).

27
/ d’UR]‘[FN]e_iU‘E :][ de/dw/ dvg(w;f)FN(,Uj(w76o))e—iv{
RN 0 RN

2m
0 RN

2m

= (2m)N/2 i d9F N (£;(9))3(€;sin ).

Where &;(6) = (&1,...,&cosb,...,&N). O

Now we can show existence and uniqueness.

Proof of Theorem 6.1. Calculating we have

[FN](§) = (270;]\,/2 ’Y/RN QIFn](v)e " dv + (1 — y)% Z/RN R;[Fyle ™ <dv

Using the results of 6.4 we have

—— _ [T T N 1-9 «
B = a0 | 2 3 Al ) + 5 Y & 0)a(é sino)

(2) i<j N j=1
Therefore
B[Fn)(€) — D[Hy
o [PEI(E) ~ ST
€0 |§|
[P (€ o)l ][2” 6O |, 1-7 5 B0
< sup de (&, sin0)
££0 \§|2 ) ; |§|2 z:: ’ €17
1-—
(*y+ N (N - >) darw (Fin, HN)
1 1=7 d (Fn,Hy).
T oON cTw(f'N, N
Here to go between the second and third line we used
N N
16(0) 16 (0)12
sin 0) <
2, 96O HE- <D e
B i €2 — €2sin ¢
RaEGE
=N —sin? 6.

So we have the required contraction property for any fixed N. Which shows existence and unique-
ness of a steady state thanks to the contraction mapping theorem. The moments being the same

up to order 2 as g follow from the lemmas on the behaviour of moments in the previous section. [

We also want to prove a contraction estimate in the T'1 distance.
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Lemma 6.5.
11—~y

drs v (@1F] 81N < (1= 2107 ) dra (s ).

Proof. The proof is the same as for the GT'W distance but here it is necessary to use

(1 —332)1/2 S 1— %,1;2

)

when bounding |£;(6)|/]£|. This time we have

€2 — €25in 6
GE

n : 2
< B 1572 sin“ @
A GE

Using these estimates we can also show convergence to equilibrium.

Proof of Theorem 6.2. Suppose initially that Fn(¢) and Hy(t) both have zero mean. From the

above calculation we have
Fn(t4+s)—Hy(t+s) = (1—s(A+pu)N)(En(t)— Hn(t)) +s(A+p)N(P[Fn(t)] — P[Hpn (t)]) + o(s).
Therefore

+ s(A + p)Ndgrw (®[Fn], ®[Hn]) + o(s)
<(1 = s(A+p))derw (Fn(t), Hy (1))
1—~

+s(A+u)N (1 - 2N) darw (Fn (1), Hn (1)) + o(s)

= (1 - gS) darw (Fn(t), Hn(t)) + o(s).

Hence,
d P
&dGTW(FN(t)aHN(t)) < _EdGTW(FN(t)yHN(t))-
So that we have exponential decrease with the stated rate. Since in 6.2 we showed that if we start
the dynamics with two distribution which have zero mean then this property will be preserved, we
see that if we start the dynamics with a zero mean distribution then it will converge exponentially
fast towards the steady state. Now we would like to add a correction term so that we can deal

with a wider class of initial data as in [39]. We define

-

M[Fy] = X(ﬁ)kzNzl </RN UkFN(U)dU> &k

where y is a smooth, compactly supported function which is 1 in some neighbourhood of 0. There-
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fore, if Dy = Fy — Hy — M[Fy — Hy| we will have that

N
Dy = [ dv(Fn(0) = Hy(©) [ 7€ = x(€) Y vi&s
j=1
This means that o
D
sup N(f) < o0
e£0  [€]

We calculate that

0Dy =0 Fn — 0. Hy — O M[Fy — Hy]

N
=AN(I - Q)[DN] - MZ(I — R;)[Dn]
N
~\I - Q)[M[Fy — Hy]] - MZ(I — Rj)IM[Fx — Hy]] — &:M[Fx — Hy].
So if we let
N

W = =AN(I = Q)[M[Fy — Hy]] =y (I = R;))IM[Fy — Hy]] — 0 M[Fy — Hy],

j=1
then Dy is a zero momentum, zero integral function and we have the equation
Dy = —(A+ p)N(Dy — @[Dn]) + W.
So if we want to show that

sup ‘DN|
e20 €2

converges to zero exponentially fast it is sufficient to show that,

W (€)|
jiv TR

converges to zero exponentially fast. Since d; commutes with Fourier transform and y is compactly

supported we know that

N
M[Fy = Hy] = X(€) D (ms(0) = ma(0))e~®Ftig,
k=1

So ignoring x and looking near 0 we have, after Taylor expanding and using the formula from
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lemma 6.4
— N —_
—AN(I = Q)[M] =Y (I = Rj)[M] =
j=1
N
— (2 + 1) (m (0) — my (0))e~ A+ Z

N
—%qu<mf<o>—mh<o>> TG Y gk + o€,

Therefore near ¢ = 0, we have

w 1
e =2 925” Plas Zlfflfk o)

This is because the lower order terms cancel. So in particular we have that

W
lim (5) = 0.
0 [¢]
Therefore, since W has compact support we can bound

VE('? < et

where C' may increase with N. At 0 the gradient of

W ()
GE

w(§) =

is CvV/N pKy/2 so the gradient of w cannot be bounded uniformly in N. Since we can calculate
w(§) explicitly if y is always radial as

n(1-20-00)) g
where (1 - cos) ((9))
‘ B 2 B & (1 —cos S(Es sin x(&;

This can be bounded uniformly provided we can bound the ration of the xs. Therefore under these

additional assumptions we see that w increases no faster than v N. This will give that

1D (2)] IDNO)\ _u,
C 27,
i S —< YN+ e )

Therefore if we define a new distance

Dy W
+sup —5,
€12 exo0 [€)?

dn (Fn,Hpy) —bup
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we will get the inequality
dn(Fn(t), Hy(t)) < Ce™ 5t

For the exponential convergence in the T'1 distance we use the same argument as for the GTW

distance with the same mean and the contraction estimate in Lemma 6.5. O

Remark. If it were possible to get a bound on |[Vw(§)| in terms of VN then it might in fact allow
us to choose x for each N such that we didn’t get the increase with N by letting the radius of the
support of x decrease with /N. However, since the goal is to control the behaviour as N — oo
then in the case of different marginals working with the correction term would introduce an error
of at least VN when trying to control the initial data by its first marginal. In general because of
having to choose a x for each N the altered distance is not well adapted to asymptotic analysis. We
include it to show that for each N we can get the rate u/2 and to compare with the limit equation

case which is studied using this method in [39].

6.4 Convergence Rate of the First Marginal

It is shown in [26] that propagation of chaos holds for this type of coupled Kac’s model. The
argument is very similar to Kac’s original argument therefore is not repeated here. Since we have
propagation of chaos we know that the first marginal of Fy(t) will converge weakly towards a
solution of the Boltzmann-Kac equation. In some sense we would like to be able to understand the
two limits t — oo and N — oo simultaneously. For this reason we prove a bound on convergence
to equilibrium for the first marginal which is uniform in N. Unfortunately, the GTW distance and
our correction term W behave differently as N — oo so it was only possible to get these estimates
when the initial data has zero mean.

The functions we work with will be invariant under permutations of variables so we can define
the k** marginal for k < N

Hk[FN] = /Rka FN(Ul,...,UN)d’Uil ---dviN,k

for any choice of 1 < i; < iy < -+ < iy_r < N. Many of the distances in which we could study
Kac’s model, typically weighted L? distances will not behave well as the number of particles tends
to infinity so will not give convergence of the first marginal to an equilibrium in entropy, here the
subadditivity property of entropy in the number of variables is crucial. We wish to show that the
GTW and related distances will possess similar subadditivity properties, which will allow us to

control things in a similar way.

Lemma 6.6.
derw k(g [Fn), g [Hy]) < derw,n(Fn, Hy),

dp (T [Fn), Tk [Hy]) < di(Fy, Hy),

and
dri (g [Fn), Ik [Hn]) < drin(Fn, Hy).

Proof. The proof is the same for all the distances so we only do it in the case of GTW. We can
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notice that

LN, 68) = Fn(Ery - €5, 0, ..., 0).

Using this we have that

|Ex(€) — Hy(€)]

darw,k(Ik[Fn], Hk[HN]) = sup 3
§F£0,8pr1="=ENn=0 i
<d(Fy, Hy).
O
Lemma 6.7. If f h have the same first moments
darw,n (fEN, h®Y) = darwa(f, )
where dgrw i is the GTW distance on probability densities with k-variables.
Proof.
F(€1) ... f(En) = h(&) ... h
derw (FEN, BBV = sup [f(&1) .- f(EN) . (§1) .- h(En )|
€0 €]
o Za ) - FE)(F(€) = EDA(Ew) . e )
G §1?
<sup —_r st
#o 2 Ea
<sup » derwa(/f, ) =darw,1(f,h).
€40 Z 13 |2
Since f, h are the first marginals of f®~ h®V respectively we have by the earlier lemma that
derwa(f,h) < darw,n (fEV,hEN)
putting the two inequalities together gives the required result. O

We have already seen that
W)
&2

may increase with N so this will cause us problems if we wished to try and control dy (f&N, h®N )

by Jl( f,h) . Even given this it would be good to be able to push the control by first marginals to

general functions. However, the next lemma shows that this is not possible.

Lemma 6.8. There exist f,g with finite second moment such that f,g are symmetric and mean
zero and they have the same marginals but f,g are not the same. This means we cannot control

the GTW distance between f and g in terms of the GTW distance between their first marginals.

Proof. Let ¢ be a density function on R which is mean zero but not even. Define

Flo1,02) = 5 (6(01)6(~02) + D—01)(0),



156 CHAPTER 6. KAC’S MODEL COUPLED TO A THERMOSTAT

and )
g(v1,v2) = §(¢(Ul)¢(vz) + ¢(—v1)p(—v2)).
Then it is easy to see that f and g have the required properties. O

We wish to combine these lemmas in such a way as to get uniform control on the first marginal.
Given the restriction shown by Lemma 6.8 we want to choose ‘good’ initial data in order that the

distance between the initial data is controlled by the distance between the first marginals.

Proof of Theorem 6.5. Since f, h have mean zero and the GTW distance between Fy(0) and &
is finite, we have that Fiy and Hy have zero mean initially. By 6.2 this holds for all time. Therefore

we have by Lemma 6.6
derwi (I [Fn], I [HN]) < derw,n(Fn, Hy).

Furthermore, by Theorem 6.2

Lt

derw.n(Fn(t), Hy (1)) < derw,n(Fn(0), Hn(0))e™ 2"

Now we use the chaoticity property and our control on tensorised functions form Lemma 6.7 to get

darw,n(Fn(0), Hn(0)) < darw,n (Fn(0), fEN) + darw,n (fEV, hON) + darw,n (RN, Hy (0))
=Cy +derwa(f, h).

Here C7 only depends on how close the initial data is to tensorised. Putting this together gives

derwa (I [FN] (), L [HN)(8) < (darw.i(f, h) + C1)e™ 21,

We do not have from our conditions that C; will decrease to 0 as N — oo, but since in this situation
the real interest is just to choose any f-chaotic family we may as well have that Fy(0) = f®V and

similarly with H which would dispense with the C altogether. O

Now we would like to prove a theorem in the spirit of Theorem 6.3 when we do not have f and
h having zero mean initially. We cannot recover uniform estimates in /N but we can control the
growth with N. We have from lemma 6.6 control of marginals by the function for the d distance

so we have
dy, (i [Fy), T, [Hy]) < d(Fy, Hy).

Following this we would like to prove something in the spirit of lemma 6.7 in order to control in

the other direction.

Lemma 6.9. Suppose we have f and h probability distributions on R with differentiable Fourier

transforms. If we define

ns = [ lr)de,

and let M = max{ s "—h} then we have the following control by the first marginals for the d

[ms]? [mnl
distance on tensorised functions.

JN(f®N7h®N) < dl(f, h) + M|ms — mh|\/Jv
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Proof. Using the same bridging argument as before we see that

F&) - FEn) = (&) . h(En) — (my —ma)xn (€)Y i
k

= Z F&) - F&1)(f(&k) = hl&k) = xa (&) (my — ma)i)(Erya) - - h(EN)
+§:f& F(&k-1)(my = mu)xa (€0)i€kh (&) - (€ z;nw—mhwk
In order to complete the proof we want to bound the last term by something of the form
M|my — mu|VNIEP.

Provided the radius of the set in which the y are 1 is sufficiently large this will be true. So if we

look at the last term where the x are 1, we have
(my —mp)i ka( )b (£k+1)~--ﬁ(£k)*1)'

If instead we try and bound

F&) . f(&)h(Er1) .- h(En) — 1
A= <M
Mg D 1€+ mn Y 1 B

then we would have the bound

‘Zﬁﬂ&%~ﬂ&1%@Hﬂ~ﬁ@ﬂ—ﬂ&mw—mw
BE

TR Oy 5 4 mn S )iy — )|
GE

< M|my —mu|V'N.

Therefore it remains to prove the bound on A, we do this first by noting that by Taylor expanding
we can see that as [§] — 0, A — 1 and that as |{| — o0, A — 0. A is differentiable everywhere
except possibly 0. Now we differentiate to get that at any stationary point of A and for every [ < k

we have

F&) . (&) FE-0)(Erpr) - hEn) [ myp D i&s +ma Y i

i<k k<j

= imy (f(fl) oSG )M(Ergr) - B(EN) - 1) :

Substituting this into our expression for A shows that at a stationary point

A—ﬁ;ﬂayuﬁ@»uﬂ@Aﬁ@Hnnﬁ@MSAf

This gives the claimed bound. It seems like there will be a problem if my = 0 but if so we can
always choose to differentiate in a direction so that we will get my, rather than my and the cannot
both be 0. Here C1, in the statement, only depends on the distance between the initial data and

the tensorised functions, Cy only depends on g and x and C3 is a constant times M|mjy — my|
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where M is the maximum of [ |v]f(v)dv with the same quantity for h. O
We can now prove the theorem

Proof of Theorem 6.4. This is found by putting together the convergence theorems and lemmas

on distance control in exactly the same way as Theorem 6.2. O

If we move on to looking at the T'1 distance we again have the bound on the T'1 distance
between marginals by the distance between the full function from Lemma 6.6. We would like to be
able to control the distance between tensorised functions by the marginals in order to give similar

arguments to Theorem 6.3 and Theorem 6.4.

Lemma 6.10.
dTl,N(f®Nah®N) < \/NdTl,l(fa h).

Furthermore, the square root dependence is the best possible if f, h have different means.
Proof. This follows a similar argument to the others

[/ (€0) - f(én) = h(&D) .- h(En)] S 1F(€0) - F&-1 (F () = ) (Erra) - h(Ew))]

o €] = €]
(&) — h(&r)| |l
< ASK) = IUSk)| ISkl
O D N

f(&) — h
< Supg;éow Z |§;||
k

f(&) —h
Y N GEIG]]
€40 [3
The fact that the square root dependence is necessary for functions with different means can be

seen by Taylor expanding X A . A
f&) - f(En) — (&) - h(én)
iy

around ¢ = 0 then we can see that the limit as { — 0 of this expression has modulus vV N|my —

mp|. O

Proof of Theorem 6.5. Again we combine the convergence theorem that we have for the 7'1 distance

with the control on distances as in Theorem 6.2. O

6.5 Contraction in Wasserstein-2

We can also show contraction of this model in Wasserstein distances using a simple coupling of
two different systems. This coupling involves taking two of the coupled Kac’s models and giving
them simultaneous collisions with the same angle if it is an internal collision and the same angle
and velocity of the external particle if it is an external collision. We can represent the stochastic

process as an integral against several Poisson point processes. This is done in [75] and is helpful
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here to prove contraction for the energy process in Kac’s model.

2m
Vt—‘/;o+)\Z// Vi s-cosf+V; - sind —V; )11, ;(ds, df) (6.2)
J#i

27
+2,u// / ~cosf +wsinf — V; .- ) v;(ds, dw, d6). (6.3)
0 0

Here II; ; is a Poisson point process on [0,00) x [0,27] with intensity measure being 1/27(N — 1)
times Lebesgue measure, and v; is a Poisson point process with intensity measure g tensored with

1/2m(N —1) times Lebesgue. Using this representation we can prove contraction in Wasserstein-2.

Proof of Theorem 6.6. Using the representation above we can write out a similar formula for the
difference between two solutions coupled by giving them the same driving Poisson processes. If we

call this difference in the i*" variable A;+ then we can write

27r
A7, A?(H‘/\Z/ / (cos 9—1)+A2 _sin® 0 + 2cosfsin A, - A | )Hi,j(ds,de)
J#i
2m
+ 2,“/ / / ~(cos®@ — 1) + 24 ;- wsin 6 cos 9) v(ds, dw, db).

Summing over i and taking expectations gives

(Z A ) AN 1) / " (cos?0 4 sin? 0 — 1)d6E (Z Ait)

=1

27 n
+ 2/12— / / w)(cos? 0 — 1)dfdwE (Z Af’t>
i=1
n
=—uE (Z Ait> .
i=1
Which gives the result after taking the infimum over possible couplings. O
We can also prove a similar controls over how Wasserstein distances behave in as the dimension

goes to infinity. Here we write W, 4 to be the Wasserstein-2 distance related to the euclidean

distance on R<.

Lemma 6.11. If u,v are measures on R with finite second moment then
WQ’N(/L(X)N, V®N) = \/NWQJ(/J, l/).

Proof. We know that there exists an optimal coupling, 71 so that

Waalp,v) = (/R2 (z — y)*m (dz, dy)) i

and an optimal coupling, 7y, such that

1/2
Wan (%) ([ Ix-ylPrv(axan)
R2
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Suppose that Ty # W?N then we have that

/ ((xl - y1)2 ot (an - :UN)Q) 7N (dx,dy)
</((xl—y1)2—|—-~-—|—(xN—yN)Q)m(dxl,dyl)...Wl(de,dyN)

:N/(m — y)?mi(dz, dy).

Therefore, there exists some k such that

/ (k- yi) o (dx, dy) < / (& — y)*m (dz, dy).
R2N

R2

Since the integrand on the left hand side only depends on xy, yx mn induces a coupling of 1 and v
by projection onto the k* variables. The cost under this measure is strictly less that the optimal

cost which is a contradiction. Hence, the optimal coupling is achieved by Wi@N . This gives that,

1/2
Wy N (N, &N = (/ (w1 —y)* + -+ (en — yn)?) m(day, dyr) - --Wl(dilfN,d’yN)>

- (¥ [~ y)2ﬂl(dx,dy)>1/2

=VNWy1 ().

Lemma 6.12. If uy and vy are symmetric probability distributions on RN with finite second

moment then

Wat (IL (s ), I () < ;NWQ,WN,VN).

Proof. Suppose that 7y is a coupling of pux and vy then the marginals of 7y induce couplings of

the marginals of uy and vy.

(/ ((931 - y1)2 +oo+ (N — yN)2) 7N (dx, d}’)) v

= (/(951 —y1)*mn(dx,dy) + - + /(xN —yn)?7mn(dx, d}’)>1/2

> (NWa,t (T (i), T (v))?) /2 = VN W, (T (i), (v )

Like with the earlier sections we can combine this behaviour with our contraction estimates to
show uniform behaviour of the first marginal. For simplicity we only looked at tensorised initial
data.
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Proof of Theorem 6.7.

Wo 1 (I (pun (), I (vn (1)) < Wa n(un(t),vn (1))

IA

2-3-

W (i )

= e M2W, 1 (uo, o).

Remark. These uniform estimates in N combined with propagation of chaos means that the limit
Boltzmann-Kac equation will also show exponential convergence to equilibrium in Wasserstein-2.

This is very similar to the result shown in [39] in the Toscani distance.

6.6 Kac’s Model in the GTW-like Metric

Lastly we look the uncoupled Kac’s model in the GTW-metric. We translate the results of Hauray
in [75] from a Wasserstein-2 result into a GTW result. We study the behaviour of this model under
a semi-norm. We wish to show contraction in this seminorm to the set on which it is zero, between

any two solutions to the Kac master equation. In order to do this we need to look at

p(Qu, Qu),

where p is this seminorm to be defined shortly. Let us work in the case where p and v are absolutely
continuous with respect to the indicator function of the sphere of radius v/N. Here we can write
out how () acts on the measures explicitly. Furthermore observe that here the restriction in the
range of ¢ that ¥¢ = 0 will make no difference to the supremum. Let us write F' and G for
the Radon-Nikodym derivatives of y and v respectively against the uniform measure on the Kac

sphere. Then since @) does not act on the uniform measure on the Kac sphere, we write
1 1 27
Qb = QU = 7y D5 ) Flou®)de,
2/ i<y

where

v;5(0) = (v1,...,v;co80 +v;sinb, ..., —v;sinf + v; cosh,...,vN).

Lemma 6.13. We have that
1 1 27
RQIFING = 7 X 57 JRRGCHOIT

Where
&0 =(&,...,& cos? 0 +¢; sin®#,...,& 00529+£j sin?6,...,&x).
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Proof. We calculate
2w
RIQIF]] (€) = / D [ Fs@) e (i 6t o+ 600k) doa,

27
/ P E / v) exp(—i(&1v3 + -+ - + & (v; cos O + v sin 0)*+
RN 27 (

z<J

~-+£j(—v¢ sinf + vj cos0) + - - - + &,v%,))dvdd

27
/ (™ E / Yexp(—i(&vf 4 - + (v? + vj 2 (&icos? 0 + &jsin? 0) + - - - + Envdy))dvdd
RN 77

1<J

27
( Z / R[F](&,...,& cos? 0—|—§jsm 0,...,& cos? 0+§Jsm 0,....&N)
2

i<j

Z / F] (€5(0))-

7.<j

Here we first made a change of variables v <+ v;j9 which has Jacobian 1. Then we notice, as in the
work of Hauray [75], that there exists « such that v; = | /v? + vjz cos « and that after the rotation

we go to 4 /v + vjz- cos(a + 6). Then we make a new change of variables 6 + o« — 6 which also has
Jacobian 1. |

Lemma 6.14. Following this we have

p(Qu, Qv) < ( % - M_D) plu,v).

Proof. We calculate that

> sup o R — v)(&5(6))d9)

(Q,U/7QV) = 7N\ ‘€|2
(3) S eroxe=o
1 2 i

SP(/%V)T sup ][ |£J(2)| da

() ez0.x¢=0Jo [3

27 (2cos 0 — 1)&2 + (2sin 0 — 1)€2 + 4&;¢; sin? 0 cos® 0

<p(,v)  sup Z][ —

£#0,3° £=0 Z<J €]

1/4(€2 + &2 ’y
<p(u,v) sup 1—%2 VA& + &) + 1/26¢;

40,5 €=0 (3) = €]2
1 Zk fk) |§‘2
< _ - 4=
selin) 203 e=o ( N +3 4(3) €17 )
1

1
(5
<p(p,v) <1 - % T 2N(N - 1)>'

Before we begin the main proof we have one more definition.

Definition 6.2. Let o be a vector in {—1,1}". Then let us define A, to be the subset of RY where



6.6. KAC’S MODEL IN THE GTW-LIKE METRIC 163

the v; has sign ;. Then we can write the operator

S[F](0) = / F(o)14.do,

RN

Then S[F] is a probability density on the set {—1,1}.

Now we can prove the theorem.

Proof of Theorem 6.8. We can use this to show exponential decay of the seminorm. Suppose u

and v are solutions to the Kac master equation supported on the Kac sphere then

p(u(t +s),v(t+s)) =p(u(t), v(t))(1 — Ns) + Nsp(Qu, Qu) + o(s)

<p(u(t), v(t)) (1 — Ns+Ns—s— 2(]\18_1)) +o(s).

Therefore,
o) v < — (14 5 ) o). vit)
— v — —_— v(t)).
3 Pl®), < sV -1y ) P
Given this we would like to know about the measures supported on the Kac sphere such that
p(u,v) = 0. We know that it means that

R(p—v)(€) =0, V&

We know split the domain of integration defining R into sections where the v; have constant sign.
We represent the signs by € which is a string of £1s. Then in each of these sections we use the
change of variables v; = €;+/k?.

7

Z/ F(v)exp (=i (&0] +...&voy)) dv
gn(v)=e

€

CEN
= F ... enVE 7dk.
Z /sgn('u)=e ( N 2N\/ kl k‘

€

We know that the Fourier transform in invertible on the chosen domain so this shows that when

p(u—v) =0 then

ZF(El ki,... EN\/i -aGN\/E)

Z Gl €1... €N
\/7 INVEL kN
We can see by a similar change of variables that this sum is the probability density of the energies
of the individual particles.

Following this it is interesting to look at the process on the signs of the velocities of the particles.
After a collision between particles 7 and j, with uniform collision kernel the probability that the

sign of v; is positive is 1/2 and similarly for v; this is easiest to see with the
v; = /v; + v cos(0 + )

representation. Therefore the probability of a uniform distributions of signs is greater than the

probability that all of the particles have been involved in a collision.
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With the definition of the operator S, we have that
ISIF] = S[G)lrv < 2Ne™

This is very similar to a lazy random walk on a hypercube which is well studied. We couple
the processes as in [75] as described above. Then we just need to wait for every coordinate to be
jump. Each particle collides with some other particle with rate 1 and there are N particles so the

probability that at least one particle hasn’t collided is bounded by 2Ne~*t. O
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