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THE KINETIC FOKKER-PLANCK EQUATION WITH
GENERAL FORCE

CHUQI CAO

May 13, 2019

ABSTRACT. We consider the kinetic Fokker-Planck equation with a class
of general force. We prove the existence and uniqueness of a positive
normalized equilibrium (in the case of a general force) and establish some
exponential rate of convergence to the equilibrium (and the rate can be
explicitly computed). Our results improve similar results established
by [26], [5 6], 14, 10, [T}, 1] to general force case, and improve the non-
quantitative rate of convergence in [18] to quantitative explicit rate.
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1. INTRODUCTION

In this paper, we consider the kinetic Fokker-Planck (KFP for short)
equation with general force

(1.1) of=Lf:=—v-Vof + V. V(x) - Vof + Apf +divy(V,W(v)f),
for a density function f = f(t,z,v), with t > 0, z € R%, v € R¢, with

¥ B
vy = e ww = g
gl B
where ()2 := 1+ |z|?, and the kinetic Fitzhugh-Nagumo equation
(1.2) Of = Lf = 05(Aw,v)[) + 00(B(x,v)[) + 5}, f

with
A(z,v) =ax —bv, B(z,v)=v(v—1)(v—A)+=x
1
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for some a,b, A\ > 0. The evolution equations are complemented with an
initial datum

£(0,z,v) = fo(z,v) on R*,

It’s easily seen that both equations are mass conservative, that is

M(f(,-)) = M(fo),

where we define the mass of f by

When G satisfies
LG=0, M(G)=1, G=>0,
we say that G is a nonnegative normalized steady state.
For a given weight function m, we will denote LP(m) = {f|fm € LP} the

associated Lebesgue space and || f| zr(m) = || fm||L» the associated norm.
With these notations, we can introduce the main result of this paper.

Theorem 1.1. (1) When 2 < 3,1 <, there exist a weight function m >0
and a nonnegative normalized steady state G € L'(m) such that for any
initial datum fo € L'(m), the associated solution f(t,-) of the kinetic Fokker-

Planck equation satisfies
1£(t,) = M(f0)Gll 1 my < Ce™ | fo = M(f0) Gl L1 (m)

for some constant C, \ > 0.
(2) The same conclusion holds for the kinetic Fitzhugh-Nagumo equation

.

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

Remark 1.2. Theorem [1.1]is also true when V () behaves like (z)7 and W (v)
behaves like (v)?, that is for any V() satisfying

Ci(z)7 < V(z) < Cofz)?, Vo eRY,

Cslz|(z) ™ < - V,V(2) < Calz|(z)"!, Va € Bf,
and
D2V (z)| < Cp(z)?™2, Vo eRY, Vn>2

for some constant C; > 0, R > 0, and similar estimates holds for W (v).

In fact, Theorem [I.]is a special case of the following theorem.
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Theorem 1.3. Consider the following equation
(1'3) Of =Lf= ar(A(l‘,U)f) +8U(B(:v,v)f) + Ay f
with
A(z,v) = —v + D(x)
where ®(x) is Lipschitz
[®(z) — (y)| < Mz —yl,
for some M > 0, define

br(m) = —v- = p(a).

m
A,m _ Ba,v) - V.m

Vaem |Vym|?

2

1.
+ §dzvx<1>(x) + -

+ %divUB(x,v)
then if we can find a weight function m and a function H > 1 such that
L'm < —am + b,
for some a,b >0
— C1Hm < ¢2(m) < —CoHm + Cs,

for some C1,Co,Cs > 0, and for any integer n > 2 fixed, for any ¢ > 0
small, we can find a constant Ce,, such that

n n
Y 1Di@(@)| + ) |D5 B(w,v)| < Cpe+eH
k=2 k=2

and A
m
Zzvt > Oy
m

for some Cyq > 0, then we have there exist a steady state G such that

1f(t, ) = M(f0)Gll Limy < Ce™ | fo — M(fo) Gl L1 (-
for some C,; X > 0.

Remark 1.4. In fact ¢a(m) satisfies

/ (F(Lo) + g(Lf)m® = —2 / Vof - Vogm® +2 / Fada(m)m?.

the computation can be found in Appendix [C}

Remark 1.5. For the kinetic Fokker-Planck equation with general force [1.1},
we can take

m=eh  H =P+ V(@) +ev Vilz), H= @)+ (x)1

for some € > 0 small, the computation can be found in Appendix [B] below.
For the kinetic Fitzhugh-Nagumo equation (|1.2)), we can take

m = M) = [v|* + |2,

for some constant A > 0, the computation can be found in [I§].
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For the kinetic Fitzhugh-Nagumo equation , an exponential conver-
gence with non-quantitative rate to the convergence has already been proved
in [I§], our method improves the result to a quantitative rate.

If 8 = 2, the equation will turns to the classical KFP equation

Of=Lf:=—v -V f + V. V(x) Vyuf + Ay, f+divy(vf),

This time we observe that

,02

G=z1t", W= 5+ V(z), Z€eRy,

is an explicit steady state. There are many classical results on the case
~v > 1, where there is an exponentially decay. We refer the interested readers
to [26], 5, [6l, 14, 10, 11, [T, [17], and for the weak confinement case v € (0, 1),
there are also some polynomial or sub-geometric convergence results proved
in [I, 2, [7]. We also emphasize that our results for kinetic Fokker-Planck
equation with general potentials are to our knowledge new.

We carry out all of our proofs using variations of Harris’s Theorem for
Markov semigroup. Harris’s Theorem originated in the paper [12] where
Harris gave conditions for existence and uniqueness of a steady state for
Markov processes. It was then pushed forward by Meyn and Tweedie in
[25] to show exponential convergence to equilibrium. [I3] gives an efficient
way of getting quantitative rates for convergence to equilibrium once the
assumptions have been quantitatively verified. We give the precise statement
in the next section.

One advantage of the Harris method is that it directly yields convergence
for a wide range of initial conditions, while previous proofs of convergence to
equilibrium mainly use some strongly weighted L? or H' norms (typically
with a weight which is the inverse of a Gaussian). The Harris method
also gives existence of stationary solutions under quite general conditions;
in some cases these are explicit and easy to find, but in other cases such
as the two models in our paper they can be nontrivial. Also the Harris
method provides a quantitative rate of convergence to the steady state,
which is better than non-quantitative type argument such as the consequence
of Krein Rutman theorem.

Let us end the introduction by describing the plan of the paper. In
Section 2, we introduce Harris Theorem. In section 3, we compute the
Lyapunov function for the kinetic Fokker Planck equation. In Section 4 we
present the proof of a regularization estimate on S,. In Section 5 we the
Harris condition for the general kinetic Fokker- Planck equation. Finally in
Appendix we present some

Acknowledgment. The author thanks to S. Mischler for furitful dis-
cussions on the full work of the paper. This work was supported by grants
from Région Ile-de-France the DIM program.
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2. HARRIS THEOREM AND EXISTENCE OF STEADY STATE

In this section we introduce Doeblin-Harris theorem and the existence of
steady state.

Theorem 2.1. (Harris- Doeblin Theorem) We consider a semigroup Sy with
generator L and we assume that

(H1)(Lyapunov condition) There exists some weight function m : R —
[1,00) satisfying m(x) — oo as x — oo and there exist some constants
a>0,b> 0 such that

L'm < —am + b,

(H2)(Harris condition) For any R > 0 there exist a constant T = T(R) > 0
and a positive, nonzero measure p = pu(R) such that

Srfzp | f, VieX, [f=0.
Br
where Br denotes the ball centered at origin with radius R. There exist some

constants C > 1 and a < 0 such that
1SefllLrm) < Ce®lIfllimy, VE=0, VfeX, M(f)=

Proof. See [23] Proposition 2.2 for instance. O

The Lyapunov condition also provides a sufficient condition for the exis-
tence of an invariant measure (for the dual semigroup).

Theorem 2.2. Any mass conserving positive Markov semigroup (S;) which
fulfills the above Lyapunov condition has at least one invariant borelian mea-
sure G € M*(m), where M is the space of measures.

Proof. Step 1. We prove that (S;) is a bounded semigroup. For fy € M*(m),
we define f; := Sr(t) fo, and we easily compute

G [1aim < [1siem < 1o+

Using the mass conservation and positivity, integrating the above differential
inequality, we get

/|ft|m < _at/|f0|m+ —e ™) /\f0|

< maz(1}) [ lfolm e > 0.

so that (S;) is bounded in M1(m).

Step 2. We prove the existence of a steady state, more precisely, we start
proving that there exists a positive and normalized steady state G € M*(m).
For the equivalent norm ||| - ||| defined on M*'(m) by

LA == sup 1S @) fllar )
t>0
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we have |[||Sz()f|ll < [l|f]|| for all ¢ > 0, that is the semigroup S, is a
contraction semigroup on (M*'(m), ||| -|||). There exists R > 0 large enough
such that the intersection of the closed hyperplane {f € M'(m); (f) = 1}
and the closed ball of radius R in (M'(m), ||| - |||) is a convex, non-empty
subset. Then consider the closed, weakly * compact convex set

K:={f € M'(m); |lIflll < R, f > 0,(f) =1},

Since S¢(t) is a linear, weakly * continuous, contraction in (M (m),]]| - ||])
and (Sc(t)f) = (f) for all t > 0, we see that K is stable under the action
of the semigroup. Therefore we apply the Markov-Kakutani fixed point
theorem and we conclude that there exists G € K such that Sz(¢)G = G.
Therefore we have in particular G € D(L) and LG = 0. O

3. REGULARIZATION PROPERTY OF Sy

The aim of this section is to establish the following regularization prop-
erty. The proof closely follows the proof of similar results in [11], [17, 26]

Theorem 3.1. Consider the weight function m as defined in Theorem
there exist n,C' > 0 such that

C
HSﬁ(t)fHLz(m) < t5d+1 ”f”Ll(m)7 vt e [0777]
2

for some weight function m. In addition, for any integer k > 0 there exist
we some a(k),C(k) > 0 such that

C
1Se@) fll sy < o5

= jo
as a consequence we have

”f”Ll(m)a vt e [07n]

C
1Sc®) fllczsmy < sl flLrmy, vt € [0,
for some 6 € (0,1),( >0

We start with some elementary lemmas.

Lemma 3.2. For f; = Sc(t) fo, define an energy functional
Ftofe) = AlfellZzmy + at Vo fell 22
(3.1) + 2etM (Vo fo, Vafo)T2(my + 00 Va fil 2

with a,b,c > 0,¢ < Vab and A large enough. Then there exist n > 0 such
that

m)’

d
a7 ) < ~L(IVofilf2gny + Vel F2n) + Cll el Z2gm)

for allt € [0,n], for some L > 0,C >0, as a consequence, we have

1Sz follmrmy < CE N foll L2 (m)
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for all t € [0,n)], iterating k times we get

152 foll iy < C | foll 22 (m) -

Proof. We only prove the case k = 1, for kK = 2, one need only replace f by
Oz, f and 0, f, similarly for k& > 2. First by Theorem and Remark

we have

(fa ﬁg)LQ(m) + (ga Ef)LQ(m) = _2(vvf7 vvg)L2(m) + (f? gd)Q(m))L?(m)a

for any f,g € L?*(m). As a consequence, we have

d
12y = (- L) 120m) < =1V F W72 (my = CLllF I 22y + Coll FlT2 -

By

d
(3.2) On Lf = L0 [+ 02, VO, f,

j=1
and since
V2V (z)| < CHy,

for some C > 0, we have
d
210 fll 2 (m)

d
= (O], L0, N r2gmy + 0 15> 02,0 VO, ) r2(m)

j=1
< _va(amif)“%Q(m) - Clual‘iinQ(mHl/Q) + 02“8$if“%2(m) + C(Vaf VoD 2(minrzy-

Using Cauchy-Schwarz inequality and summing over ¢ = 1,2, 3,...,n , we get

d 2
21 Ve fllz2(m)
- C
< =D V(@ )2y — ?IHszHiz(mHuz) + CalVa flli20m) + ClIVOf 2 /2y
=1

for some C' > 0. Similarly using

d
(3.3) avlﬁf = ['avlf - 8l'1f + Z a’zi'Uj Wa”]’ f’

j=1

and since
2 Ch
VuW (v)] < ?dH+ C,
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we have
d
100122

= (0o fs L, ) 12m) — (O, f, 0o, f) L2y + avsz 07,0, W 0o, ) 12(m)

IN

V@ NI 2y = Collu F117 2 172y + Coll 00, f 72y + ﬁruvvfui%m,m)
+CIVo 1 2m) — O, S Ou ) 12(m)
(m)

Using Cauchy-Schwarz inequality and summing over ¢ = 1,2,...,n we get

d
Vo llZ2m)

IN

- C
=2 IV @iz = 5 IV o)
+CH ‘V’UfH%Q(m) - (vvfa vxf)LQ(m)

For the crossing term, we split it also into two parts. Using (3.2)) and .,
we have

4
dt

d
= (aﬂcz.ﬂ ‘Cavzf)L2(m) - (axzfv aIif)LQ(m) + (8901f7 Z 812)ivj Wavj f)LQ(m)
j=1

Q(avifv 8ﬂﬁif)LQ(m)

+(0u,f LOw, ) 12(m avlf,z 2o,V Ou, ) 12(m

< =2(Vo(0u, £)s V(Do ) 12(m) = 10, f |72 (my + CHvaH%z(mHm)
+ C(|vvf|7 |vl’f‘)L2(mH1/2))

Combining the two parts, using Cauchy-Schwarz inequality, and summing
over ¢ we get

d

%2(V fy a:f)L2 (m)

—22 002, ), Vo ) 12y = V2 f 22 my + CIVof I 2 (e

+ (’Vvﬂ? ’vrf‘)ﬂ(m]{l/?),

IN
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For the very definition of F in (3.1)), we easily compute
d d 2 2 d 2 4 d 2
£}—(t, fi) = A%HftHLz(m) +at @Hvat”m(m) + 2ct £<vat7 Va ft)12(m)

d
+bt6£”vxft”%2(m) + 2atvaftH%2(m) + 8ct3(vat, wat)%z(m)
+6 ||V fol |2 ()

Gathering all the inequalities above together, we have

d c
SF(F) S (20— A+ Cat?)| Vo fill3ag + (6 — St + CO)Vafulliag

dt
+  (8ct® — Cat®)(Vyfi, Vaft)12(ms) + CAHftH%Q(m)’
d
= D (@Yoo fo)llEzmy + 0NV (Or )2

=1
C
t+ 2e (Vo0 /), Vo 0o f) 12m) = 5 IV f 12 i s2)
C
+ (—71@# +2Cbt° + Cet)|[Vo fII 2 gy + 268 CUVL | Ve f) 2(mrrsay.
for some C' > 0. We observe that
|2Ct4(vv(axift)’ vv(avz‘ft))LQ(m))‘
< at?[[Vo o fo) | F2(my + 01V (Do f 172

by our choice on a,b,c. So by taking A large and 0 < n small (¢ € [0,7]),
we conclude to

d
3l ) < —L(IVofilZ2my + 1V fillZ2(my) + ClFell T2 (mys
for some L,C > 0, and that ends the proof. O

Lemma 3.3. We have
[ VaatimiP < [192ufPo? +0 [ fu,
Proof. We have

[1vamp

[ 195m+ VP
- /|Vf|2m2+/|Vm|2f2—|—/2fomme
= [ 19sPm 4 [(Tm? - Jami)s

Am
S e
m
A

m
72_0’
m

since
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for some C' > 0, we are done. O

Lemma 3.4. Nash’s inequality: for any f € L'(RY) N HY(R?),there exist a
constant Cyq such that:

143 2
RS A T AN A

For the proof of Nash’s inequality, we refer to [16], Section 8.13 for instance.
O

Lemma 3.5. There exist A > 0 such that
d
(3.4) &Hf”Ll(m) < Ml zrm

which implies

£l 21 my < CMlfoll £y

In particular we have

(3.5) 1fellzrmy < Cllfollprmy, ¥t € [0,7],

for some constant C' > 0.

Proof. 1t’ s an immediate consequence of the Lyapunov condition (H1). O
Now we come to the proof of Theorem

Proof. (Proof of Theorem [3.1}) We define
G(t, fo) = Bl fill F1(m) +t7F(t, fr),

with B, Z > 0 to be fixed and F defined in Lemma[3.2] We choose ¢ € [0, 7],
n small enough such that (a+b+c)Zn?™ < 1Ln? (a,b,c, L are also defined

Lemma. By (3.4) and Lemma we have

d _

%g(t,ft) < )\BHftHil(m)“‘ZtZ LF(t, o)
—LtZ(HvatH%%m) + t4||vatH%2(m)) + CtZHft”%?(m)
AB|fell F 1y + CE7H fellZ2my

L
=S Vo fill 2y + £V FillE2 )
where A is defined in Lemma Nash’s inequality and Lemma [3.2] imply

IA

d

2 _2_ _d_
lfmllrz < Cllfml i IVeo(fm)ll72* < Cllfmllz (Vewfmlzz + Cllfmllg2) 2.
Using Young’s inequality, we have
1l Z20my < Cet ™ 171 oy + €8* (Va0 fell 720y + Cll el F2my)-
Taking e small such that Cen® < %, we deduce

12172 0my < 20t 1171 my + 26t | Vo fell 22 my-
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Taking € small we have
d 1
59 ) < dB| fill 71 (my + Crt? ™ 2N fel T oy
for some C7 > 0. Choosing Z = 1 + 5d, and using (3.5)), we deduce
vt e [0,n), Gt fr) < G(0, fo) + Call foll 1 gmy < Csll foll71 my-
which proves
C
1Sc() fllr2em) < ts)defHLl(m)’ vt € [0,7].
2

together with Lemma [3.2] ends the proof. O

4. PROOF OF HARRIS CONDITION

In this section we prove the Harris condition (H2) for equation (1.3]).
Before the proof of the theorem, we first prove a useful lemma.

Lemma 4.1. For any R > 0, there exist a A, p such that for any t > 0,
there exists (xo,vo) € B, such that

f(t,[l?(),’l)()) > A fO'
Br

Proof. From conservation of mass, we classically show that

d

o y f(t,z,v)dzdv =0,
so we have
(4.1) 1Se@)llpp <1, W0,

Define the splitting of the KFP operator £ by
B=L—-A, A= Mxg(z,v).

with M, R > 0 large, where  is the cut-off function such that x(z,v) € [0, 1],
x(z,v) € C®, x(x,v) = 1 when 22 +v? < 1, x(z,v) = 0 when 2% +v% > 2,
and xr = x(z/R,v/R). From the Lyapunov function condition (H1) and
taking M, R large, we have

(4.2) 1B | 11 (my—s L1 (my < Ce™™, VE>0.
By Duhamel’s formula
Sy =8+ Sp*xASg,

we directly deduce from (4.1]) and that
1Sc) L1 my—»riom) < A, V20,
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for some A > 0. We fix R > 0 and take go = folp, € L'(RY) with that
supp go C Bg, ,denote g; = Srgo, ft = S fo, then we have

/gt—/go—/ go = fo-
Rd Rd Br Br

Moreover, since there exists A > 0 such that

/ gthA/ goméAm(R)/ 90-
Rd R4 Bgr

For any p > 0, we write

/ gt = / gt—/ gt
B, R4 ¢
1
> go— — gtm
Rd P Jrd
Am(R) 1
> go — go = = 9o,
R4 p Br 2 /g

by taking p = 2Am(R). As a consequence, for any ¢ > 0, there exist a
(x0,v0) € B, which may depend on gy such that

PRI A
g\t,To, V) = 5 9t = o5 go ‘= go-
1Byl JB, 2|Byam(r)| JBg Br

By the maximum principle we have

f(t, o, v0) > g(t,z0,v0) > A go = \ fo.
BR BR

Theorem 4.2. The equation satisfies the Harris condition.

Proof. By Theorem we know take for ¢ > Z, we have
Aof,Vaf Vof € COF,
and by equation
Of = Lf = 0:(A(z,0)[) + 0u(B(x,v)f) + A f,

we have

Ouf| + 1.1 +18,f1 < C on [3.1] x Bor,

for some constant C' > 0. By continuity for every R > 0, there exist
t1,t2,70, p, A > 0 which do not depend on f and (zo,v9) € B, which may
depend on f, such that for all ¢ € (¢1,t2), we have

A
f(t,.’L‘,’U) > 21Br0(xo,vo)/ an
Br

where By, (zo,v9) denotes the ball centered at (xo,vo) with radius rg, to
make xg, vy f independent we use
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Theorem 4.3. Let f(t,z,v) be a classical nonnegative solution of
Of—Avf=—(v+®(x)) Vof +A(t,z,v) - Vo f + B(t,z,v)f,
in [0,T) x Q, where ®(x) is Lipschitz
[@(z) = ®(y)| < Mz —yl|, V,yeQ,

Q is an open subset of R? , and A, B : [0,T) x R? and bounded continuous
functions. Let (zg,v9) € Q, let V> |vg + ®(x0)| ,then for any r,7 >
0 there are constants A\, K > 0, only depending on A = ||A| =), B =
B[ () and 1%/7, , such that the following holds: If Bx(zo,v0) € Q, 7 <
min(1/2,73/4V) and f > 6 > 0 in [0,7) x B.(wo,v0), then f > K& in
[T/2,7‘) X BQT(.'L'O,'UO).

Proof. See Appendix [A] O
Coming back to the proof of Theorem [£.2] Define
T = min(ty — t1,1/2,75 /4R),

iterate n times we have for any ¢ € (to — 5, o)

A n
f(t,l’,"l)) = 5 HKilBQ’irO(IO:UO)/ an
i=1 Br

take n large such that 2"rg > 2p, since (xg,v0) € B, implies that B, C
Bs,(x0,v0), we have

)\ n
f(t,.T,U) > QHKZIBP/ f07
i=1 Br

for any t € (ty — 2%, t2), which is just Harris condition. O

APPENDIX A. PROOF OF SPREADING OF POSITIVITY
Theorem A.1. Let f(t,z,v) be a classical nonnegative solution of
Ohf —Avf=—(v+®(x)) Vof + A(t,z,v) - Vo f + B(t,z,v)f,
in [0,T) x Q, where ®(x) is Lipschitz
[@(z) — @(y)| < Mz —y[, Vz,yeQ,

Q is an open subset of R? , and A, B : [0,T) x R? and bounded continuous
functions. Let (zg,v9) € Q, let V> |vg + ®(x0)| ,then for any r,7 >
0 there are constants A\, K > 0, only depending on A = ||A|~q), B =
| B[z (0) and r2/7, , such that the following holds: If Bx,(xq,v0) € Q, 7 <
min(1/2,73/4V) and f > 6 > 0 in [0,7) x B.(wo,v0), then f > K& in
[T/2,7) X Bay(xg,v0).
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Proof. This proof is similar to the proof in [26] Appendix A. 22. Let
g(t,z,v) = eBtf(t,z,v), then g > f and Lg > 0in (0,T) x Q, where
0
L= g + v+ ®(z)) - Vo — Ay — A(t,z,v) - Vy,
Let us construct a particular subsolution for £. In the sequel, B, will stand
for B, (zo,v0). For t € (0,7] and (z,v) € Q\ B, let

|v — vpl? (v —vg,x — X¢(z0,v0)) |z — Xy(x0,v0)|?
Q(t,x,v) =a 5 b 2 c 573 ,

where X (zg,v9) = xo + t(vg + ®(x0)) (abbreviated X; in the sequel) is the
position at time ¢ of the geodesic flow starting from (xg,vg), and a,b,c > 0
will be chosen later on. Let further

o(t, x,v) = seHAETV) _ ¢

where p, e > 0 will be chosen later on. Let us assume b* < ac, so that Q is
a positive definite quadratic form in the two variables v — vy and x — X;.
Then

Lo = pde "CAQ),

where
AQ) = 01Q + (v+ D(2)) - VoQ — AyQ + pu|VoQ|* — A(t, m,v) - VoQ.

By computation,

v — vo|? (v—vo,z — Xy) |z — Xi(20,v0)|?
AQ) = —a 5zt 2b 3 —3c 571
N b(v — o, v0 + P(z0)) c(x — X¢,v0 + ®(20))
t2 t3
(v—vp,v+ @)  (2-Xp,v+P(z)) n
— b > +e 5 — a7
— - X Av— Ax—X
+ ol tvo_bw - t‘z_a< 0= vo) oo ,th )
v—vg *r— Xy (A, v — ) (A, — Xy) d
(& ) 2 “1
w8 - b)) e X 8() — B(x0))
12 2t3 ’

where B is a quadratic form on R”R"™ with matrix M & I,

M= ,ua2—%+b —uab+b3+%
—pab+b+§ pb* — 3¢

If a, b, ¢ are given, then as y — oo
trM = p(a® +b%) + O0(1),

ab? 3a2c

deth,u(%%—abc—b?’— 5 )+ O(1).



THE KFP EQUATION WITH GENERAL FORCE 15

Both quantities are positive if b > a and ac > b2, for example we can take
b = 2a,c = 8a, then as u — oo the eigenvalues of M are of order ub? and
ac/b > b. So for any fixed C' we may choose a, b, ¢ and p so that

v—1vy *— Xy "U_'UO|2+|x_Xt|2

B > Cb .
(e R s e i)
where C is arbitrarily large. If ¢ € (0, min{4;,1}), we have
o = Xul? g lo—wl® o g Bd
> —8b——F— —3b——— — 3bA* — —
Q) > -8 " 3 2 3 57

gathering the two terms, we have

|v — vol? n |z — X;|?
t t3

with C arbitrarily large. Recall that (z,v) ¢ B,, so

- either |[v — vg| > 7, and then A(Q) > const.(b/t)[Cr?/T — 1], which is

positive if C' > 7/r?;

- or |x — xo| > 73, and then, for any 7 < r3/(4V), then we have

A(Q) > const.%[C( ) —1].

|z — X¢? _ |z — x0]? 5 70 5 70
> 2 > — =2V > —
=
so A(Q) > const.(b/t)[Cr%/473 — 1], which is positive as soon as C' >

4(t/r?)3.

To summarize: under our assumptions there is a way to choose the con-
stants a, b, ¢, i1, depending only on d, A, r?/7 | satisfying ¢ > b > a > 1 and
ac > b?, so that

LPp <0, in[0,7)x (B, \ By),

as soon as 7 < min(1,7%/(4V), ). We now wish to enforce ¢ < g for t =0
and for (z,v) € (B, \ By); then the classical maximum principle will imply
g > ¢, in[0,7)(B,\ B;). The boundary condition at ¢ = 0 is obvious since ¢
vanishes identically there (more rigorously, ¢ can be extended by continuity
by 0 at t = 0). The condition is also true on 9B, since ¢ < ¢ and g > 4. It
remains to impose it on 9B, . For that we estimate ) from below: as soon
as ac/b? is large enough, it’s easily easy to seen that for any (x,v) € 9B),

a vl lz—Xy*  _a . N2 NSO a2 g 0
Q(t,xz,v) > Z( ; 3 ) > Zmln( R ) > 16 m1n(7,ﬁ),
Thus if we choose
A2 2 6
e:de:cp(—’ua min(r— ! )),

'3
T'T
we make sure that ¢ = de "% — ¢ < 0 on OBy, a fortiori ¢ < g on this set,
and then we can apply the maximum principle.

So now we have ¢ < g, and this will yield a lower bound for ¢ in [7/2, T) X
(B2, \ By): indeed, if t > 7/2 and (z,v) € By, \ B, then
lv —vo|2+]a:—Xt\2 r? 102675 6

) < 2e(8+ ) < 2068cmax(—, =)

2
t,x,v) < 2c —
Qt,z,v) < 2¢( t 3 T 73 Tt
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For X large enough we find Ky > 0 such that
2 .6 —uaX2 2 o8

reor
o(t,x,v) > 5[ewp(—2068ucmax(7, ﬁ))—ewp(— 16 min(—, —))] > Kod,
because ¢ = 8a, to find such A it suffices that
r2 6 g2 g6
2068 x 16 x 8rnax(7, ﬁ) < )\mln(7, ﬁ)’

by consequence A depends only on 72/ T
Finally we find K, A > 0 depending on A, C' and 7?/7 such that

F>Kobe ™ on [1/2,7) x (Bax \ By),

APPENDIX B. LYAPUNOV FUNCTION FOR THE KFP EQUATION

In this section we will give Lyapunov condition for the kinetic Fokker-
Planck equation.

Theorem B.1. Denote L the operator of the kinetic Fokker-Planck equation
, then there exist a weight function m satisfies Theorem .

Proof. First we have
Lf=v-Vof =V, V(x) - Vof + Ayf =V, W(v) -V, f,
we compute
LY+ V() =d—v-V,W(v),
and
L*(v-Vu(z)) =vV2i{z)v — VV(z) - Vo(z) + Vo, W () - Va(z),
since
Vi(z) < CI,

where [ is the d x d identity matrix, combine the two terms together we
have

L+ V(2) + ev - Vo(z)) < C — C((0)° + (x)7),
with € > 0 small, denote
H=|v]*+V(z)+ev-V(z),
and since

* JAH
LefH = A VoH —V,V(z)  VoH + AyH + AV H|? = V,W (v) - Vo H),

take A > 0 small, we have

£ (M) < 0 H M+ 0y,
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for some constant Cy, Cy > 0, with H; = (v)? + (x)7~!, then the Lyapunov
condition follows. For the second inequality, by Lemma we have
1
pa(eM) = Mo V.H+V,V(z) V,H+ AW (v)
+ AH+ N+ NV H? =V, W(v)-V,H),

and we still have
po(eM) < —C1H M+ Oy,

for some constant C,Cs > 0, thus the theorem is proved.

APPENDIX C. COMPUTATION FOR ¢a(m)
Lemma C.1. Define
(Cl) atf = ,Cf:8I(A(.T,U)f)+av(3(l’,v)f)-I-Avf,
with
A(z,v) = —v + O(x),

Then for any weight function m we have

<c.2>/ Lo+ g(Liym? = =2 [Vof - Tugm? +2 / Faa(m)m?,

with

1

m m
A,m Vom

]vafz
2

m

+

— B(z,v) -

1
+ 3 divy B(z,v),

where we use [ f in place of fRded fdxdv for short.

Proof. Define
Tf = —v- viva

we have

[ 1o+ [(Tpgm = [ Tirgm? = [ ro7m) = 2 [ gm

for the term with operator A we have

/(fAvg + Avfg)m2 = - / vv(fm2) - Vg + vv(ng) : vvf

QTm

)
m

:.Q/Wﬁvwﬁ+/MMWﬁ

= —Q/va-vam2+2/fg\vvm\2+Avmm,
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using integration by parts

/fdivU(B(a:, v)g)m2 + gdiv,(B(z, v)f)m2
= /fB(.CL‘, v) - Vogm? + gB(z,v) - Vyfm? + 2div, B(z,v) f gm?
= - / fgV, - (B(x, v)m2) + 2diva(:L“,v)fgm2

= /—Qng(a:, v) - Mmz + div, B(z,v) fgm?,
m

similarly
/fdivgg(@(x)g)m2 + gdiv, (®(x) f)m?
= /—2fg(I>(:1:) : vUTme + div, ®(z) fgm?,
so ((C.2)) are proved by combining the terms above. O
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