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Abstract

We study the long-time behaviour of a run and tumble model which is a kinetic-transport
equation describing bacterial movement under the effect of a chemical stimulus. The exper-
iments suggest that the non-uniform tumbling kernels are physically relevant ones as op-
posed to the uniform tumbling kernel which is widely considered in the literature to reduce
the complexity of the mathematical analysis. We consider two cases: (i) the tumbling ker-
nel depends on the angle between pre- and post-tumbling velocities, (ii) the velocity space
is unbounded and the post-tumbling velocities follow the Maxwellian velocity distribution.
We prove that the probability density distribution of bacteria converges to an equilibrium
distribution with explicit (exponential for (i) and algebraic for (ii)) convergence rates, for
any probability measure initial data. To the best of our knowledge, our results are the first
results concerning the long-time behaviour of run and tumble equations with non-uniform
tumbling kernels.

Keywords Run and tumble equation - Hypocoercivity - Kinetic equations - Harris’s
theorem

Mathematics Subject Classification 35B40 - 35Q92 - 37A25

1 Introduction

We consider a kinetic-transport equation which describes the movement of biological mi-
croorganisms biased towards a chemoattractant. The model is called the run and tumble
equation and introduced in [1, 22] based on some experimental observations [3] on the bac-
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terium called Escherichia coli (E. coli). The equation is given by

o f+v-V.f= /k(v' SV M@, V) ft,x,v)dv —A(v- VM) f(t,x,v)
v (D

f(oaxv U) = fO(‘x7 'U)

where f := f(t,x,v) > 0 is the density distribution of microorganisms at time ¢ > 0 at a
position x € R, moving with a velocity v € V C R?.

The term A(v' - V. M (x))k (v, v') is called the tumbling frequency where A : R — [0, 00)
is the tumbling rate. The tumbling rate A depends on the gradient of the external signal M
along the direction of the velocity v, and it is defined by

M(x) =mq +1og(S(x)),

where m( € R represents the external signal in the absence of a chemical stimulus and
S(x) is a given function for the density of the chemoattractant. In Eq. (1), the tumbling or
turning kernel « (v, V') is a probability distribution on the space V and gives the probability
of moving from velocity v to velocity v’, i.e. fv k(v,v)dv = 1.

In the case of peritrichous bacteria such as E. coli and Salmonella typhimurium, experi-
ments conducted in [3, 17] suggest that ¥ depends only on the relative angle 6 between the
pre- and post-tumbling velocities v and v’ respectively. Particularly, for bacterium E. coli,
the tumbling kernel « is given by

k(, V) =«k(0) = £©) 0:arccos< v-v ),

27 sin@’ [v]|v/|

where g(0) is a sixth order polynomial satisfying g(0) = g() = 0 (see [4, 21] for more
details). The exact form of g is provided in [14] by polynomial fitting to the data of [3].
Here we will work in a bounded velocity space.

In our previous paper [13] we studied this equation under the assumption that x was
uniformly bounded above and below. However, this assumption is not realistic as the bacteria
are not able to turn a full half circle. We aim to extend our previous work to the case where
the maximum turning angle of the bacteria may be bounded.

We are also interested in unbounded velocity spaces, i.e., v €V = R4, In this setting,
we consider that the tumbling kernel is given by the Maxwellian distribution on the post-
tumbling velocities independently from the pre-tumbling velocities, i.e.,

k(,v) =M(@) = ;dei‘g‘ .
(2m)2

To the best of our knowledge, we provide the first results concerning the long-time behaviour
of the run and tumble equation with these non-uniform tumbling kernels which are more
physically relevant in terms of modelling the chemotactic bacterial motion. We believe the
main reason for this is the fact that the classical hypocoercivity techniques such as [9] cannot
be used for the run and tumble equation even though it is a linear, conservative kinetic
equation. On the other hand, Harris-type theorems (see e.g. [7, 24]) proved very effective for
obtaining quantitative hypocoercivity results, especially for kinetic equations arising from
applied sciences where classical techniques provide limited results. We elaborated on this
fact in our previous paper [13] in detail and a brief explanation can be found below in the
paragraph Motivation and novelty.
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Summary of Previous Results Previous important works on the linear run and tumble equa-
tion include [5, 6, 19-21]. In [20, 21], the authors study the diffusion approximation to a lin-
ear run and tumble equation and the diffusion limit of this equation to obtain macroscopic
chemotaxis equations, respectively. Using the L? hypocoercivity techniques developed in
[9], the authors [6] show the existence of a unique equilibrium and exponential decay to-
wards it in dimension d = 1. This paper works with the assumption that the tumbling rate
A can take two values depending if the bacteria is travelling up or down the gradient of the
chemoattractant density. Though it is expressed differently in [6] the tumbling rate can be
written as

rx,v,v) =1+ xsgn(x-v), xe€(0,1),

where x is called the chemotactic sensitivity. In [19], the authors extended this results to
higher dimensions d > 1 considering

Ax,v,0)=1— xsgn(3,S+v-V,S), x¢€(,1).

The result in [19] works under the assumption that the concentration of the chemoattractant
S(x) is radially symmetric and decreasing in x such that S(x) — 0 as |x| — co. In our
previous paper, [13] we improve the result in [19] by proving the exponential convergence
to unique equilibrium without requiring S(x) to be radially symmetric. Our result is valid
in an arbitrary dimension d > 1 where the tumbling kernel A can take a much more general
form. Most importantly, we show that existence and convergence to a steady state hold
when A is a Lipschitz function. Our techniques in [13] are based on Harris-type theorems
coming from the ergodic theory of Markov processes. They differ from the techniques used
in [19] that are based on the Krein-Rutman theorem. Moreover in [13], we also consider
a non-linear run and tumble model where we can prove the exponential decay to a unique
equilibrium. In [5], the author studies a non-linear coupled run and tumble equation in one
dimension d = 1. Even though [5] is mainly concerned with the travelling wave solutions
of the non-linear equation, as an intermediate step, the author shows the existence of steady
states for the linear equation.

All these previous works deal with situations where the tumbling kernel, which tells
us how the post-tumbling velocities depend on the pre-tumbling velocities, is essentially
uniform, i.e., k = 1, and on a bounded velocity space. The main goal of this work is to look
at physically more realistic cases where the tumbling kernel is not uniform and the bacteria
are not able to turn to every angle in one tumbling event.

Motivation and Novelty In our previous paper [13] we studied Eq. (1) in the case where
the velocity space was a ball and the post-tumbling velocities were uniformly distributed so
that « = 1. We showed exponential convergence to equilibrium in suitable weighted total
variation distances. The result was built around probabilistic techniques called Harris-type
theorems coming from the theory of Markov processes. The goal of this paper is to extend
the previous result to a wider class of tumbling kernels that are non-uniform and physically
more relevant for modelling the motion of chemotactic bacteria.

The typical tools for showing convergence to equilibrium for kinetic equations come
from hypocoercivity. It is important to note that “classical” hypocoercivity techniques such
as [9, 23] cannot be applied without strong a priori knowledge of the steady state which we
do not have for the run and tumble equation. This is the main reason for scarce results on the
long-time behaviour with arbitrary dimensions d > 1 even though the run and tumble equa-
tion is widely studied. Harris-type theorems (see, e.g., [7, 15, 16] and references therein)
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provide the existence and uniqueness of the steady state as a by-product while simultane-
ously showing convergence to equilibrium. Using these tools, one can obtain quantitative
hypocoercivity results in weighted total variation (or in weighted L') distances indepen-
dently from the initial data (see, e.g., [8, 24]).

Harris-type theorems are based on verifying two hypotheses: minorisation and geometric
drift conditions. The minorisation condition requires providing a quantifiable positive lower
bound on the process. Therefore, non-uniform tumbling kernels pose additional challenges
compared to the case with a uniform tumbling kernel when using Harris-type theorems.
This is because we need to prove lower bounds on the law uniform over a large set of
initial conditions. This means that we need to find some possible paths a bacterium can take
when moving from one point in phase space to another. The fact that the tumbling angle
is bounded means that bacteria may only be able to travel between two points along paths
involving many tumbling events. Tracking bounds on the probabilities of these complex
paths (and paths close to them) is challenging and required us to generate new technical
tools.

1.1 Assumptions and Main Results

The two main results of our paper concern angularly dependent tumbling kernels and un-
bounded velocity spaces. In both cases, we will make the following assumptions on the
tumbling rate, A, and the logarithm of the chemoattractant concentration, M.

(H1) The tumbling rate A(m) : R — (0, co) is a function of the form
Am)=1-x¥(m), x¢€(@©,1) )

where ¥ is a bounded (with |||« < 1), odd, increasing function and mvr(m) €
1,00
W, (R).
(H2) There exists a contstant a strictly positive integer b > 0, such that for every B > 0,
there exists ¢ > 0 depending on B so that

my (m) > c|m|® (m)

for |m| < B. We note that this holds if i is the sign function or if it is odd and
differentiable around zero with strictly positive kth derivative for some k > 1.

(H3) We suppose that M (x) — —oo as |x| — oo, |V, M (x)] is bounded and that there exist
R > 0 and m, > 0 such that whenever |x| > R we have

IViM(x)| = m,. (M)

Moreover, we suppose that Hess(M)(x) — 0 as |x| — oo and |Hess(M)(x)| is
bounded.

The following assumptions concern the tumbling kernels we work with.
(H4) We assume that V = V,S?~! and there exist o, 8 > 0 such that

kv, V) =k1(0) = Bl (0), (k1)

/

where 6 = arccos

7z and « is a decreasing function of |#| (similar arguments

0
work if k; is even and bounded below by a decreasing function of |6]).
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(H5) We assume that V = R¢ and the tumbling kernel is given by the Maxwellian distribu-
tion on the post-tumbling velocities independently from the pre-tumbling velocities,
Iv]

1 2
kW, V) =1(v) = e 2. (x2)
(2m)2

After the assumptions, we state the main results of the paper below.

Theorem 1.1 (Angularly dependent tumbling kernel (k)) Suppose that t +— f; is the solu-
tion of Equation (1) with initial data f, € P(R* x S'). We suppose that hypotheses (H1),
(H2), (H3) and (H4) are satisfied. Then there exist positive constants C, o (independent of
fo) such that

I1fi = foolls <= Ce™" Ml fo = foollss (@)

where fo is the unique steady state solution to Equation (1). The norm || - | is the weighted
total variation norm defined by

o= [ [ (1= v VM0 -y Av VMO M)
Rd sd—1 . (3)

x e "M@ |y dvdx,

where y, A, C, > 0 are positive constants that can be computed explicitly and will be chosen
so that || - ||« is indeed a norm, and . is a finite measure.

Remark 1.2 We believe that Theorem 1.1 works in arbitrary dimension d > 1. The reason
for stating Theorem 1.1 in dimension d = 2 is that we provide the proof of Proposition 2.7
only in d = 2. We do not believe that there is a major mathematical obstacle in proving it
in higher dimensions. However, even in d = 2, the computations become delicate, and the
notations get intricate. Therefore, we decided to provide it in d = 2 to keep the exposition
of our ideas clear.

Theorem 1.3 (Unbounded velocity space with tumbling kernel (k3)) Suppose that t — f,
is the solution of Equation (1) with initial data f, € P(R? x R?). We suppose that hypotheses
(H1), (H2), (H3) and (HS) are satisfied and assume further that M Hess(M) is bounded.
Then there exists a positive constant C > 0 such that

Ifi = foollry < Ct™'My, 4
where
My, :=//f0(x,v)
Rd RY . 5)
2 2
x (1 + M) +2v- VXM(x)M(x)(l Y (u : VXM(x))) 1 Av ) dvdx,

with A > 0 is a constant that can be computed explicitly and it is sufficiently large so that
Mfo > 0.

Even though we study the long-time behaviour of the run and tumble equation (1) with

the non-uniform tumbling kernels in this paper, we would like to briefly comment on the
Cauchy theory for these equations.
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Cauchy Theory for Equation (1) As Eq. (1) is a linear integro-differential equation with
bounded coefficients, showing the existence and uniqueness of global-in-time, measure-
valued solutions is relatively standard. One could either use Picard iteration arguments to
construct short-time solutions and then use the fact that A is bounded to show these can
be glued together globally in time or one can directly write down a Markov process whose
law satisfies Eq. (1). We briefly explain how to do the latter. Let us generate a Poisson
process with intensity (1 4 x) and call its jump times Ji, J», ... and a series of thinning
variables Uy, U,, ... independent and all having the uniform law on [0, 1 4 x] then we de-
fine initial points (X, Vp) having law f; then set Jy = 0 and for ¢ € (J;, Jiy1) we write
X;=X;,+@t—J)Vy and V, =V, thenfort = Ji 1 weset X, = X + (Jiy1 — Ji)Vy, then
if Uiy1 < AV, Vi M(X,)) we generate V,,,, as a new random variable having law «(V},, -)
and if Uiy > MV, V. M(X,)) weset V. = V..

Plan of the Paper After listing our assumptions and stating our main results in Sect. 1.1, in
the following section (Sect. 1.2), we describe our methodology, particularly we state Harris’s
theorem in geometric and subgeometric settings, Theorems 1.4 and 1.6 respectively. Then,
Sects. 2 and 3 are dedicated to proving Theorems 1.1 and 1.3 for the cases (i) angularly
dependent tumbling kernels and (ii) unbounded velocity spaces respectively.

1.2 Methodology

This paper is an extension of the work in [13] and as such is built on Harris’s theorem from
Markov process theory. More precisely, Harris-type theorems are used in showing geomet-
ric (exponential) or sub-geometric (algebraic) rates of convergence to a unique equilibrium
solution for equations that can be described as Markov processes. Harris-type theorems rely
on verifying two hypotheses: a Foster-Lyapunov condition and a uniform minorisation con-
dition.

We briefly introduce the functional setting and some notations below and then we provide
the statements of the theorems both in geometric and sub-geometric settings in the spirit of
[7, 16, 18] and the references therein. We skip the proofs of these theorems.

Notations We consider a measurable space (€2, X) where €2 is a Polish space endowed with
a probability measure. We denote the space of probability measures on 2 by P(£2). Note
that in our setting @ = R? x V so that (x, v) € R? x V = Q. We sometimes use the notation
z:=(x,v).

We define the weighted total variation (or weighted L') distance by

s I=/¢(z)|ﬂ|(dz),
Q

where  is a finite measure or a measurable function and ¢ : 2 — [1, +00) is a measurable
weight function.

We call (S;),>0 a Markov (or stochastic) semigroup if it is a linear semigroup conserving
mass and positivity. Remark that if f solves Eq. (1), then f (¢, x, v) = S; fo(x, v) and (S;);>0
is a Markov semigroup since Eq. (1) is positivity and mass-preserving. Moreover, we also
use the notation 9, f = L[ f] equivalently to Eq. (1). If Eq. (1) has a stationary soluton f,
this means that 9, fo, = L[ foo] =0 and f, is an invariant measure for the semigroup S;, i.e.,

Stfoc = foo~
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Theorem 1.4 (Harris's Theorem) Let (S,),>0 be a Markov semigroup satisfying the following
hypotheses:

Hypothesis 1 (Foster-Lyapunov condition). There exist positive constants ¢, D and a
continuous, measurable function ¢ : 2 — [1, +00) such that

L¥[@1(z) <D = ¢ (2). (FL1)

Hypothesis 2 (Minorisation condition). There exist a probability measure v, a constant
B € (0, 1) and some time t > 0 such that

S8, > Bv, forall zeC, M1)

where C = {z: ¢(z) < R} for some R > %
Then (S;):>0 has a unique invariant measure Lo, and for any p € P(2) there exist some

constants C > 1, o > 0 such that for all t > 0 we have
1St — toolly < Ce ™"l — poollg- (6)

Remark 1.5 The constants C, o can be computed explicitly in terms of D, 7, «, 8, ¢ (see
Remark 3.10 in [15] or Remark 2 in [24]).

There are versions of Harris’s Theorem adapted to weaker Lyapunov conditions, provid-
ing subgeometric convergence results, see, e.g., [2, 10-12]. Here, we state and use a version
which is found in [7, 15, 24]. We refer the reader, e.g., to [11] (Theorems 3.10 and 3.12) or
to [2] (Theorem 1.2) for different versions of this theorem.

Theorem 1.6 (Subgeometric Harris's Theorem) Let (S,),>0 be a Markov semigroup satisfy-
ing the following hypotheses:

Hypothesis 3 (Weaker Foster-Lyapunov condition). There exist constants ¢ > 0, D >0
and a continuous function ¢ : Q — [1, +00) with pre-compact sub-level sets such that

Li[@l(z) = D = Ch(9), (FL2)

where h : Ry — R is a strictly concave, positive, increasing function and lim,,_, ;o &' (1) =
0.

Hypothesis 4 (Minorisation condition). For every R > 0, there exist a probability measure
v, a constant 8 € (0, 1) and some time 7 > 0 such that

S.8,>pv forallzeC, (M2)

where C = {z: ¢(z) < R}.
Then (S;);>0 has a unique invariant measure (Lo, satisfying

/h(qb(z))uoo(dz) <D,

and there exists a constant C such that

Cu(e) c
H' () (ho HH(0)

1Si — teollTv <
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holds for every u(¢) = f ¢ (z2)u(dz) where the function Hj, is defined by

u

ds
S
h(s)

1

The proofs of these theorems can be found in [7, 11, 15]. In [11, 15], the authors make
a weaker assumption, namely 4 (u) < u for any u > 1, instead of the one which is stated
above lim,_, ;o /' (1) = 0. Their assumption allows for linear growth at infinity, whereas
lim,_, 1o ' (1) = 0 essentially requires 4 to be flat at infinity.

For the case of angularly dependent jump kernels, we are able to recover exponential con-
vergence using Harris’s theorem (Theorem 1.4). The Foster-Lyapunov condition is proven
in a similar way though more intricate than the work in our previous paper [13]. The minori-
sation condition is considerably more challenging due to the fact that we need to track the
dynamics over many more jumps to produce a lower bound. Therefore, we present the proof
that the minorsiation condition holds in dimension d = 2 to simplify the computations of
the lower bound. Thus, the convergence result is stated in d = 2 in Theorem 1.4. However,
we believe that there is no serious obstacle to generalising it to higher dimensions.

For the case of unbounded velocity spaces, we are only able to show subgeometric rates
of convergence. We do this via the subgeometric version of Harris’s theorem (Theorem 1.6).
Here, we are able to use exactly the same uniform minorisation condition as in our previous
paper [13] in the linear case. The Foster-Lyapunov condition is substantially different and
this is reflected in the subgeometric rate of convergence.

Before verifying these hypotheses for Eq. (1) we would like to add some comments on
the Foster-Lyapunov condition. In order to show that (FL1) holds true for Eq. (1) we would
like to find some function ¢(z) where ¢(z) — o0 as |z| — o0 and the existence of some
T>0,C>0anda e (0,1) such that

//qb(x,v)f(‘l:,x,v)dxdv§a//¢(x,v)f0(x,v)dxdv+c, (@)

Rd V Rd V

for any initial data fy(x, v) € P(R? x V). This is because for f satisfying 9, f = L[], (7)
is equivalent to showing that

L[¢l <D -, ®)

where £* is the formal adjoint of £ and ¢ = 1"% and D=C Tﬁi”;) . In our case we have

LIflx,v)=—v -V, f+ /A(v/ SV M (x)e (', v) f(t, x,v)dv
v 9

—Av-ViMx))f(t,x,v),
and therefore,

L Pl(x,v) =v -V p(x,v) + A(v- V. M(x)) /K(U, V) (x,v)dv —p(x,v) |. (10)

v
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2 Angle-Dependent Tumbling Kernel
This section is dedicated to the long-time behaviour of the linear run and tumble equation,
Eq. (1) with the angularly dependent tumbling kernel (k). The following two sections are
dedicated to verifying the two hypotheses of Harris’s theorem (Theorem 1.4). At the end of
this section, we provide a proof of Theorem 1.1.
2.1 Minorisation Condition
In this section, we prove that Hypothesis 2, (M1), is satisfied for Eq. (1) with the angular-
dependent tumbling kernel («). Our overall strategy is as follows: we show that the solution
f = fi fo Eq. (1) attains a lower bound using a Duhamel’s formula and bounding below by
the part of f; where there are a particular number of jumps.

To keep the exposition of our strategy clear, we provide the following computations for
only d = 2. The very same approach can be used to extend the results to higher dimensions.

Denoting vy := (cos, sinf) and V, , g := (dg, d,g) for any differentiable function g,
Eq. (1) becomes

007+ Vi f = [ 6O 000wy Vi, M)F (23,0008 =y oML (D)
Next, we define the semigroup (7;),>0 accounting for the transport part,
(T, f)(t,x,y,0):= f(t,x —tcosO,y —tsinb, 0),
and the operator L,
(Lf)(t.x,y.0) :Z/]l\euaka(@/)f(t, x,y,07)do’ :/]1\9’|<a(9/)f(ts x,y,046)do".
Then we have the following lemma

Lemma 2.1 Suppose that b(6) > Bl g<a(0). Then for any n > 1 we have

S, x,y,0)>

n 1

t ty
(1 _X)ne—<1+x>f//,,.//(THnZT,”,,n_l LTy LT, o) (6 v, 0)dn d . diy.
0 0 0 0

Proof We have that
(f(t,x —tcosh,y —tsinf,0) =A(vg - V, yM(x —tcosf,y —tcosf))x

(/b(@’)f(t,x —tcosf,y—tsinf,0 +0")d0" — f(t,x —tcosh,y —tsin9,9)> .

Therefore writing A(t,x,y,0) = fot A(vg - ViM(x —scosf,y —scosf))ds we obtain

f@t,x —tcos@,y —tsind,0) =e 2O fy(x, y,0)
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6 Page100f26 J. Evans, H. Yoldas

t
470 /A(vg -V, M(x —scos,y —scosf))
0

X /b(G/)f(t,x —scosf,y —ssind, 0 +6')db ds.

Changing variables and using the fact that 1 — x <X <1+ x, we obtain
t
@, x,,0)>e T, fo 4+ (1— x) /67“”)“7‘) /b(e/)(Tt—sfs)(xs y,0+6)do" ds.
0
Then using the assumption on b we have

t
f(t.x,y,0) = e T fy + (1 — x) /67(1”)(’7")Tt_s1:ﬂ ds.
0

We note that the second term above is positive, so we have
f(t,x,,0)>e V0T, £

Then, we can plug this into the integral term to obtain

t
ft,x,y,0)>p(l— x)e‘““”/THZTsfods.
0

We then continue substituting this into the integral term n times to obtain the result for any
n > 1. This finishes the proof. O

Next, we want to show that we can find an n > 1 gnd a range pf admjssible ~times for
which we can provide a lower bound on the term 7;_;, LT, , ... LT, LT,_; LT, fo.

Let us define P,g := LT,g for any probability measure g. Then we write P’?-’ZJS =
P, P, P,, and note that for any measure g, Pt?y 1,18 has a density. In particular, Pt?h’ 130x9 X
8y,80,(x, y,6) is bounded below by a uniform measure of a set with non-empty interior.
Hence, we can bound it below by a constant times the indicator function of a ball in the
position variable x with a centre at a point which we can compute. We can then use this
computation to show that P,? 1.1, acting on the indicator function of a ball is bounded below
by a constant times the indicator function of another ball with a slightly larger radius and a
different centre. By tracking how these centres move and how the radii of the balls grow, we
can then get a bound below in (x, y)-space by the indicator function of a ball whose centre
is at the origin (rather than depending on the initial point).

We then need to prove that we can subsequently reach all possible angles (i.e., velocities)
while maintaining a uniform lower bound below in position. We show this by looking at
repeated jumps in a small time period so that we reach all angles without moving too far.
This then allows us to reach all possible angles but slightly shrinks the ball we found in the
lower bound for the spatial variables.

Therefore, in the following lemma, we look at Pt?,,z,,3 8x48y,86, (x, y,0) and show that it
is bounded below by a constant times the indicator function of a set which contains a ball
whose radius and centre we can compute.
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T .
Lemma2.2 Let o < — and ry,ry,r3 > 0 are a set of times, ¢ > 0 and |s; — r;| < € for each

i €{1,2,3}. Then if ¢ is sufficiently small we have

1
Rgl,sz,%(sxogm%o (x,y,0) = EHB((X*,y*):r> (x, )’)]l|9790159|5% ),
where

Xy =Xo+ (r1 + R)cos(By), y«=yo+ (r1 + R)sin(@y), r=rar3(1—cos(a/2)),

ry sin(a/2)
r3 4 rpcos(a/2)

86 = *arctan < > , R= \/rzz + r32 + 2ryr3 cos(a/2).

Proof Since we have

Tvl (6x06y0690)(xa Y, 0) = 8x0+s1 cos(6p) (x)8y0+sl sin(@o)(y)(SQo (9)
= 3yy (x — 51 008(00))8y, (¥ — 51 5in(60)) 8, (6),

and

o

ZR] (8,’6()8)'()89[))()(:’ Vs 9) = / 8)C()+sl cos(6p) (x)é)'()+sl sin(6p) ()’)89() (9 - 0/)d0/7

—o

applying Ty, once more we obtain,

Ty, LTy, (8:98,080,) (X, ¥, 6)

= /5x0 (x — 51 cos(By) — s2.cos(8p +61))8,,(y — 51 8in(6y) — 52 sin(6y + 61)) 8¢, (6 — 6,)d6;.

—a

Iterating this yields
LTy LT, LT, (8:,8,,86,)(x, y,0)

= / //5x0 (x — s1cos(8y) — spc08(Bp + 01) — s3¢c08(6y + 01 + 6>))

-0 -0 —o

X 5),0 (y — s18in(8y) — 2 sin(Bp + 61) — s3sin(6y + 61 + 92))590 O —6, — 06, —03)d6, db, dO;.
We perform a change of variables,
X = 852 COS(90 + 91) + 53 COS(90 + 91 + 92), _)7 =9 sin(90 + 91) + 53 sin(@o + (91 + 92),

then we have

0x
% = —5 sin(@o + 91) — 853 sin(@o + 9] + 092),
1
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6 Page120f26 J. Evans, H. Yoldas

Fig.1 This image is an
illustration of the set S (dotted
region) mentioned in the proof of
Lemma 2.2 for fixed values of r;,
r3, . The ball found inside the
set S is grey coloured.

0
% =s2c08(8y + 01) + s3cos(6p + 6 + 62)
1

and
§3 S1n + + 5 §3 COS + + .
802 3 0 1 2 99 3 0 1 2

The Jacobian of this change of variables is dx dy = 8283 sin(6,) d6, db,.
Moreover, defining 0:=0,+6, + 65 and then df = do, we obtain

LT LT, LT, (85)8,84,) (x, ¥, 0) = / 8y (x — 5108(6p) — X))

§(x0,50,00,51,52,53)

- 1 -
Sy — in(6y) — y)8g, (0 —9)—————— dx dydo,
X 8y (y — s18in(Gp) — ¥)dg, ( )s233|sm(92(x,y))| xdy

where S(xq, yo,Ho,sl,SZN, s3) is the set of possible values of xo + s;cos(6y) + X, yo +
s18in(6y) + y, and Oy + 0, (see Fig. 1). Then, as |sin(6,)| < 1 we have
. e 1
LTS3 LTAQLTSI (SX()Sy()ae(])(xv Y, 9) > ;]]-S(xo,y()ﬁ(),sl.s2,53)(xs Y, 9)
253

Next, we want to show that S(xg, yo, 6o, 51, 52, 53) contains the ball mentioned in the state-
ment of the lemma. We notice that

2+ 37 =57+ 57 +2s15008(62) = R(6)*.

We choose 6, = :I:% and 0; = Farctan (753 sin(@/2) ) and this will give the centre of the
s2+s3 cos(a/2)
ball.

. 52 sin (6
Now for a given #,, we choose 8 = arctan (M

T C05(92)) then we can write

X = (spcos(B) + s3c08(6, — B)) cos(By + 61 + B) = R(02) cos(6y + 0, + B)
y = (s2c08(B) + s3sin(6, — B)) sin(6p + 0; + B) = R(6,) sin(6y + 0, + B).

So we can set X = Rcos(w) and y = R sin(w) as long as we can choose

53 sin(6,) )

2 2 2
R — 55 — 53
7 + 53 COS(92)

6, = arccos
§2583

> and 0, = w — arctan <
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‘We can see that for 6; and 6, small we have

5302

0 ~w— .
$2 + 83

sga

Thus, we expect to be able to choose || up to which is at least as large as it is needed
to cover the ball given that « is small. Then smce all the computations depend continuously
on sy, 53, s3 and the ball is strictly contained inside the set S, we can replace sy, 55, 53 with
r1, 2, r3 provided that € is small enough. This concludes the proof. O

Using Lemma 2.2 we then prove the following:
Lemma2.3 Letry, 1y, r3 > 0 be a set of times, R, o are as in Lemma 2.2. Then we have
Pfl,,z’m]ls((xo,yo);f) L jg-091<2 (0) = ¥ Ly yuiit 5) (X Y Lo, —01<a (0),
where
Xax = X0 — (r1 + R) c0s(0p + 80),  Yux = yo — (r1 + R) sin(@y + 80), O = Op + 66
and y a constant that can be computed explicitly. Let us define the map F,
F(x0, Y0, 60) := (Xsss Yo Osx) (12)
which tracks how the centres of the balls move.
Proof We have
L ((x.y00:m) (%5 Y) L jg—gy) <4 (6)

:/Sx’(x)sy’(y)se’(9)]18((x0,y0);;7)(x,sy,)]l\G/—Go\<%(Q)dx/dy,d9/7

where [ represents the triple integral, [52 . dx’dy’ [* d6’. Now applying three times 7;
and L yields,

3
Pr],rz,r_g]lB((XOs)'O)§F) (x, y):[l\9—€()|<% )

Z/( > s S5 8y 80) (X, ¥, )L gy (X, ) Loy < ¢ dx’ dy’ d6’

1

> o L B+ +R) cos @),y +r1 + B sin@):r) 5 L B(Gxg,v0):7) (X5 y/)ﬂ\e_ef_aek%
23

X ]l|9/,90|<% dx’ dy/dO/
1

P 1 B(—ry +R) cos@),y—r1 + By sin@)): X s Y ) LB yor:m (x5 ¥ 1L 0—6' 50| <%
23

X ]l|9/,90|<5 dx’ dy/dG/

w}/]B ((x = (ri 4+ R)cos(8"), y — (r1 + R)sin(8")); r) N B ((x0, y0): 7)|

X ]l|979/759\<% ]1\9/790\<% do’
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6 Page140f26 J. Evans, H. Yoldas

In the last line above, we fixed 6’ and considered the integral in x’ and y” which will measure
the size of the overlap between the balls B((x — (r; + R)cos6’, y — (r; + R)sin6’); r) and
B((x0, y0); 7)-

If (x,y) € B((xo + (r1 + R)cos®’, yo + (r; + R)sinf’); F + 5) then we can bound the

size of the overlap below by ”Trz. We recall from Lemma 2.2 that r = rr3 (1 - cos(%)), )
we have

|B((x = (r1 + R)cos(8"), y — (r1 + R) sin(8)); r) N B ((xo, y0); )| =

Trrs

a 2
(1 — COs <§)> ]1B((,x0+(r1+R)cos(-)’,yo+(r1+R) sin6’):?+%)(xs y).

Therefore the lower bound becomes, denoting C(r, r3, &) 1= ™22 (1 — cos (%))2 (a con-
stant depending on r,, 13, @),

PriyrzvrsnB((«m,yo);F) (x, Y)T1p—go1 <2 (0)
> C(ry, r3, @) / ﬂB((x0+(r1+R)Cosggyo+(,l+R)Sin9,>;7+%)(x’ )
X Lig_gr—s01<g Ljgr—g9)<a 4O,
=C(ry, 13, Q) / 18((x07x,y07y);;+%)((r1 + R)cos(®), (ri + R) sin(@’))1|979,759‘<%

X 1\9’—90\«)1 d9/

= C(rz,r3,a)/]l

!
(;+,-gz)]1\9_9'—59|< ¢ Typr—gy| <o dO
ri+R

9’—arccos( },(),>.)

X0—X

<arccos

Thus, if we impose that (xo — x,yp — y) € B(((R + r1)cos(6y + 860), (R + ry) sin(fy +
80)); 7 + ﬁ) then we can bound the last integral above by

14 ]lB((x()—(m +R) cos(6p+36),y0—(r1+R) sin(@0+89));7+£) (x ’ y)]1 10—6p—861<% (Q)a

where y is a constant depending on ry, r,, r3 and is bounded uniformly in terms of upper
2,22

and lower bounds on ry, r;, 3. Roughly we can compute this constant y ~ ;;'(Zrlri Ik O

As we iterate the process that moves the centre of the balls, we can find a radius R>0
so that the path of centres stays inside B((xg, yo); R) forever. We prove this in the following
lemma.

Lemma 2.4 Let k > 1| and consider a sequence of maps (xi, yi, 6;) = F*(xo, yo, 60) where
F is defined in Lemma 2.3. Then there exists a constant R > 0 depending on ry, r, r3 such
that (xi, yr) € B((x0, y0); R) for every k > 1.

Proof We have

X =xo — (r1 + R)cos(6p + 80) — (r; + R) cos(By + 2860) — - - — (r; + R) cos(0y + k30),

and yy is defined similarly. The points (x;, y;) are illustrated in Fig. 2 below.
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Fig.2 This image shows the
iterates of the map F in

(x, y)-space. We notice that each
triangle formed by the points C,
%k, Yi)s (Xk+1, Yk+1) is an
isosceles triangle and a rotation
of the triangle formed by the
points C, (xg, yo), (x1, y1). We
can then compute the circle that
they all lie on and the point at the
centre C using standard tools in
trigonometry.

We can then compute the ball that all the points lie on, which is a circle whose radius R
and centre C are given by

~ rn+ R A .
R=—"T"""1" C=(xo,y0) — R(cos(t/2 — (6 +56/2)),sin(x/2 — (6 +56/2))).
sin(66/2)
This finishes the proof. ]

In the next lemma, we prove that after MTR steps, the x, y marginal is bounded by a

constant times the indicator function of a ball of radius R.
Lemma 2.5 Ifweletn = |'24:_1€'| , then there exists some constant y > 0 such that
P7810830800 (6. 3.0) = Ly 1oy () Loay1<a (6). (13)

Proof By Lemma 2.4 we can choose a path such that (xi, yx) € B((xo, ¥0); Ié) and writing

k= % Lemma 2.3 yields

P 8uBdin (83 0) 2V Ly (14 451),) O ) Do <a ).
Since we also have that (1 + %) r> 21%, therefore we obtain (13) with y = yk. O
Next, we look at the angles and prove the following lemma:
Lemma2.6 Letn, = "%ﬂ and suppose that t; + t, + - - - +t,, <I. Then we have
Pl (]13((&0); ) (x, M Ljg_ty<a(0)) = )/]13((0_0); £ y)
uniform in 6.
Proof First, let us look at
/ P85, 8y,89,(x, y,6)dx dy

= // pr! (8498y0800) (X — 1, cO8(0), y — 1, 8In6, 0 + 0") 1 g/ (0") dx dy dO’
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6 Page160f26 J. Evans, H. Yoldas

= /ﬂ Pn*_l(axoa,mseo)(-x, y, 6+ 9,)1\9’|5m(9,) dx dy delde

We can keep iterating this to obtain
/P"*(Sxoﬁy()ﬁgo (x,y,0)dxdy
= // . -~/8X08y0890(9 +01+0+---+0, ) <¢ ... Lig,, |<e dx dydO, ... db,,

= /590(9 FO0 40+ 40, ) <0 - L <0 d6; ... 6,
> C.

For some constant C that doesn’t depend on 6y, 6. Therefore,

/P"*SXOS),OSHO()C, y,0)dxdy > C.
Hence we can write

P™8,,8y089,(x, ¥, 0) = (0 | Op) e ((x, y) | 6, (x0, yo. 60)) = Ca((x, y) | 0, (xo, Yo, 60))

where w((x, y) |0, (xo, yo, 6o)) is the conditional law of the position variables given 6 and
the initial point (xo, yo) so we have that

/M((x, ) 16, (x0, yo, 0)) dxdy = 1.
‘We can also see that

supp(u((x, ¥) 16, (x0, Y0, 00)) € L((xp,y0):0)

as the x and y variables can have travelled a distance of at most /. Then
P (]lB((O,O);Iﬁ)]IIG*9*I<a)
= [ () 16 63 O 0, (5 iy 6
Then using the translation invariance of the transport map we can write
(G, )10, (¥, 00) = pn((—=x", =y 10, (—x, —y,0"),
so we have
P™ (L g0y Lo—trl<a) = / (=" =y 16, (=%, =y, 0N g 0.0 ¥)
X 1yp/_gy|<a dx"dy’ d6’
= Cly 9,0y 22 (X3 ¥)-

Above, we use the fact that if (x, y) € B((0, 0); R—21 ) then we will be integrating over the
full support of 1((—x', —y) |6, (—x, —y, 8")). 0
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Using the previous lemmas, we can prove that the minorisation condition (M 1) for Eq. (1)
with the angularly dependent tumbling kernel is satisfied.

Proposition 2.7 Let fo(x,y,0) = 88,084, (x, ¥, ) with (xo, yo) € B((0,0); X) then, after

f@} + n, steps, provided that the times are chosen suitably, we have

f(t,x,y,0)> C]lg((o,o>;§)’

for some C and R that can be computed explicitly.

Proof Suppose that the first n,, inter-jump times are within ¢ of ry, r, r3 with & small
enough so that Lemma 2.2 applies and y is chosen such that Lemma 2.5 holds for any
interjump times in this range with constant y. Suppose further that the sum of the last n,
jump times is less than /. Then, using the previous result we have

P’l**+n*8x08y0890 (X, Y, 0) = P”* (Pn**axoayoaf?o) (.X, Vs 9)

. ny (o, .
using Lemma 2.5 =P ()/ ’ 13((x().yo)iR)1‘0—90—11**%9‘S )

IR

using that (xo, yo) € B((0, 0); §) > P (y 51

~—

1
B((0,0): %) |0—9<>—n**%‘5

IR

using Lemma 2.6 > )/]13((0,0); &)

We then take m = % and substitute this into Lemma 2.1 and integrate over the admissible
possible jump times and obtain

f(t,x, v) > ?18((0,0);§)

where 7 is a constant we could, in principle, compute. This verifies (M1) for (11) with the
angularly dependent kernel (k). a

2.2 Foster-Lyapunov Condition

In this section, we verify the Foster-Lyapunov condition (FL1) for Eq. (1) for the case (k).
We remark that the minorisation condition in the previous section was given in dimension
d =2 to keep the exposition clear. The Foster-Lyapunov condition we prove in this section
is valid for arbitrary dimensions d > 1. We start by proving the following lemma.

Lemma 2.8 Suppose that k is a collision kernel (k) satisfying the hypothesis (H4) then

/ k@, - V,M(x)dv' =C,v -V, M(x), (14)

gd—1

where C, <1 is a constant that only depends on the form of the collision kernel.
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Proof We perform a change of variables and write v’ = cos(6)v + sin(@)w where w € S,
ranges over the sphere of dimension d — 2 lying in the hyperplane perpendicular to v. This
gives us

k@, v)v -V, M(x)dv' = / /lq ©)(cos(@)v - VoM (x) +sin(f)w - VM (x)) dw d6.

sd-1 - Sy

Since k; is an even function, integrating first in 6 yields
|Sv|(/;<1(9) c0s(6)d6 v+ V. M (x) = |Sd—2|(/;q(0) c0s(6)d0 v+ V. M (x).
where |S, | is the size of S, similarly for |[S?~2|. Therefore we obtain (14) with
Ce =572 (/K] (6)cos(0) do). -

Lemma 2.9 Suppose that k is a collision kernel (k) and that hypotheses (H2) and (H4) are
satisfied. Then we have

/K(v',v)v'-VXM(XW(U/-VXM(X))dv'ZX(IIVXMIIOO,K)IVXM(X)II’~

§d—1

Proof Let us first prove the lemma when d = 2 which is the application of Theorem 1.1.
Performing the same change of variables as in Lemma 2.8, we have

/K(v/, -V M)y - Vo M(x))dv'
sl
= /K](Q)(COS(Q)U -V, M + sin(0)vt - V. M)y (cos(B)v -V, M + sin(@)vL -V.M)d6b.

-7

Then, using the assumption (m) we can bound this integral below by

c//<1(9)|cos(9)v.vaJrsin(e)vL -V, M|"de =C|VXM|b/K1(6')|COS(9 —a)|”ds,
—IT —Ir

where « is the angle between v and V, M. If we write

T

F(@) :/K1(9)|COS(9 —a)|"de,

-1
then we can compute that

Fl(a) = b/Kl(G)I c0s2(0 — )|~ cos(6 — &) sin(6 — ) d6

—IT
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and by changing variables to get F'(«) =b ffn k1 (0 + a)| cos? ()| 5-1 cos(6) sin(0) d9 and
then changing variables back we have

T
F' (@) = b/xg(9)| cos2(0 — )| 2" cos(6 — &) sin(@ — ) d6.
-1
Therefore, F(a) =0 when « = {0, +%, £7} and in the case « = =% we have F”(a) <0
as

T

) = —b/;<{(9)| sin?(6) "2~ sin(0) cos(6) 6,

-7

T
F’ <:|:—
2

which is negative when & (6) sin(@) > 0 for all  which will be the case if «; is a decreasing
function of |@|. Therefore, for all « we have

b1

F(a) > /K1(9)| sin(9)|"d6.

-7
In the case where we have d > 2, let us make the change of variables
v' = cos(0)v + sind cos(y)u + sin(8) sin(y) p,

where u is the unit vector in the direction V.M — (V.M - v)v and p is a variable vector
that ranges over the sphere of vectors of norm 1 perpendicular to both v and u (which we
call S, . The Jacobian of this change of variable is |sin(6)|?~2. Therefore, we want to find
a lower bound for the integral

///K1(0)|sin(9)|d_2|cos(9)v-VXM—i—sin(Q)cos(w)u-VXMlbdpdde.

-7 =7 Sy.u

The integral dp just gives us a constant factor. To evaluate the rest, we write ¢, to be the
angle between V, M and v. Then we have

v, M / / 1 (0)] 5in(0)[*2] cos(8) cos(y) + sin(6) sin(ey) cos(¥)|” dy d6

— v, M / (1 — sin(¢h) sin® (¥))"2 / 1(0) [ sin(@) || cos(8 — (o, ¥))|” d6 dys

=7

b1

> |V, MP /|cos(¢)|bd¢ inf /K1(0)|sin(0)|d’2|cos(9—a)|bd6

b

— v, M / |cos(y)"dy / 1 (0)] sin(0)[*2| sin(8) *do

T

In the last line above, we have used similar considerations to the case d = 2. O
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Now, we can move on to the proof of the Foster-Lyapunov condition (FL1).

Proposition 2.10 If hypotheses (H1), (H2), (H3) and (H4) are satisfied then we can choose
a constant A so that the function

b(x,v) = (1 - < yc V-V, M(x) —)/Av-VXM(x)W(v-VXM))e’VM(")

- L«

verifies a Foster-Lyapunov condition (FL1) for Eq. (1).

Proof First, we notice that if A is sufficiently small then

. ) ) R
—— ) WlIV.: M Y s
l_CK+1+X ollViM |« |e

p0cv) = (1-29(

so we can choose

1 1 X -1
v= (= *1i7)
4Vol[ViMllow N1 =G T+ x

and this ensures
1 —yM(x)
¢(x,v) > Ee . (15)

Now, we differentiate the separate parts of the Lyapunov function, remembering (10) and
using Lemmas 2.8 and 2.9,

L ™y=—yv.-V,Me "™,

L@ -V Me "™y =y Hess(M)ve "™ + y (v -V, M)2e "M
—(1=Cv-ViMe ™ + x(1 = CHY (v- V. M)v -V Me "M,
and
L'V My (v-ViM)e ™M)
> v" Hess(M)v (Y (v - Vi M) + ¢/ (v- V. M)v - V. M) e "M
+yW-VeM)Yy(-ViM)e "™ —v. V. My (v- Ve M)(1+ x)e "M
+ AV M [|oo, 1) (1 = OIV M|

Now, we can put this all together in a Lyapunov functional for positive A sufficiently small

Lt*((l—l VC u.va—yAv~va¢(v-va))e*VM)

- Lk

<yol Hess(M)ve_’”M<% + A(l + sup(zx///(z)))) + szOze_’”M(

K

1)
—c '

+0-ViMy -V M)e "My (=x + AL+ X)) =y A(L = )|V M| M
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Then, choosing A < % we have
+x

L*((l—l yc v VM =y Av VMY (- VoM )e )

- Lk

< y(cl Vi Hess(M)|e "™ + yCyVie ™ — A(1 — X)leMV’)e’VM.

Now, we know that we can choose R, such that if |x| > R, then,

b
IViM(x)| = m, and C1V02|HeSS(M)(X)|SA(l—X)%,

b
then if we choose y small enough so that y C, V02 <A(l - X)%, then we will have

ﬁ*((l - VC u-VXM—yAv-val/f(v.vXM)e*VM)
- Lk

< )’( — %A(l —mbe ™Mk, + Cﬂmgm), (16)
for some constant Cs. Finally, using (15) we have
LHp) = —y Al = )mi¢ + Ca.
This verifies (FL1) with ¢ = y A(1 — X)mi and D = Cy. ]
Proof of Theorem 1.1 We verify the two hypotheses of Harris’s theorem in Propositions 2.7

and 2.10. The contraction in the ¢-weighted total variation norm and the existence of a
unique steady state follow by Harris’s theorem (Theorem 1.4). ]

3 Unbounded Velocity Spaces

This section is dedicated to the long-time behaviour of the linear run and tumble equation,
Eq. (1) posed in an unbounded velocity space V = R? with a tumbling kernel (x;). The
following two sections are dedicated to verifying the two hypotheses of the subgeometric
version of Harris’s theorem (Theorem (1.6)). At the end of this section, we provide a proof
of Theorem 1.3.

3.1 Minorisation Condition

For unbounded velocities, our minorisation part is essentially identical to that in our previ-

ous paper [13]. For the sake of completeness, we include a proof here. Let us again write
(T, /)(t, x,v) = f(t, x — vt,v) for the transport semigroup and define

(L), x,v):= / £, x, w) dul <y, ().
]Rd

Then we have the following lemmas.
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Lemma 3.1 There exists a constant C such that

t s
ft,x,v) = CemIH0 / / T,_sLT,_, LT, fo(x, v)drds.
0 0

Proof The proof is exactly the same as in [13] after observing that there exists some C > 0
such that

K2(v) > CLjyj<y, (V). O

Lemma3.2 Forevery R, > 0, we can take t =3 + % such that any solution of Eq. (1) with
initial data fo € PR x RY) with [\, _p [p0.v,) fo(r, v) dx dv = 1 satisfies

ft,x,v) > (1 — xHe 1T Lij<vy () Ly < (V). (17)

t11B(Vo)|

Proof We take fy(x, v) := 8(x,0,, Where (xg, vg) € R? x B(0, V,), is an arbitrary point with
an arbitrary velocity. We only need to consider x, € B(0, R,), then the bound we obtain
depends on R,. First, we have that

Tr fO > ax()+rv() (x)av()(v)-
Applying L to this we obtain
ZfT;fO = 8x0+rv0 (X)II-\U\SVO (U)

Performing a change of variables we have

|x—xo—rvo|<Vo(s—r) (X)

/(TS_,L7;fo)(xa v)dv > mﬂ
]Rd

Therefore we have

1

it AT e —
! (s =) B(Vp)l

|x—xo—rvg|<Vo(s—r) ()C)]l v|<Vp (U) .
Applying the transport operator once more we obtain

“ N 1
T,_LT,_, LT, fo>———1
e fo= T THIBWY]

|x7(17s)v7x07rv0|§V0(.r7r)(-x)1|UI§V0 (U)
Moreover, we have
x| < (s —rVo—(@—-s)Vo—rVy— R,

which is implied by |x — v(t —s) — xg — rvg| < (s —r)Vj since all the velocities are smaller

than Vj. Then, if we ensure that (s —r) > 2+ 5—;, r < 1 and that (t—s)< %, we will obtain

A N 1
th.rLTxerTrfO = W \x\gVo(x)]l\v\fVo(v)‘

1
|B(Vo)l

@ Springer



Trend to Equilibrium for Run and Tumble Equations with Non-uniform... Page 23 of 26 6

Therefore, setting t =3 + 5—; and restricting the time integrals to r € (0, %), s € (% + 5—;, 3+
Ry

W ), we obtain

t s
f(f,X,U)ZC//Tt—siTs—riTrfo(X,U)drds
0 0

R
3+5%5 1
VN 2

1
> C(1 _X)zef(ler)r / /mﬂ|x|5vo(x)]l|u|svo(v)d”ds
0

5 R«
2t vy

> C(1— x)?e H0r Lpy<vy () Ly <y (V).

t|B(Vo)|

This gives the uniform lower bound and verifies the minorisation condition (M2). We can
extend this result from the Dirac delta function initial data to general initial data by using
the fact that the associated semigroup is Markov. ]

3.2 Foster-Lyapunov Condition

In this section, we verify the Foster-Lyapunov condition (FL2) for Eq. (1) for the case (k»).
Thus, we prove the following lemma.

Lemma 3.3 If hypotheses (H1), (H2), (H3), (HS) are satisfied and assuming that M x
Hess(M) is bounded, then the function

b, M) =M +20- VMM (1 4+ L=y - Vb)) + AV
I+ x

verifies a weaker Foster-Lyapunov function (FL2) for a constant A sufficiently large and
with computable constants C > 0, A > 0 so that

LAl (v, M) = C — Ay (v, M).

Proof In this proof, it is useful to remember that M is negative for |x| sufficiently large.
Since it is only defined up to a constant, let us choose M < 0. Similar to the previous case,
we look at how the adjoint £* (defined by (10)) acts on different terms. Precisely, we have

LMY =2v- V.MM,
L*Qv- V. MM)=2v"Hess(M)vM +2(v -V, M)* —2v- V.MM
—2xv-ViMy(v- V. M)|M|
Then we have, for any ¢ > 0
L*(cv- ViMyr(v- V. M)M)
= cv” Hess(M)vM (Y'(v- ViM)v - ViM + ¢ (v - ViM)) + c(v - V. M)* Y (v - V. M)
+c(l—xy¥(v- V. M))
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x M </K2(v’)v’ SV My - VM)dv' —v -V, My (v - VXM)>
< ¢ (I Hess(M)Mloo |9 (2) (D) lip + IV MIIZ,) 0]
—c(1 = )M VM [loo, ) IM| + c(1 + )V - ViMYr (v - Vi M) [ M].
Summing these up and choosing ¢ = ]i—XX we have

2x
14+ x

L(M?+2v- V.MM + v VM (v- Vi M)M)

< (24 T @@ )| HessOOM o+ (24 2 ) IV MIE ) o

2% (1 — %)~
_2x( X)AIMI
1+
Now we also have
LX) <A+ — A=)l

Therefore choosing

2x
+

Azl _1X (2 1575 W @@ ) I HessD Ml + (24 2N,

I+x
we have

2x

£*(M2 F20- VMM 4 T VMY VMM + A|v|2>

2% (1 — x)A
<A+ — (=P = Z2LZ0%

1+ x
<C-—-AVop,M).

Lastly, choosing A sufficiently large ensures that ¢ > 0, and for A sufficiently large, ¢ is
comparable to M? + v°. O

3.3 Subgeometric Convergence Rates
We can now combine the results of the two previous sections to get a proof of Theorem 1.3.

Proof of Theorem 1.3 We have verified the hypotheses of the subgeometric Harris’s theorem
with the Foster-Laypunov function being

d (v, M) = M? +2v.- VXMM<1 + %w(u : VXM)) + AV,
X

and the function i (t) = 4/f. We can, therefore, compute that the function H~'(¢) = (% +

1)2 and h o H, '() = (£ + 1). Hence, applying the conclusion of Theorem 1.6 gives the

existence of a steady state f,, and that

Ifi = foollry
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t =2 2 X 2
§C<5+1> /fo (M +2v~VxMM<1+mw(v~VxM))+Av>dxdv
c(te1)”
+ (§+ )
This proves the result. |
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