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Hypocoercivity of linear kinetic equations via
Harris’s Theorem

José A. Canizo*  Chuqi Cao'  Josephine Evanst  Havva Yoldag $
July 20, 2019

Abstract

We study convergence to equilibrium of the linear relaxation Boltzmann (also
known as linear BGK) and the linear Boltzmann equations either on the torus
(z,v) € T? x R? or on the whole space (z,v) € R? x R? with a confining poten-
tial. We present explicit convergence results in total variation or weighted total
variation norms (alternatively L' or weighted L! norms). The convergence rates
are exponential when the equations are posed on the torus, or with a confining
potential growing at least quadratically at infinity. Moreover, we give algebraic
convergence rates when subquadratic potentials considered. We use a method
from the theory of Markov processes known as Harris’s Theorem.

Contents

1 Introduction 2

2 Harris’s Theorem 6

3 The linear relaxation Boltzmann equation 11
3.1 Onthetorus. . . . . . . . . . .. 11
3.2 On the whole space with a confining potential . . . . ... .. ... .. 14
3.3 Subgeometric convergence . . . . . ... 22

4 The linear Boltzmann Equation 24
4.1 Onthetorus. . . . . . . . . . . . . e 27
4.2 On the whole space with a confining potential . . . . . . ... ... .. 30
4.3 Subgeometric convergence . . . .. ... 32

*DEPARTAMENTO DE MATEMATICA APLICADA, UNIVERSIDAD DE GRANADA, 18071 GRANADA,
SPAIN. Email address: canizoQugr.es

fCHuQr CaAo, CEREMADE, UNIVERSITE PARIS DAUPHINE, PLACE DU MARECHAL DE LATTRE
DE TASSIGNY, PARIS, 75775 E-mail address: cao@ceremade.dauphine.fr

tJosePHINE EvANS, CEREMADE, UNIVERSITE PARIS DAUPHINE, PLACE DU MARECHAL DE
LATTRE DE TASSIGNY, PARIS, 75775 E-mail address: josephine.evans@dauphine.psl.eu

SHAVVA YOLDAS. BASQUE CENTER FOR APPLIED MATHEMATICS, ALAMEDA DE MAZARREDO 14,
48009 BILBAO, SPAIN & DEPARTAMENTO DE MATEMATICA APLICADA, UNIVERSIDAD DE GRANADA,
18071 GRANADA, SPAIN. Email address: hyoldas@bcamath.org


mailto:canizo@ugr.es
mailto:cao@ceremade.dauphine.fr
mailto:josephine.evans@dauphine.psl.eu
mailto:hyoldas@bcamath.org

1 Introduction

The goal of this paper is to give quantitative rates of convergence to equilibrium for some
linear kinetic equations, using a method based on Harris’s Theorem from the theory
of Markov processes |28, 35, 27| that we believe is very well adapted to hypocoercive,
nonlocal equations. We consider equations of the type

atf+vvzf:£f7

where f = f(t,z,v), with time ¢ > 0, space x € T? (the d-dimensional unit torus), and
velocity v € RY. The operator £ acts only on the v variable, and it must typically be
the generator of a stochastic semigroup for our method to work. We give explicit results
for £ equal to the linear relaxation Boltzmann operator (sometimes known as linear
BGK operator), and for £ equal to the linear Boltzmann operator (see below for a full
description). We also consider the equations posed on the whole space (x,v) € R? x R4
with a confining potential ®:

Ouf +v-Vof — (Vo®-Vof) = L.

We are able to give exponential convergence results on the d-dimensional torus, or
with confining potentials growing at least quadratically at oo, always in total vari-
ation or weighted total variation norms (alternatively, L' or weighted L' norms).
For subquadratic potentials we give algebraic convergence rates, again in the same
kind of weighted L' norms. Some results were already available for these equations
[11, 21, 38, 18, 29, 22]. We will give a more detailed account of them after we de-
scribe them more precisely. Previous proofs of convergence to equilibrium used strongly
weighted L? norms (typically with a weight which is the inverse of a Gaussian), so one
advantage of our method is that it directly yields convergence for a much wider range
of initial conditions. The result works, in particular, for initial conditions with slow
decaying tails, and for measure initial conditions with very bad local regularity. The
method gives also existence of stationary solutions under quite general conditions; in
some cases these are explicit and easy to find, but in other cases they can be nontrivial.
We also note that our results for subquadratic potentials are to our knowledge new.
Apart from these new results, our aim is to present a new application of a probabilistic
method, using mostly PDE arguments, and which is probably useful for a wide range
of models.

The study of the speed of relaxation to equilibrium for kinetic equations is a well
known problem, both for linear and nonlinear models. The central obstacle is that
dissipation happens only on the v variable via the effect of the operator £, while only
transport takes place in x. The transport then “mixes” the dissipation into the x vari-
able, and one has to find a way to estimate this effect. The theory of hypocoercivity
was developed in [39, 29, 30| precisely to overcome these problems for linear operators.
In a landmark result, [17] proved that the full nonlinear Boltzmann equation converges
to equilibrium at least at an algebraic rate. Exponential convergence results for the
(linear) Fokker-Planck equation were given in [16], and a theory for a range of linear
kinetic equations has been given in [18]. All of these results give convergence in expo-
nentially weigthed L? norms or H' norms; convergence to equilibrium in weigthed L!
norms can then be proved for several kinetic models by using the techniques in [25].
There are also works which deal directly with the L' theory via abstract semigroup



methods. We mention [5, 36] which give results for linear scattering equations on the
torus with spatially degenerate jump rates.

Let us describe our equations more precisely. The linear relaxation Boltzmann equa-
tion is given by

atf"'v'vxf_(vx(b'vvf):£+f_f> (1)
where

o (/f(t,:c,u)du> M),

and M(v) := (27)~%2 exp(—|v|?/2). The function f = f(t, z,v) depends on time t > 0,
space € R?, and velocity v € R?, and the potential ®: R — R is a C? function of
x. Alternatively, we consider this equation on the torus; that is, for z € T¢, v € RY,
assuming periodic boundary conditions. In that case we omit ® (which corresponds to
® = 0 in the above equation):

Of +v-Vof=LTf~F. (2)

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. It is also one of the simplest examples of a hypocoercive equation.
Convergence to equilibrium in H! for this equation has been shown in [11], at a rate
faster than any function of ¢. It was then shown to converge exponentially fast in both
H' and L? using hypocoercivity techniques in [29, 38, 18].

The linear Boltzmann equation is of a similar type:

atf"‘vvxf_ (vzq)vvf) :Q(f,M), (3)

where ® is a C? potential and M(v) := (27)~%2 exp(—|v|?/2) as before, and Q is the
Boltzmann operator

Q)= [ [ Blo=ol.o) (F0)90) = F0)g(0.)) dodu,

, vt v = ;v Ue v -
T2 2 7 T T T T 7
and B is the collision kernel. We always assume that B is a hard kernel and can be
written as a product

Bllo— vl = o= w7 b (o L0, (@)
for some v > 0 and b integrable and uniformly positive on [—1,1]; that is, there exists
C% > 0 such that

b(z) > C,  forall z € [-1,1]. (5)

This assumption includes for example the physical hard-spheres collision kernel, for
which b = 1. The so-called non-cutoff kernels, for which b is not integrable, are not
considered in this work.

As before, alternatively we consider the same equation posed for z € T?, v € R,
without any potential ®:
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This equation models gas particles interacting with a background medium which is
already in equilibrium. Moreover, it has been used in describing many other systems
like radiative transfer, neutron transportation, cometary flow and dust particles. The
spatially homogeneous case has been studied in [33, 6, 10, 32]. The kinetic equations
(3) or (6) fit into the general framework in [38, 18], so convergence to equilibrium in
weighted L? norms may be proved by using the techniques described there.

We denote by P(Q) the set of probability measures on a set QO C R* (that is, the
probability measures defined on the Borel o-algebra of 2). We state our main results
on the torus, and then on R? with a confining potential:

Theorem 1.1 (Exponential convergence results on the torus). Suppose that t — f; is
the solution to (2) or (6) with initial data fo € P(T? x R?). In the case of equation
(6) we also assume (4) with v > 0 and (5). Then there exist constants C' > 0,\ > 0
(independent of fy) such that

1fe = plls < CeM|| fo — s,

where p is the only equilibrium state of the corresponding equation in P(T¢ x RY) (that
is, p(z,v) = M(v)). The norm ||-||. is just the total variation norm |||ty for equation

@),
o=l = o= llrvi= [ [ 1fo=nldzde  for cquation (2)
R T

and it is a weigthed total variation norm in the case of equation (6):

lfa=slle= [ [ 0+ Pl uldzde  for equation (6)
Rd JTd

Theorem 1.2 (Exponential convergence results with a confining potential). Suppose
that t — f; is the solution to (1) or (3) with initial data fy € P(R?xR?) and a potential
® € C*(R?) which is bounded below, and satisfies

xZ:- V:C(I)(Z') > ’71|$|2 + ’)/2(13<l’> - A7 T e Rda

for some positive constants 1,72, A. Define (x) = \/1+ |x|2. In the case of equation
(6) we also assume (4) with v >0, (5) and

7 -V, ®(x) > ()72 + 18 (z) — A,

for some positive constants v1,7ve, A. Then there exist constants C > 0,\ > 0 (inde-
pendent of fo) such that

1fe = ulls < Ce™|fo — nls,

where u is the only equilibrium state of the corresponding equation in P(R? x R?),
dp = M(v)e *@duda.

The norm || - ||+ is a weighted total variation norm defined by

1
6= s = [ (14 310 +0) + 2 ) 11~ nldvde



In all results above the constants C' and A can be explicitly estimated in terms of
the parameters appearing in the equation by following the calculations in the proofs.
We do not give them explicitly since we do not expect them to be optimal, but they
are nevertheless completely constructive.

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 on the confining
potential. Subgeometric convergence for kinetic Fokker-Planck equations with weak
confinement has been shown in [19, 1, 13]. To our knowledge this is the only work
showing this type of convergence in a quantitative way for the equations we present.

Theorem 1.3 (Subgeometric convergence results with weak confining potentials). Sup-
pose that t — f; is the solution to (1) in the whole space with a confining potential
® € C*(RY) which is bounded below. Define (x) = \/1+ |z|2. Assume that for some (3

in (0,1) the confining potential satisfies
z - Vo ®(z) > 11 (x)? + 18 (z) — A,

for some positive constants v1,v2, A. Then there exists a constant C' > 0 such that

| fe—pllv < min {Hfo = v, C/fo(l‘,v) (1 + %|v|2 + &(z) + |x!2) (1+ t)_ﬁ/(l_ﬁ)} .

Similarly if t — f; is the solution to (3) in the whole space, satisfies (4) (5) and
2 Vo) > n{a) +n(n) — A, (@) < (),

for some positive constants 1,72, v3A, B, then there exists a constant C > 0 such that
. 1 _
I~ plbee < win { o = ilrvs € [ atoo) (14 S+ 0Ga) 1ol ) @+ 07 |

We carry out all of our proofs using variations of Harris’s Theorem from probability.
Harris’s Theorem originated in the paper [28] where Harris gave conditions for existence
and uniqueness of a steady state for Markov processes. It was then pushed forward by
Meyn and Tweedie [35] to show exponential convergence to equilibrium. The last paper
[27] gives an efficient way of getting quantitative rates for convergence to equilibrium
once you have quantitatively verified the assumptions, we use this version of the result.
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 is based on the classical Doeblin’s Theorem. The use of such tools
to analyse PDEs was first introduced in [4, 31| to study integro-differential equations for
scatterers. These results are very broad and include both models with non-equilibrium
steady states and spatially degenerate jump rates. Doeblin’s Theorem has also been
used in [3| to show ergodicity for a kinetic equation. In all these papers the authors do
not seek to find explicit rates. Harris’s Theorem has already been used to show conver-
gence to equilibrium for some kinetic equations. In [34], the authors show convergence
to equilibrium for the kinetic Fokker-Planck equation with non-quantitative rates. In



[14], the authors show quantitative exponential convergence to a non-equilibrium steady
state for some non-linear kinetic equations on the torus using Doeblin’s Theorem.

This method is also applicable to some integro-PDEs describing several biological
and physical phenomena. In [24], Doeblin’s argument is used to show exponential relax-
ation to equilibrium for the conservative renewal equation which is a common model in
population dynamics, often referred as the McKendrick-von Foerster equation. In [12],
the authors show existence of a spectral gap property in the linear (no-connectivity)
setting for elapsed-time structured neuron networks by using Doeblin’s Theorem. Re-
laxation to the stationary state for the original nonlinear equation is then proved by a
perturbation argument where the non-linearity is weak. Moreover, in [20] the authors
consider a nonlinear model which is derived from mean-field description of an excitatory
network made up of leaky integrate-and-fire neurons. In the case of weak connectivity,
the authors demonstrate the uniqueness of a stationary state and its global exponential
stability by using Doeblin’s type of contraction argument for the linear case. Also in
[2], the authors extend similar ideas to obtain quantitative estimates in total variation
distance for positive semigroups, that can be non-conservative and non-homogeneous.
They provide a speed of convergence for periodic semigroups and new bounds in the
homogeneous setting.

Using Harris’s Theorem gives an alternative and very different strategy for proving
quantitative exponential decay to equilibrium. It allows us to look at hypocoercive
effects on the level of stochastic processes 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, this means looking at point
wise bounds rather than integral controls on the operator. These are often equivalent
for time reversible processes [1, 15| 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. This is the motivation behind [4, 14].
These works also allow us to look at a large class of initial data. We only need f; to
be a probability measure where || fo — p| is finite. Harris’s Theorem has a restriction
which is that we can only consider Markov processes. Many kinetic equations are linear
Markov processes but this excludes the study of linearized non-linear equations which
are not necessarily mass preserving.

The plan of the paper is as follows. We introduce Harris’s Theorem in Section 2.
Then we have a section for each of our equations where we prove our results.

2 Harris’s Theorem

Now let us be more specific about Harris’s Theorem. We give the theorems and as-
sumption as in the setting of [27] where they make it clear how the rates depend on
those in the assumptions. Markov operators can be defined by means of transition
probability functions. We always assume that (€2, S) is a measurable space. A function
S: QxS — Ris a transition probability function on a finite measure space if S(z, )
is a probability measure for every x and z +— S(x,A) is a measurable function for
every A € §. We can then define P, the associated stochastic operator on probability



measures by
Pmozémmwmm.

In a similar way we can define the action of S on functions (observables) by

@WW%=4¢M&%@)

Since we are looking at a process we have Markov transition kernel S; for each ¢t > 0.
We also define P; from S; as above. In our situation P;u is the weak solution to the
PDE with initial data u. If we define M(Q2) as the space of finite measures on (2, S)
then we have that P; is a linear map

P, M(Q) = M(Q).

From the conditions on S; we see that P; will be linear, mass preserving and positivity
PTeServing.
We can define the forwards operator U, associated to S; as the operator which

satisfies
d

Epgw — = u¢7 (7)

for all ¢ € C2°(Q).

We begin by looking at 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 t,. In our theorems we work to choose an appropriate t,.

Hypothesis 1 (Doeblin’s Condition). We assume (Py)i>o is a stochastic semigroup,
coming from a Markov transition kernel, and that there exists t, > 0, a probability
distribution v and o € (0, 1) such that for any z in the state space we have

P.o. > av.
Using this we prove

Theorem 2.1 (Doeblin’s Theorem). If we have a stochastic semigroup (Pi)i>o satis-
fying Doeblin’s condition (Hypothesis 1) then for any two measures 1 and po and any
integer n > 0 we have that

P — P pallrv < (1 —a)™||per — palov- (8)

As a consequence, the semigroup has a unique equilibrium probability measure p,, and
for all p

1Pelp = pllley < 7——e i = paflev,  £20, 9)
where lo(1



Proof. This proof is classical and can be found in various versions in [27] and many
other places.

Firstly we show that if P;0, > av for every z, then we also have Py > av for every
probability measure p. Here since P, comes from a Markov transition kernel we have

Pt(;z() = /St(zlu )52((12,) = St(zu )
Therefore our condition says that

St(zv ) > C“/(')

for every z. Therefore,

Pon() = / Sz Juldz) > a / v(Yu(dz) = av (")

By the triangle inequality we have

| Pr.ptr — Pr.piol|ov < | Prpir — av||ov + || P, pt2 — av|v.

Now, since Py, p1 > av, we can write

Pt = avliey = [P —av) = [ —a=1-a,
due to mass conservation, and similarly for the term ||P;, s — av||ty. This gives

| Pe.ptr — Prpio]|rv < 2(1 — ) = (1 — a)||pur — poflrv

if 1, o have disjoint support. By homogeneity, this inequality is obviously also true
for any nonnegative iy, o having disjoint support with [y = [ 2. We obtain the
inequality in general for any p;, po with the same integral by writing py — o = (1 —
2)+ — (pe — 1)+, which is a difference of nonnegative measures with the same integral.
This proves

[Pr.pa = Propollrv < (1= @)l — paflov. (10)
We then iterate this to obtain (8). The contractivity (10) shows that the operator Py,

has a unique fixed point, which we call p,. In fact, u, is a stationary state of the whole
semigroup since for all s > 0 we have

Pt*Ps/vL* - Pspt*ﬂ* - Psﬂ*a

which shows that Psu. (which is again a probability measure) is also a stationary state
of Py, ; due to uniqueness,

Ps,u* = M.
Hence the only stationary state of P; must be ., since any stationary state of P, is in

particular a stationary state of P, .
In order to show (9), for any probability measure p and any ¢t > 0 we write



(where | -] denotes the integer part) so that
t
——1<k< i.
T, Ly
Then,
1Pe(pe = p)llrv = [Proie. Pre. (= g )l vv < I Pe (0 = p) Iy

1 11—«
< (1=l < o (110g () ) =y

*

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 t,:

Hypothesis 2 (Lyapunov condition). There ezists some function V' :  — [0,00) and
constants D > 0, € (0,1) such that

(PEV)(2) < aV(z) + 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
related to the Lyapunov method for proving convergence to equilibrium. We do not
prove monotonicity of a functional.

Remark. In our situation, we have an equation on the law f(¢) = P, fo. This is equivalent
to the statement

/ ft,2)V(2)dz < a/ fo(2)V(2)dz + D. (11)
Q Q
We normally verify this by showing that

%/Qf(t,z)‘/(z)dz < —/\/Qf(t,z)V(z)derK,

for some positive constants K and )\, which then implies (11) for « = e and D =

K(1 — e) < Kt. Equivalently, one can show that

)
Uuv < -\V+ K,

where U is the forwards operator defined in (7).

The idea behind verifying the Lyapunov structure in our case comes from [34] 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. There exists a probability measure v and a constant 5 € (0,1) such
that

inf P, 6, > v,

zeC

where

C={z:V(z) <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 [16, 17]. Such lower
bounds have been proved for the non-linear Boltzmann equation in 37, 7, §|.

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 x
variable as described earlier. The actual calculations are based on the PDE governing
the evolution and iteratively using Duhamel’s formula.

We define a weighted total variation norm on measures for each a by:

i = palva = [ (14 V)l = g d2)

Theorem 2.2 (Harris’s Theorem as in [27]). If Hypotheses 2 and 3 hold then there
exist @ € (0,1) and a > 0 such that

1Pepn = Prpizllvia < aflpn = paflva: (12)

Ezplicitly if we choose By € (0,5) and ag € (a« + 2D /R, 1) then we can set v = o/ K
and & = max {1l — (8 — o), (2 + Ryao)/(2+ Ry)} .

Remark. We have that
min{1, a}l|pur — pollvy < [|p1 — p2llvie < max{l,a}||p — pa2llv,1-

We can also iterate Theorem 2.2 to get

HPnt*Ml - Pnt*/mHv,a < @nHﬂl - quv,a-

Therefore we have that

_,maxqil,a
Hpnt*ﬂl - Pnt*UZHV,I <a #Hﬂl - ,LL2|
min{1,a}

Vi1l

Remark. In this paper we always consider functions V' where V(z) — oo as |z| — oc.
In this case, we can replace C in Hypothesis 3 with some ball of radius R’ which will
contain C.

Doeblin’s Theorem corresponds to the irreducibility property for Markov processes
in the bounded state space. But when the state space is unbounded it is expected that
the process may drift arbitrarily far away and we cannot prove a uniform minorisation
condition on the whole state space. Harris’s Theorem is one way to extend the ideas
of Doeblin to the unbounded state space by finding a Lyapunov functional with small
level sets to show that transition probabilities of the process converge towards a unique
invariant measure. Therefore Harris’s Theorem is based on providing a combination
of a minorisation and a geometric drift conditions. The minorisation condition can be
thought as finding a bound on the probability of transitioning in one step from any
initial state to some specified region which corresponds to the small level sets of the
Lyapunov functional.

Another way to prove convergence towards a unique invariant measure for a Markov
process is to show the Markov semigroup has the strong Feller property, meaning that

10



the semigroup maps bounded measurable functions to bounded continuous functions.
We refer the reader to [26] for further comments on this.

There are versions of Harris’s Theorem adapted to weaker Lyapunov conditions
which give subgeometric convergence [19]. We use the following theorem which can be
found in Section 4 of [26].

Theorem 2.3 (Subgeometric Harris’s Theorem). Given the forwards operator, U, of
our Markov semigroup P, suppose that there exists a continuous function V wvalued in
[1,00) with pre compact level sets such that

UV <K —¢(V),

for some constant K and some strictly concave function ¢ : R, — R with ¢(0) = 0 and
increasing to infinity. Assume that for every C > 0 we have the minorisation condition
like Hypothesis 3. i.e. for somet, a time and v a probability distribution and o € (0, 1),
then for all z with V(z) < C':

P.o. > av.

With these conditions we have that

o There exists a unique invariant measure (i, for the Markov process and it satisfies
[ o <&

o Let Hy be the function defined by

“ ds
H, = —_
¢ 1 ¢<5)
Then there exists a constant C' such that
Cu(V C
1P — iy < SV

1,10 " 6o 0
holds for every p where p(V) = [V (z)u(dz).

We will apply the subgeometric Harris’s Theorem to the PDEs we study to show
convergence when only a weaker confinement condition is available.

3 The linear relaxation Boltzmann equation

3.1 On the torus

This is the simplest operator on the torus, so we do not in fact need to use Harris’s
Theorem. We can instead use Doeblin’s Theorem where we have a uniform minorisation
condition.

We consider

hf+v-Vaof =LJ, (13)

11



posed for (z,v) € T? x R?, where T? is the d-dimensional torus of side 1 and

Lf(x,v):=LYf(x,v) — f(x,v) = < f(z,u) du) M(v) — f(x,v), (14)

R4

which is a well defined operator from L'(T¢ x RY) to L'(T? x R?), and can also be
defined as an operator from M(T? x RY) to M(T?¢ x R?) with the same expression
(where [54 f(x,u)du now denotes the marginal of the measure f with respect to u).
We define (7;);>0 as the transport semigroup associated to the operator —v - V, f in
the space of measures with the bounded Lipschitz topology (see for example [9]); that
is, t +— T} fo solves the equation 0, f + v -V, f = 0 with initial condition fy. In this case
one can write T} explicitly as

Tifo(z,v) = fo(z — tv,v). (15)

Using Duhamel’s formula repeatedly one can obtain that, if f is a solution of (13) with
initial data fy, then

t s
etft > / / E—s£+Ts—r£+T7’f0 drds. (16)
0 Jo

We will now check two properties, which we list as lemmas. The first one says that
the operator £ always allows jumps to any small velocity. We always use the notation
14 to denote the characteristic function of a set A (if A is a set), or the function which
is 1 where the condition A is met, and 0 otherwise (if A is a condition).

Lemma 3.1. For all §;, > 0 there exists ay, > 0 such that for all g € P(T¢ x R?) we
have

LTg(x,v) > ar (/d g(x,u) du) L{jv<s.} (17)
R
for almost all (z,v) € T? x R4,
Proof. Given any ¢y, it is enough to choose ay, := M(v) for any v with |v| = §p. O

The second one is regarding to the behaviour of the transport part alone. It says that
if we start at any point inside a ball of radius R, and we are allowed to start with any
small velocity, then we can reach any point in the ball of radius R with a predetermined
bound on the final velocity. We use B(d) to denote the open ball {z € R? | || < §}, and
in general we will use the notation B(z,d) to denote the open ball of radius ¢ centered
at z € R%.The lemma is:

Lemma 3.2. Given any time ty > 0 and radius R > 0 there exist p, R' > 0 such that
for all t >ty it holds that

1 ,
/B(R/) Tt<5m (@h\v\é%}) dv > t—dﬂ{ng} for all xy with |xy| < R. (18)
In particular, if we take R > \/d, there exist 65, R’ > 0 such that
1
/ Tt(&co (J:)IL{|U|§5L}) dv > — for all 2o € T (19)
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Proof. Take t, R > 0. We have

T, (0o (1) L(s,) (V) = 0o (¥ — V) L s (v)-

Integrating this and changing variables gives that

1 r—
/ Tt <6x0(x)13(5L)(’U)) dv = t_d/ 5xo(y)ILB(5L) ( ; y) dy
B(R) B(z,tR')

Since |z — y| < |z| + |y| we have that

Tr—y z Yy
Lpw) ( ; ) = LnGu/2) (;) Lp./2) (;) :

Therefore if we take 6, > 2R/t we have

x—y
LB, ( ; ) > 1pr)(7)Lpr)(Y).
On the other hand, if we take |z| < R and R’ > 2R/t then
B(z,tR") D B(z,2R) D B(R).

Hence if 65, > 2R/t and R’ > 2R/t,

1
| o) (0) dv > L (@),
B(R')

which proves the result. O

Lemma 3.3 (Doeblin condition for the linear relaxation Botzmann equation on the
torus). For any t. > 0 there exist constants «,d;, > 0 (depending on t.) such that any
solution f to equation (13) with initial condition fo € P(T? x RY) satisfies

[t z,0) > alyy<s,y, (20)
where the inequality is understood in the sense of measures.

Proof. It is enough to prove it for fo := 6z v,), Where (29, v0) € T<¢ x R is an arbitrary
point. From Lemma 3.2 (with R > v/d and t, := t,/3) we will use that there exists
01, > 0 such that

1
/ E(ézo(x)llﬂv‘g%}) dv > i for all =g € TY, t > t,.
Rd

Also, Lemma 3.1 gives an ay, > 0 such that

LYg>ap </ g(x,u) du) Lfpoj<s,}-
]Rd
Take any r > 0. Since T} fo = 0(z9—vyr,v0), Using this shows
£+T7’f0 > ag 6x0—v07"(x) 1]-{|v|§5L}-
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Hence, whenever s — r > t; we have
['+Tsfr£+T7“fO > ap </ Tsfr‘CJrTrfO d'LL) IL{|1}|§(§L}
Rd

> O‘% (/Rd Tsr (5:v07vor(x) ]l{lu\ﬁéL}> du) IL{|7J|§5L}

2
2 (8 . T.)daL 1{|U|§5L}‘

Finally, for the movement along the flow T;_,, notice that

Tt<1rﬂ~d($)]l{|v|<5L}(U)> = ]]_Td(I')]]_{|v‘<5L}<U> for all t > 0.

This means that for all t > s > r > 0 such that s — r > t; we have
1
Ty LY L7T, fo > mai L {joj<or}-

For any ¢, we have then, recalling that ¢y = t./3,

/ / Ty LYT LYT, fodrds > af 1{|v<5L}/ / ———drds
2t0 S — 7“

1
>tdOéL1{|v|<aL} AN

Finally, from Duhamel’s formula (16) we obtain

t*t2 d

f(t*7$,1)) > ]]-{|v\<(5L}7

QDIH

which gives the result. O]

Proof of Theorem 1.1 in the case of the linear relaxation Boltzmann equation. Lemma 3.3
allows us to apply directly Doeblin’s Theorem 2.1 to obtain fast exponential convergence
to equilibrium in the total variation distance. This rate is also explicitly calculable.
Therefore, the proof follows. n

3.2 On the whole space with a confining potential

Now we consider the equation

Ouf +v-Vof — Vod(z) - Vof = LF, (21)

where £ is defined as in the previous section and z,v € R?. We want to use a slightly
different strategy to show the minorisation condition based on the fact that we instan-
taneously produce large velocities. We first need a result on the trajectories of particles
under the action of the potential ®. Always assuming that ® is a C? function, we con-
sider the characteristic ordinary differential equations associated to the transport part

of (21):
(22)



and we denote by (X (o, v0), Vi(xo,v9)) the solution at time ¢ to (22) with initial data
x(0) = xg, v(0) = vy. Performing time integration twice, it clearly satisfies

t S
Xi(xo,v9) = xo + Vot + / / VO (X, (z9,v0)) duds (23)
0o Jo

for any zg, vy € R? and any ¢ for which it is defined. Intuitively the idea is that for small
times we can approximate (X;,V;) by (Xt(o), Vt(o)) which is a solution to the ordinary
differential equation

T =

v =0,

(24)

whose explicit solution is (Xt(o), Vt(o)) = (xo + vot,vp). If we want to hit a point z; in
time ¢ then if we travel with the trajectory X we just need to choose vy = (x1 —x¢)/t.
Now we choose an interpolation between (X© V() and (X,V). We denote it by
(X, V() which is a solution to the ordinary differential equation

T =0
0= —e2Vd(z),
still with initial data (zg,vy). We calculate that

€ U € U
Xt( )(Ioavo) = Xo (96’07 :0> ) ‘/t( )(l’oﬂfo) =eVy <x07 ?O> .

(25)

Now we can see from the ODE representation (and we will make this more precise later)
that (X,V) is a C* map of (¢,€,x,v). Therefore if we fix ¢ and zy we can define a C*
map

F:[0,1] x R* — R?,

by
F(e,v) = X{? (0, v).

Then for ¢ = 0 we can find v, such that F'(0,v,) = x; as given above. Furthermore
VF(0,v,) # 0 so by the implicit function theorem for all € less than some ¢, we have a
C' function v(e) such that F(e,v(€)) = z;. This means that

(0 ) <

So if we take s < €,t then we can choose v such that X (zg,v) = z1. We now need to
get quantitative estimates on €,, and we do this by tracking the constants in the proof
of the contraction mapping theorem.

In order to make these ideas quantitative and to check that the solution is in fact
C' we need to get bounds on (X3, V;) and V®(X;) for ¢ is some fixed intervals. For
the potentials of interest we will have that the solutions to these ODEs will exist for
infinite time. We prove bounds on the solutions and V®(X;) for any potential:

Lemma 3.4. Assume that the potential ® is C* in R?. Take X > 1, R > 0 and
To,vo € R with |zo] < R. The solution t — X;(z9,v0) to (22) is defined (at least) for
It| < T, with

T := min { A=DE (A~ I)R} , Chg := max |VO(x)|.

2] 7 V2Chg |z|<AR
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(It is understood that any term in the above minimum is +oo if the denominator is 0.)
Also, it holds that
| Xt (o, v0)] < AR for|t| <T.

from this we can deduce
[Vi(zo,v0)| < |vo| + Cart for [t| < T.

Proof. By standard ODE theory, the solution is defined in some maximal (open) time
interval I containing 0; if this maximal interval has any finite endpoint t,, then X;(xq, vo)
has to blow up as t approaches t,. Hence if the statement is not satisfied, there must
exist t € I with |¢t| < T such that | X;(zo,v9)| > AR. By continuity, one may take t, € I
to be the “smallest” time when this happens: that is, |to| < T and

Xy (20, v0) = AR,
| X, (o, v0)| < AR for [t] < [to].
By (23) and using that |to] < T we have

t2
AR = | Xy, (20, v0)| < |zo| + |voto| + EO max{|V®(X;(zg,v0))|: t < to}
()\ — 1)R n C,\RtQ . ()\ + 1)R I C)\Rt2

< —
SR+ 2 2 0 2 2

which implies that
(A —1)R < Cyrtp.

If C'\gr = 0 this is false; if C'\g > 0, then this contradicts with that |to| < T. O

We now follow the intuition given at the beginning of this section. However we
collapse the variables ¢ and t together and consequently look at X, (x, %) which is
intuitively less clear but algebraically simpler.

Lemma 3.5. Assume that ® € C*(RY), and take xo,v1 € RY. Let R := max{|xo|,|z1]}.
There exists 0 < t; = t1(R) such that for any t < t; we can find a |vy| < 4R such that

Xt ((L’(), @) = T.
t
In fact, it is enough to take t; > 0 such that

VR t<2\/§
V2CoR’ L= VCor

Ct2eCh < t <

Y

o |

where
C:= sup |D*®(z)|

2| <OR

, Oxg is defined in Lemma 3.4 and D*® denotes the Hessian matriz of .
Proof. We define

f<t7v>:Xt <x07%) — T, t?’éoaUGRd,

f(0,v) ==z + v — 29, v e R
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Notice that due to Lemma 3.4 with A = 9, this is well-defined whenever

t] <

Our goal is to find a neighbourhood of t = 0 on which there exists v = v(t) with
f(t,v(t)) =0, for which we will use the implicit function theorem.
Now, notice that we have
f(O, Ty — SL’Q) =0
and
of

8—(071'1—(170):1, Z:1,,d
(%

We can apply the implicit function theorem to find a neighbourhood I of ¢ = 0 and a
function v = v(t) such that f(¢,v(t)) = 0 for t € I. However, since we need to estimate
the size of I and of v(t), we carry out a constructive proof.

Take vg, vy € R? with |vg], |v1| < 4R, and denote ¥y := vo/t, 91 := vy /t. By (23), for
all 0 < t <ty we have

Xi(xo,01) — Xi(20,00) = (01 — Do)t —l—/o /OS VO(X,(29,01)) — VO(X, (20, 0p)) duds.

(26)
Take any t; < t9, to be fixed later. Then Lemma 3.4 implies, for all 0 <t < ¢y,

t
| X (o, 01) — Xe(mo,00)| < |01 — Dot + Ch/ | X (20, 71) — Xu(o, Uo)| du.
0

by Gronwall’s Lemma we have
|Xt(23(),2~11) — Xt(ivo,f)g” S |’l~11 — {10‘t60t1t for0 <t S tl.

Using this again in (26) we have

t
|Xt<I077§1) - Xt(.T(),ﬁo) — (171 — @O)t| S |@1 _ 60|Ct1/ ueC’tlu du
0
< |y — |t C2eCH.

Taking ¢; such that
1
Ct%eCt% < 1 (27)

we have .
| X¢ (w0, 01) — Xi(20,T0) — (01 — To)t| < Z|771 — Dot

which is the same as
v ) 1
‘Xt <$o, ?1> - X (iUo, ?O> - (Ul - Uo)‘ < Z|U1 - UOL (28>

for any 0 < t < t; and any vy, v; with |vg|, |v1] < 4R. Now, for any 0 < t < ¢; and
|v] < 4R we define
Ai(v) = v — f(t,v).

17



A fixed point of A;(v) satisfies f(t,v) =0, and by (28) A;(v) is contractive:
1
|Ai(v1) — Ai(vg)] < Z‘Ul — vy for 0 <t <ty, |v]| <4R.

(Equation (28) proves this for 0 < ¢ < ¢;, and for ¢t = 0 it is obvious.) In order to use
the Banach fixed-point theorem we still need to show that the image of A, is inside the
set with |v| < 4R. Using (28) for v; = 0, vy = v we also see that

1
< _|U|7

Xi(xo,0) — X; (xo, %) +v

which gives
A0) + 71— Xulao, 0] < 1o,

SO .

[A()] = v+ ] + | Xi(@o, 0)] < 2R + | X (2o, 0)]- (29)
If we take

th < VR
205R

then Lemma 3.4 (used for A\ = 2) shows that

;

| X+¢(20,0)] < 2R for 0 <t <ty,

and from (29) we have

|Ai(v)] <4R for 0<t<t.
Hence, as long as t; satisfies (27) and (30), A; has a fixed point |v| for any 0 < ¢ < ¢y,
and this fixed point satisfies |v| < 4R. O

Lemma 3.6. Assume the potential ® € C*(R?) is bounded below, and let T denote the
transport semigroup associated to the operator f +— —v -V, f + V,®(z) - V,f. Given
any R > 0 there exists a time t; > 0 such that for any 0 < s < t; one can find constants
a,R') Ry > 0 (depending on s and R) such that

/ Ts (0w Lijoj<roy) dv > alqpi<ny, (31)
B(R')

for any xy with |zo| < R. The constants a, R, Ry are uniformly bounded in bounded
intervals of time; that is, for any closed interval J C (0,t1) one can find o, R', Ry for
which the inequality holds for all s € J.

Proof. Since the statement is invariant if ® changes by an additive constant, we may
assume that ® > 0 for simplicity. Using Lemma 3.5 we find ¢; such that for any s < ¢;
and every x; € B(R) there exists v € B(4R) (depending on z, x1 and s) such that

XS (l’o, E) =XT1.
S

Since v/s € B(4R/s), call Ry := 4R/s. We see that for every x; € B(0, R) there is at
least one u € R% such that

(z1,u) € Ts ({zo} x {[v] < Ra}).

18



In other words,
Xs(zo, {|v] < R2}) 2 B(0, R). (32)

This essentially contains our result, and we just need to carry out a technical argument
to complete it and estimate the constants a and R’. For any compactly supported,
continuous and positive ¢: R? — R we have

/ go(x)/ Ts (000 Ljo|<ryy) dvda
R4 B(R/)
:/ / ]1{|VS(357U)‘<R'} SO(XS(J:JU))(SIO(J:)IL{MSRQ})dvdx
Rd JRd
:/ L{ Vs (o) <rry P(Xs(20,v) dv,  (33)
[v|< R

since the characteristics map (z,v) — (Xs(z,v), Vi(z,v)) is measure-preserving. If we
write the energy as H(z,v) = |[v|*/2 + ®(z) and call
Ey :=sup{H(z,v) : |z| < R, |v| < R2}.

Then for all s > 0
H(Xs($07v)a ‘/5(1'0,11)) S E07

|‘/5<1'0, U)| S \/ 2E0

If we take R’ > /2E, then the term 1y, (z9v)<r is always 1 in (33) and we get

and in particular

/ gp(l’)/ Ts(axo]l{\v\gRQ}) dvdz = / QD(XS<£IZ'0,U)) dv.
Rd B(R') [v|<Rq

Now, take an M > 0 such that |Jac, Xs(z,v)| < M for all (z,v) with || < R and
|v| < Ry. (Notice this M depends only on ®, R and Ry.) Then

1
/ o(Xs(zo,v))dv > — ©(Xs(xo,v))| Jac, Xs(zo,v)| dv
[v]<R2

[v|<R2

1 1
_ L wmmz—/ o(z) dz,
M X, (xo.{j0|<R2}) M Jp0.4r)

where we have used (32) in the last step. In sum we find that

1
[ e@ [ atpuendvde= 5 [ plada

B(0,R)

for all compactly supported, continuous and positive functions . This directly implies
the result. [

Lemma 3.7 (Doeblin condition for linear relaxation Boltzmann equation with a con-
fining potential). Let the potential ®: RY — R be a C? function with compact level sets.
Given t > 0 and K > 0 there exist constants o, x,dy > 0 such that any solution f to
equation (21) with initial condition fy € P(RY x RY) supported on B(0, K) x B(0, K)
satisfies

F(t,2,0) > alga<sxy Lel<ovy

in the sense of measures.
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Proof. Fix any t, K > 0. Set
Hyax(K) = max {H(z,v) = |[v|*/2+ ®(z) : € B(0,K),v € B(0,K)}

and then define
R :=max {|z]| : ®(z) < Hpax(K)}.

Since our conditions on ® imply that its level sets are compact we know that R is finite.
We use Lemma 3.6 to find constants «, Rs > 0 and an interval [a,b] C (0,t) such that

/d Ts(0a0 L{jo|<roy) dv 2 ol fja1<ry,
R

for any zp with |z¢| < R and any s € [a,b]. From Lemma 3.1 we will use that there
exists a constant « > 0 such that

LYg(x,v) > ar (/]Rd g(z,u) du) 1{jv|<Rs} (34)

for all nonnegative measures g. We first notice that we can do the same estimate as
in formula (16), where now (7}):>o represents the semigroup generated by the operator
—v-Vof + V., ®(x) -V, f:

t s
etft > / / E—s£+Ts—r£+T7’f0 drds. (35)
0 JO

Take x9,v0 € B(0,K), and call fy := 0(zy,,)- For all r we have by the definition of R
that
| X (g, v0)| <R forall 0<r. (36)

For any 7 > 0, since 7. fo = 0(x, (20,00),V; (wo,0))> USING (17) gives
L5, fo > apdx, (wowo) (%) L{jvj<hs}-

Then, using (36) and our two lemmas, whenever s — r € [a, b] we have

£+TS,TE+TTf0 > qy, (/ Ts,r£+Trf0 du> ]1{\v\§R2}
R

d

> a7 (/Rd Tor <5X,»(;t0,v0)(I)ﬂ{\u\SRg}) du) 1{jv|<Ro}

> afa Ljai<ryL{jo|<no}-

We now need to allow for a final bit of movement along the flow T;_,. The time
gradient of the flow is bounded by |V, (®(X,(z,v))| + |Vi(z,v)| and this quantity is
bounded on sublevel sets of the Hamiltonian which are preserved by the flow so there
exists a sufficiently small, quantifiable € > 0 so that for all 0 < 7 < € we have

I: (113(1%)(1')]13(1%2)(@)) > Lp(ry2) (%) LB (R /2)(V)- (37)

(We point out a way to quantify e: since T is measure-preserving, we have 75 (h)(z,v) =
h(X;(x,v), Vi(x,v)) for any function h = h(z,v). Define the inverse flow of T, by G,
if we denote G, (xg,v0) = (Yr(xo,v0), Z,(x0,v0)), then Y, Z, satisfies

Y=z
2=W(y),
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with initial condition {z¢,yo}. Hence (37) holds if |Y;(z,v)| < R and |Z,(z,v)] < Ry
for all |z| < R/2, |v| < Ry/2. It’s easily seen that the result of Lemma 3.4 will still
hold for G, so we can take

] R VR R
E—mln{r&,m,ﬁ}, CR—lgllg)é‘vq)(l')’

by Lemma 3.4.)
From (37), for all ¢, s,r such that t — s < e and s — r € (a,b) we have

Ty LT LFT, fo > af o Lijai<ry2y Lijo|<Ray2}-

We have then

/t /S Ty LT, LTT.fodrds > o2 /t /S;a Lijzj<r/2) Lijo|<Rrs /2y dr ds
o Jo e Jse
= ajoe(b — a)Lai<r/2y L{i<na 2}
Finally, from Duhamel’s formula (35) we obtain
ft,z,v) = e”'ajae(b — a) Ljaj<r/o i< 2,
which gives the result. O]
Lemma 3.8 (Lyapunov condition). Suppose that ®(x) is a C* function satisfying
v V() > nl +7®(x) - A

for positive constants A, y1 vo. Then we have that

1 1 1
V(z,v) =14 ®(x) + §|v|2 + 7% + §|x|2

is a function for which the semigroup satisfies Hypothesis 2.

Remark. If ® is superquadratic at infinity (which is implied by earlier assumptions) then
V is equivalent to 1+ H (z,v) where the energy is defined as H(z,v) = |v|?/2+®(z). So
the total variation distance weighted by V' is equivalent to the total variation distance
weighted by 1+ H(z,v).

Proof. We look at the forwards operator acting on an observable ¢,
Up=1-V,0 =V, @(x) - Vyp+LO=T¢+ L,
where L£* is the adjoint of the linear relaxation Boltzmann operator £, given by
Lrp(x,v) = /gb(:v,u)./\/l(u) du — ¢(x,v).
We want a function V'(x,v) such that
UV < -A\V+K
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for some constants A > 0, K > 0. We need to make the assumption that
z -V, ®(z) > 1lof* + %®(z) — A (38)
for some positive constant A, y;,y2. We then try the function
1
V(z,v) = H(z,v) + az - v + b|z|* = ®(x) + §]v|2 + ax - v + blz|?,

with a,b > 0 to be fixed later. We want this to be positive so we impose a? < 2b. Using
that

L) =d =P, L'(z-v)=-2-v, L(P(2))=L(z]*) =0
and that

T*(H(z,v)) =0, T*(z-v) = |v|* — 2V, 0(x), T*(|z)?) = 22 - v,
we see that
—ax-v+alv]* —ar - V,®(x) + 2bx - v
<C' - (% — a) [v]2 + (2b — a)z - v — ayi|z]* — ay.®(2),

where we have used (38), and C” := g + aA. Now, taking a = 1/4,b = 1/8,

1
UWV) =C" = ~of? = Lja)? - La(a)

4 4 4
min(~vyy, 1
<¢r =MD o o) - L)
i 1) /1 1 1
<o = RO (St oot glaf) - o)

So V(x,v) works with
min(y1,72, 1)

A:
4

Proof of Theorem 1.2 in the case of the linear relazation Boltzmann equation. The proof
follows by applying Harris’s Theorem since Lemmas 3.7 and 3.8 show that the equation
satisfies the hypotheses of the theorem. O

3.3 Subgeometric convergence

When we do not have the superquadratic behaviour of the confining potential at infin-
ity we can still use a Harris type theorem to show convergence to equilibrium. This
time we must pay the price of having subgeometric rates of convergence. We use the
subgeometric Harris’s Theorem given in Section 2 which can be found in Section 4 of
[26]. Now instead of our earlier assumption on the confining potential ®, we instead
make a weaker assumption that ® is a C? function satisfying
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z - Vo ®(x) > () +2®(z) — A,
for some positive constant A, 7, y2, where
(@) = I+ P,
and 8 € (0,1).

Proof of Theorem 1.3 in the case of the linear relazation Boltzmann equation. We have
already proved the minorisation condition. We can also replicate the calculations for
the Lyapunov function to get that in this new situation, take the V' in Lemma 3.8, we
have for a = 1/4,b = 1/8 that

uv < c' - ;1‘”’2 _ 28 - 2.

For z,y > 1
(z+y)° <a +4°.

So we have
uy <= OB (g2 4 2y g

i 1
<or = BOLD (1 e o) Ry

1, ., 1 1, ,\"
§C”—A(1+§|v| +Zx-v+§|m|) — \O(x)?

<o o@) + Yop+ 2o vt Lap)
< )+ 5lv 28 vtgle ,

for some constant A\, C” > 0 that can be explicitly computed, so we have that
UV < -AVP 4+ ¢”.

This means we can take ¢(s) = 1+ s°. Therefore, for u large

|
Hy(u) = dt ~ 1 +ur"
o) = [ e~ 1

and for t large

H;l(t) ~14+ tl/(l—ﬂ)

and
¢o Hy'(t) ~ (1+1)P/0F).
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4 The linear Boltzmann Equation

We now look at the linear Boltzmann equation. This has been studied in the spatially
homogeneous case in [6, 10]. 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 full Boltzmann equation has been studied as a Markov process in [23], the linear
case is similar and more simple. It is well known that this equation preserves positivity
and mass, which follows from standard techniques both in the spatially homogeneous
case and the case with transport. The Lyapunov condition on the torus and the bound
below on the jump operator have to be verified in this situation.
We consider for € T¢

oftovuf = [ [ B(Fm o=l ) (0OM@) - F0M(e) dod.

v — v,
(39)
We assume that B splits as

Bl—" o jo—ul)=b(———2 o) |v—u|. (40)
v — v v — v

We make a cutoff assumption that b is integrable in ¢. In fact, we make a much
stronger assumption that b is bounded below by a constant. We also work in the
hard spheres/Maxwell molecules regime that is to suppose v > 0. When working with
the Boltzmann collision kernel we have a choice of parametrizations for the incoming
velocities. Choosing this ‘o-parametrization’ allows for simpler calculations, but is not
otherwise essential. We notice that for the physical hard spheres kernel the angular
kernel b is bounded below in the ¢ parametrization. We have

Ouf +v-Vof =L f —k(v)f,
where k(v) > 0 and k(v) behaves like |v|” for large v; that is,
0<r(v) <14+ w?*"?  veR% (41)

See [10] Lemma 2.1 for example.

We also look at the situation where the spatial variable is in R? and we have a
confining potential. With hard sphere, the operator L1 acting on z - v produces error
terms which are difficult to deal with. We show that when we have hard spheres with
v > 0 we can still show exponential convergence when ®(x) is growing at least as fast as
|z|7*2. In the subgeometric case we suppose ®(x) grows at least as fast as |z|™! e > 0.
The equation is

atf +v- V:rf - (qu)<x) ’ va) = Q(f7M> (42)

We begin by proving lemmas which are useful for proving the Doeblin condition
in both situations. We want to reduce to a similar situation to the linear relaxation
Boltzmann equation.

Lemma 4.1. Let f be a solution to (39) or (42), and define H(x,v) := |[v|*/2 on the
torus for (39) or H(x,v) := ®(z) + [v|*>/2 in the whole space for (42), where ® is
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a C? potential bounded below. Take Eq > 0 and assume that f has initial condition
fo= 5(%71,0) with
H(ZBo,Uo) S Eg.

Then there exists a constant Cy > 0 such that

t S . .
f(t3,0) > e / / T LT, LT (1 fo(e,v)) dr ds,
0 0

where

Ltg:=1pL"g, E:={(z,v) e RYx R? : H(z,v) < Ey}.

Proof. Call (Xi(z,v),Vi(x,v)) the solution to the backward characteristic equations
obtained from the transport part of either (39) or (42). Let us call

2(87 t7 I, U) = efgt H(VT(Z,’U))dr.

Looking at Duhamel’s formula again we get
t
fta0) = S0t ) Tifo+ [ (0. 5.0, 0) (Tl ). 0) ds
0
If a function g = g(z,v) has support on the set

E :={(xz,v) : H(xz,v) < Ey},

then the same is true of T;g (since the transport part preserves energy). On the set E
we have, using (41),

/t KV, (z,0))dr < (t — $)C (1 + 2Ey)"* = (t — 5)C4, (x,v) € E.
Hence

f(t,x,v) > 3(0,t,z,0)T,(1efo) + /t ¥(0,t — s, 2,0)(Ti_s(1gLT f))(z,v) ds
0
> e "N (1pfo) + /t e~ IOUT, (Mg LT fo))(z,v) ds
0

t ~
:etcthfO+/ e*(tfs)cl(ﬂis(£+fs>)(maU) ds,
0

where we define

Ltg:=1gLTg.
Iterating this formula we obtain the result. O]

The next lemma we want to prove is a local version of Lemma 3.1, which states that
the operator L1 allows jumps between any two velocities with a probability which is
bounded below, provided the size of the two velocities is bounded by a fixed number.
In order to do this, let us first rewrite the operator £*. We have that

£+f _ / / b (ﬂ . O‘) |U — U*|7f(v/)_/\/l(v;)d0dv*.
Rd Jsd—1 |U - U*|
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Using the Carleman representation we rewrite this as

LTf= e %/ B(|ul, & )M (v.)dv’. dv/,

(v,0")

where E, /) denotes the hyperplane {v € R? | (v—')-(v—v}) = 0}, and the integral in
vl is understood to be with respect to (n — 1)-dimensional measure on this hyperplane.
We want to bound this in the manner of Lemma 3.1 from the first part. We look at
hard spheres and no angular dependence, which means

B(lul,€) = Clul"¢"?

with v > 0. We also have that
lu| = |20 — o' — V.

So we have that

oy [ AU o Mot v
Rd —U‘ E

‘U (v,0)

With this we can give the following lower bound of £, which the reader can compare
to Lemma 3.1:

Lemma 4.2. Consider the positive part Lt of the linear Boltzmann operator for hard
spheres, assuming (4) with v > 0, and (5). For all Ry, r; > 0, there exists a > 0 such
that for all g € P

LTg(v) > a/ glu)ydu  for all v € R* with |v| < rp.

B(RpL)

Proof. First we note that on F(, . we have

1 1
120 — v — 0|72 > Cyexp (—5]1) A §|v — 'U'|2) :
Then since v > 0 we have
20— o/ = o[ = (o =0/ + o — L) > o —wl

So this means that

/ 120 — V' =0T M (V) dwl,
E

(v,0")
> Cel—vP/2 /
Bo,vr)

—lo—a 12 /9|02 ey |2
> Ce-l—vIP/2-lo /2/ v — o et gy

LCR)
_ el /2 lol2/2.

1 1
o= dilrexp (—lo = ol = 51t o]
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So we have that
LXf)2C [ f@)o—of| el Pl /2gy
]Rd
>0 [ f)e P gy
> y

> 0672R%€73‘U|2 / f(U/)dU/,
B(0,Ry1)

which is a similar bound to the one we found in Lemma 3.1. This gives the result by
choosing o := Cexp(—2R? — 3|rz|?). O
4.1 On the torus

Now we work specifically on the torus. For the minorisation we can argue almost exactly
as for the linear relaxation Boltzmann equation.

Lemma 4.3 (Doeblin condition). Assume (4) with v > 0, and (5). Given t, > 0 and
R > 0 there exist constants 0 < a < 1, 65, > 0 such that any solution f = f(t,z,v) to
the linear Boltzmann equation (39) on the torus with initial condition fo = 0(qyw,) with
lvo] < R satisfies

fte, 2,0) 2 allguy<s,)

in the sense of measures.

Proof. Take fo := 8(zy.00), Where (29, v9) € T? x R? is an arbitrary point with |ve| < R.
From Lemma 3.2 (with R > v/d and t, := t,/3) we will use that there exist ,, R’ > 0
such that

1
/ Tt<5$0 (x)]l{|v‘<5L}> dv > — for all zg € TY, t > t,. (43)
B(R) - t

Also, Lemma 4.2 gives an o > 0 such that

LTg>a (/B(R )g(x,U) dU> L{jv|<op}s (44)
L

where Ry, := max{R/, R}. Finally, from Lemma 4.1 we can find C; > 0 (depending on
R) such that

t s
ft,z,v) > e_tcl/ / Tt—s£+Ts—r£+Tr(]lE5(xo,vo))dT ds,
0o Jo
where F is the set of points with energy less than Ey, with
Ey := max{R?/2,67 /2},

and we recall that £ f := 15L" f. Due to our choice of Ey, we see that equation (43)
also holds with £ in the place of £LT. One can then carry out the same proof as in
Lemma 3.3, using estimates (43) and (44) instead of the corresponding ones there. [
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Since our Doeblin condition holds only on sets which are bounded in |v|, we do
need a Lyapunov functional in this case (as opposed to the linear relaxation Boltzmann
equation, where Lemma 3.3 gives a lower bound for all starting conditions (z,v)).
Testing with V' = v? involves proving a result similar to the moment control result from
[6]. Instead of the o representation we use the n-representation for the collisions:

v'=v—n(u-n), v, = v, +n(u-n).
By our earlier assumption, the collision kernel can be written as
B(lv = v.], [€]) = v = v.]7([€]),

where
_ U=V — V.

Here the B ,l; are different from those in the o representation because of the change of
variables. We also have by assumption that b is normalised, that is,

/Sd5(|w-n|)dn:1

for all unit vectors w € S%1.

Lemma 4.4. The function V(x,v) = |v|? is a Lyapunov function for the linear Boltz-
mann equation on the torus in the sense that it is a function for which the associated
semigroup satisfies Hypothesis 2.

Proof. We define L to be the linear Boltzmann operator. Using the weak formulation
of the operator,

[oewhkao= [ [ ] @i = v R0 = o) dndodo.

In other words,

L (vl*) = /Rd Sd,lM(”*)’” = u(lEN (V' ~ [uf?) dn du..

We are going to prove the Lyapunov condition by showing that

/ / (E(f)+T(f))|v|2da:dv§—)\/ f|v|2d:vdv+K/ f dax dv,
R4 JR4 R4 J R4 Rd JRd

where 7 f = —vV,f is the transport operator. The transport part plays no role, since

/ T(f)|v]*drdv = 0.
Rd JRA
For the collisional part, we notice that

07 = [o” = [0 * = [0, * = =(u-n)* = 2(ve - ) (u - n)
= —|u?¢® = 2(v, - n)(v-n) + 2(v, - n)?
= —|v2€ — 0. 2€* + 20 - 0,62 — 2(v, - n) (v - n) + 2(v, - 1)
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Note that the first term is negative and quadratic in v, and the rest of the terms are of
lower order in v. Hence, calling 7y, := [g,—, £2b(|¢]) A€ we have

/Rd L(v]Fdv = — /Rd w2 f(v) /Rdj\/l(v*)w — 0|7 dv, dv
=0 [ F0) [ PGl = o ddo
+2%/Rd o f(v) /R v M) o — .| dv. du
‘Q/Sdl /Rd(v-n)f(v) /Rd(v*-nw(v*)w_vmdv*dvdn
+/Sd1 /Rdf(v) /Rd(v*.n)2M(v*)|v—umdv*dvdn
<= [ Br) [ M@l = du.do
@) [ 0l [ oMo = ol dv.do
[ 1) [ M=o dv. o

We can now use the following bound, which holds for all £ > 0 and some constants
0 < Ay < () depending on k:

Ap(1+ o) < / 0 FM() o — v dvs < Co(1+ o)), v e RY
Rd
Choosing € > 0 we get
[ L(DlePdo <= Avy [ P+ o)) dv+ G+ ) [ oI+l S @) do

+Co [ FO)0+ PPy

< [ H0Cot Cul1+ /20 1+ o) do
~ (o= o1 +20/2) [ [P (15 o) f(e)do

R4

< » F) (Ca+ Cr(1+/2) /e + (eCL(1 4+ 7/2) — Aoys) [v]?) (1 + [0]") f(v)dw
~ (Ao = <Ci(1+ 7/2) [ 0P o)

<or [ pwdo—aq [ R s

Here we choose € sufficiently small to make the constant in front of the second moment
negative. This also means that

(Cy + C1(1 4+ 7,/2) /e + (eC1L(1 4+ 73/2) — Agye) [v]2(1 + |v]")
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is bounded above. These things together give that

/ / (E(f)+T(f))]v|2da:dv§—a2/ f\v|2dxdv—|—041/ fdzdo,
R4 JR4 R4 JRA Rd JRd

which finishes the proof. m

Proof of Theorem 1.1 in the case of the linear Boltzmann equation. We have the Doe-
blin condition from Lemma 4.3 and the Lyapunov structure from Lemma 4.4. Harris’s
Theorem gives the result. [l

4.2 On the whole space with a confining potential

We now work on the whole space with a confining potential. As we stated earlier, we
cannot verify the Lyapunov condition in the hard spheres case. However, the proof for
the Doeblin’s condition is the same in the hard sphere or Maxwell molecule case. We
need to combine the Lemmas 3.6, 4.1 and 4.2.

Lemma 4.5. Let the potential ®: R — R be a C? function with compact level sets.
Given t > 0 and K > 0 there exist constants «,dx,dy > 0 such that for any (zo,vo)
with |xol, [ve] < K the solution f to (42) with initial data O, ., satisfies

fe = algei<sy Liv<oy -

Proof. We fix R > 0 as in Lemma 3.7. We use Lemma 3.6 to find constants «, Ry, R’ > 0
and an interval [a, b] C (0,t) such that

/ Ts<5a:0]1{\v|§R2}) dv > aly<ry,
B(R')

for any zp with |z¢| < R and any s € [a,b]. From Lemma 4.2 we will use that there
exists a constant ay > 0 such that

L g(x,v) > ag (/RL g9(z,u) dU> Ljo<ro) (45)

for all nonnegative measures g, where Ry, := max{R, R'}. From Lemma 4.1 we can find
C7 > 0 (depending on R) such that

t s
f(t,z,v) > e’tcl/ / T s LT LT (15O (g 00)) dr ds,
0o Jo
where E is the set of points with energy less than Fj, with
Ey :=max{H(z,v) : |z| < R, |v| < max{Ry, R2}},

and we recall that £+ f:=1gL"f. These three estimates allow us to carry out a proof
which is completely analogous to that of Lemma 3.7; notice that the only difference is
the appearance of R’ here, and the need to use £ (which still satisfies a bound of the
same type). O
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Now we need to find a Lyapunov functional. As before we will look at V' of the form
1
V(z,v) = ®(x) + §|v]2 +ax - v+ Bzl

for some o, > 0. In this case we need a stronger bound for ®, as stated in the
following;:

Lemma 4.6. Assume that for some v1,72 > 0 and some A € R we have,
1 Vo®(x) > 71 (2)"? + 1,®(2) — A,
where 7 is the exponent in (40). We can find «, 5 such that
1
V(z,v) = ®(x) + §|U|2 + ax - v + Bl

is a function for which the semigroup associated to equation (42) satisfies Hypothesis 2.

Proof. We are going to show that, for an appropriate choice of «, § it holds that
(T"+L)(V) < =AV+ K,

for some A\, K > 0, where £* is the dual of the Boltzmann collision operator, and

T f=v-V,f —V,®-V,f (the dual of the transport operator, which has the same

expression as -7 ). This will show Hypotheses 2 (see Remark 2).
Let us look at how the collision operator acts on the different terms. First,

/Rd L(f)|v]Pdv = /Rd /Rd - FO)M@)b(|EN) v — v.] (|v'[* = |v[*) dndudo,.

Repeating the same calculation as in the proof of Lemma 4.4 in this case, we see that

/ L(f)|vf*dv < —al/ WP f(v)dv +ay [ f(v)do.
R4 Rd Rd

That is,
LY ([vf) < =01 (v)** + 0o, (46)

Similarly we have

Leevo= [ [ roME)iehlo = (2 = v-a) dndud,

We can see that
vVer—voz=(v-n)(z-n)— (v. -n)(x-n).

Integrating this gives that
/ L(f)x - vdv :/ / FIMw)b(|ED v — v.]"(v - n)(z - n)dv,dvdn
R4 Rd JRd Jsd—1
v+1 d
< [ ey ald,
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£ ) < (o) fel. (47)

For the effect of 7*, notice that
V(z,v) = ®(z) + [v]*/2 + ax - v + Blz* = H(z,v) + ax - v+ Blz|?,
where H (z,v) denotes the energy. We have
T*(H(z,v)) =0, T*(J*) = 22 - v, T (z-v) = |v]* —x-V,®(x)
Using this together with (46) and (47) we have

(L+T9HV) < _ﬂ<v>w+2 + % + a() x| + alvf’ — az - V,@(z) + 281 - v

2
< (a — %) ()2 + (a + 28) |2 [{(v) T — ay ()72 — ay,®(x) + % + aA.

Setting 5 = a, a < «a;/4, and using Young’s inequality AB < %Ap—i-éBq on (|z|/€) ({(v)7e)
with p=(y+2)/(v+1) and ¢ = v + 2, we get

« . aq a2y +1 ) 372 1 )
< o P Y+ - Y+
(£ +7')(V)_< 1 +3€+7+2><U> +((7+2)€7+2 ay | (x)

o
— ay®(r) + 72 + aA.
Now we can choose € small enough so that the (v)72 term is negative and then for this

e choose a small enough so that the (z)?™ term is negative (since v+ 2 > 1). Then,
since (2)7%2 grows faster than |z|? at infinity this gives

(L +THV) < =M(|z)* + |v]}) — \®(2) + K.

Then using equivalence between the quadratic forms
1
|z|? + [v]* and §|v|2 +ar-v+ alz?

when a < 1/2 we have the result in the Lemma. O

Proof of Theorem 1.2 in the case of the linear Boltzmann equation. We have the minori-
sation condition in Lemma 4.5 and the Lyapunov condition from Lemma 4.6. Therefore
we can apply Harris’s Theorem. [

4.3 Subgeometric convergence

As with the linear relaxation Boltzmann equation, the minorisation results in Lemma
4.5 holds for ® which are not sufficiently confining to prove the Lyapunov structure.
However in this situation we can still prove subgeometric rates of convergence. Here in
order to find a Lyapunov functional we need to be more precise about how £ acts on
the x - v moment.

We need ®(x) to provide a stronger confinement if we are in the hard potential case.

We want
z-Vo®(x) > 1)+ 70(z) — A, O(x) < ys(x)' (48)

for some 71, v2,73,0 > 0. Then we have
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Lemma 4.7. Assume that ® is a C* potential satisfying (48). Then there exist some
a, 8> 0 satisfying 4a* < B such that the function

axr - v

()

V(z,v) = d(x) + %’U’Q + + p{x)

satisfies
UV) < =V 4 [g

for some positive constants \, K.

Remark 4.8. Notice that
1
V(w,0) 2 @) + 7ol + (8 — 4a>)(a),

so that the sub level sets of V' are bounded.

Proof. Using (46), (47) and that

we have the following

axr -V, ®(x) pr-v
@ @

Using (48), ey < (v) < (V)7 and ®(z)% 1+ < vg/(1+6)<m>5 we obtain
T

(L + TV (z,0)) £ —ar(0)" + az + av)™ + afo]” -

(L +T)(V(z,v))

®(x)
()
<A1 (=|v]? = (2)° = (2)"0F) 4 O) <AV (z,0)" 0 + K,

+ay + oA

< (20— ar 4 B) ()" — an(z)’ — ar

for some A, K > 0. To make the last two inequalities valid we choose o and [ so that
a; > 2o+ B and 4a? < 3 so that

Viz,0) > @) + 1Jof? + (8~ 40)(x).

]

Proof of Theorem 1.3 in the linear Boltzmann case. We have the minorisation condi-
tion in Lemma 4.5 and the Lyapunov condition from Lemma 4.7. Therefore we can
apply Harris’s Theorem. O
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