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Abstract: We study a one-dimensional kinetic stochastic model driven by a Lévy process, with a non-linear time-
inhomogeneous drift. More precisely, the process (V, X) is considered, where X is the position of the particle and
its velocity V' is the solution of a stochastic differential equation with a drift of the form ¢t =% F(v). The driving noise
can be a stable Lévy process of index « or a general Lévy process under appropriate assumptions. The function F'
satisfies a homogeneity condition and $ is non-negative. The behavior in large time of the process (V, X) is proved
and the precise rate of convergence is pointed out by using stochastic analysis tools. To this end, we compute the
moment estimates of the velocity process.

Keywords: kinetic stochastic equation; time-inhomogeneous stochastic differential equation; Lévy process; explo-
sion times; scaling transformations; asymptotic distributions; ergodicity; tightness.
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1 Introduction

In this paper, we consider a one-dimensional stochastic kinetic model driven by a Lévy process.
t
dV, =dL, — F(Vi))t7Pdt and X, =X, +/ Vs ds. (1)
0

The process (Vi, X;)i>0 may be thought of as the velocity and position processes of a particle evolving in
a force field F(v)t~” and interacting with its environment.

Our purpose is to study the long-time behavior of solutions of (), where L is an a-stable (non-symmetric)
Lévy process. More precisely, we look for the convergence in distribution of the process (V;/.,eX/c)t>0,
as € — 0, with an appropriate rate.

It is a simple observation, when F' = 0, to see that the rescaled process (El/th/E, 51+1/“Xt/5)t>0 converges

in distribution towards the Kolmogorov process (S, f ! Ss ds)iso, where S has the same distribution as the
driving process.

The goal of the present paper is to extend the results obtained in [GL21], where the driving process is a
Brownian motion (« = 2).

The study of stochastic differential equations (SDE) driven by a Lévy process is a topic of great interest

(see |Bas03| for a survey). The a-stable perturbation is a generalization of the Gaussian case, and it is
also motivated by some Langevin-type models in stochastic climate dynamics (see [Dit99]). So far, most
of the papers present results about existence and uniqueness of solution, see for instance [AS09], [Don18§],
[Kur07], [Pil13], [CSZ18] and [CZZ17]. The coefficients of the studied SDE are often supposed to be time-
homogeneous (see for instance [AS09] and [Donl8]). Accordingly, the case of time-dependent coefficients
is scarcely studied (see [CZZ17|, [KurQ7] and [Zhal3|). In this situation, the usual tools associated with
time-homogeneous equation may no longer be invoked.
Furthermore, few papers (see [AS09], [PSXZ12], [Rek20]) present results about the asymptotic behavior of
the solution of such SDEs. For instance, in [AS09] the authors give conditions for asymptotic stability of
the solutions for a SDE driven by a Brownian motion and a compensated Poisson process, with coefficients
that are supposed to satisfy usual global Lipschitz and growth assumptions. In [PSXZ12], the authors
establish the exponential ergodicity of the solutions of a SDE driven by an a-stable process, where the
drift coefficient is supposed to be the sum of two components one linear and the other bounded. In
these papers, coeflicients are time-homogeneous. In a number of articles, the small noise influence of the
solutions is analysed. At our knowledge, the only works considering the long-time behavior are [FT21], in
a time-homogeneous setting, and the present one.



Let us explain heuristically what the intuition of our analysis is. In long-time regime, we observe
two schemes, depending on the balance between the space and time coefficients of the drift function with
respect to «, the parameter of stability of the driving noise. When the potential is sufficiently "small at
infinity", the convergence towards the Kolmogorov process (S, f S) still holds. The other scheme, called
critical, is when the two terms in the stochastic equation of the velocity process offset. We still get a
kinetic process of the form (V, [ V), as limiting process. Though the process V no longer has the same
distribution as the driving Lévy process.

Proofs are mainly based on moment estimates and on the self-similarity of the driving process. By

their scaling property, Lévy stable processes are natural extensions of the Brownian motion. However, the
jump component of the Lévy noise brings difficulties. Indeed, by contrast with a Brownian motion, an
a-stable Lévy process can only have moments of order k € [0, «). Thus, moment estimation of the velocity
process stands as a significant part of our study (see Section[]). Moment estimates of Lévy and Lévy-type
processes were studied in [LP06], [Kiih17] and [DS15]. Nevertheless, the methods used can not be easily
adapted to the solutions of a SDE. In fact, the key idea will be to make a non-homogeneous cutting of the
jumps size of the driving process. As explained in [CDRM20] and references therein, the cutting threshold
& fé makes appear integral terms satisfying the scaling property (see the proof of Proposition [3]).
The proof of the critical case (see Theorem [24)) significantly relies on a change in both space and time,
taking advantage on the scaling property of the driving process, to get a stationary time-homogeneous
SDE, as performed in [AW09] and [GO13].
In addition, extensions for the solution of SDE driven by a general Lévy process are stated in Theorems
and Let us point out that the case analyzed in Section [6.3] agrees with the equation (1) p. 1442
in [Dit99], where the described Langevin equation has two noise terms, a white noise and a pure-jump
noise. To this end, we first study the asymptotic behavior of the rescaled Lévy driving process (ve Ly /e )t>0,
where v, is some rate of convergence. Under appropriate assumptions on its Lévy measure, it converges
in distribution, as £ goes to zero (see Proposition [6.3] below).

Here is the structure of the paper. In Section[2] we introduce some notations and state our main results.
Theorems and [2.4] are extension for the a-stable setting of the main results stated in [GL21] in case of
a Brownian driving noise. We study the existence of the solution of () in SectionBl In Section M we give
estimates of the moment, which also ensure the non-explosion of the velocity process. The proofs of our
main results are presented in Section bl Finally, Section [6lis devoted to the study of the convergence of a
rescaled Lévy process and to the extension of Theorem 2.2

2 Notations and main results

Let (L¢)¢>0 be a Lévy process. Throughout the paper, we deal with L as an a-stable Lévy process with
o € (0,2). We call v its Lévy measure, given by v(dz) = |2|7' " [a41.50 + a—1.<] dz with ay,a_ > 0.
As a Lévy measure, it satisfies [, (1 A 2%)r(dz) < 400. By Lévy-Ito’s decomposition, if a € (0,2) then
L is a pure-jump Lévy process and there exists a Poisson point measure N and its compensated Poisson
measure IV such that, for all t > 0,

t .
/0 /*ZN(dS,dZ), if a € (0,1);

t ~ t
L= N(ds,d N(ds,dz), ifa=T1; 2
t /Ot/{0<z|<1}z (ds, ZH/O /{\z|21}z (ds,de), ia=1; ®

A /[R* ZN(ds,dz), if w € (1,2).

In Section [l the case of a generalized Lévy driving noise will be discussed.
The space of continuous functions C((0,4o00), R) is endowed with the uniform topology

+oo
1.
du f.g € C((0,+00)) = Y oo min (1, sup [ —g| ).
n=1

[;,n]

Set A := {\: RT — RT, continuous and increasing function s.t. A(0) = 0, , ligl A(t) = +oo} and
—+oo

1, if L <t<n,
kEn(t)=<n+1-t ifn<t<n+l,
0, ifn+1<4.



The space of right-continuous with left limits (cadlag) functions D((0,400),R) is endowed with the Sko-
rokhod topology ds defined for f, g € D((0,+0),R) by

+oo

1 —
Z —min | 1,inf < a s.t. IX € A, sup |log ) = Als) < a, sup |k, (t) (fo At) —g(®))| <ayp ).
i s7t t—s >0

For simplicity, we shall write C and D for C((0, +00), R) and D((0, +o0), R), respectively.

Let 8 a non-negative real number and F' a continuous function satisfying
for some vy €R, Yv € R, A >0, F(\v) = \"F(v). (H,)
We introduce another assumption on F', which will sometimes be imposed in the sequel.

When (i) a € (0,1] or (ii) o € (1,2) and v > 1,

HS n
we suppose furthermore that for all v € R, vF'(v) > 0. (Hogn)

We take an interest into the following one-dimensional stochastic kinetic model defined, for ¢ > ¢t > 0, by
dV, =dL; — t P F(V;) dt, with V;, =wvo >0, and dX; = V;dt, with X;, =z € R. (SKE)

In the following, sgn is the sign function with the convention that sgn(0) = 0. The abbreviation a.s. stands
for almost surely. We denote by C some positive constants, which may change from line to line. We
use the subscripts to indicate the parameters on which it depends. For instance C}, , denotes a constant
depending on the parameters ty and a.

Remark 2.1. If a function m satisfies (H)), then for all z € R, n(x) = m(sgn(x)) =]

As an example of a function satisfying (A7) one can keep in mind F : v — sgn(v) |v|” (see also [GO13]).
Let us state our main results.

Theorem 2.2. Consider v € (1 — §,a). Assume that () and are satisfied, and 3 > 1 + 3;—1
Let (Vi, Xt)t>1t, be the solution to (SKE) and (S;)i>0 be an a-stable process, having same distribution as
(Lt)t>o0-

Then, as € — 0, in the space D,

t
(El/avt/ea€1+1/aXt/e)t2€to = (Sta/ Ss d5> .
0 t>0

Remark 2.3. Theorem[2.2 is also true when the following hypothesis holds instead of (@

F is such that (SKE) has a unique solution up to explosion and

H
|F| < G where G is a positive function satisfying (). (i)

For instance, the function F: v 352y (see also [FT21]) satisfies (H.) (with~y=0).

Theorem 2.4. Consider v € (1—2,a) and 8 = 14+ =2, Assume that (H) and are satisfied.
Let (Vi, Xt)i>1, be the solution to (SKEI).

Call H the ergodic process solving the following SDE driven by an a-stable process (Ri)i>0 and starting at
its invariant measure,

dH, = dR, — Eds —F(HS) ds.
«@

We denote Ay, ... 1, the finite-dimensional distributions of H. We call (V)i>o0 the process having as finite-

dimensional distributions the pushforward measure of Ap 1og(t, /o), log(ta/te) 0Y the linear map T'(uy, - -+ ,uq) :=
(ti/aul, e ,t;/aud).

Then, under @, as € — 0, the following convergence, in the space D, holds,

t
(El/a‘/t/g,{;‘l—i_ZXt/s)tzato — (Vt,/ Vs dS) .
0 t>0



Remark 2.5. As we will see in Section [3, the assumption v > 1 — £ is needed in order to obtain the

2
existence up to explosion of the solution under hypothesis ().

Remark 2.6. Let us point out that, during the proof of Theorem[2.2 and Theorem we employ some
moment estimates for the solution V. We state the estimates below.
Assume that (Hsgn) is satisfied. We suppose also that the hypothesis on the sign of F holds for (a,vy, k) €
(1,2) x [0,1] x (1,«). Then, for any o € (0,2), v € R, 8 € R and k € [0,), there exists a constant
Cy k. 8,t, Such that,

Vt >, E “V;flﬁ] < C%K,Bﬂfotg'

Note that the above bounds are the best possible, taking F' = 0.

3 Existence up to explosion of a solution to (SKE)

In this section, we study the existence of the solution to (SKE) up to explosion time.

Remark 3.1. Assume that (@ holds. Pick 8> 0. If0 < v < 1, the function x +— F(x)t=? is y-Holder
and if v > 1, it is locally Lipschitz.

Proposition 3.2. Assume that (M) is satisfied. There exists a pathwise unique strong solution to (SKEJ),
defined up to the explosion time, provided that

(i) 1-5 <y<1andB >0 when o € (0,2).
(i) v > 1 when o > 1.

Proof. If v € (0,1), the drift coefficient is y-Holder (see Remark B]) and locally bounded, thereby the
conclusion of the first point follows from Remark 1.3 in [CZZ17].

Assume now that o > 1 and v > 1. The drift coefficient is locally Lipschitz (see Remark BIl) and locally
bounded, so we can apply Lemma 115 p. 78 in [Sit05] to get the pathwise uniqueness. Thanks to Theorem
137 p. 104 in [Sit05], it suffices to prove that there exists a weak solution.

The drift coefficient is continuous with respect to its two variables, hence it is a locally bounded and
measurable function. By a standard localization argument, using Theorem 9.1 p. 231 in [TW8]], since the
drift coefficient is locally Lipschitz, there is a unique solution defined up to explosion. o

4 Moment estimates and non-explosion of the velocity process

In this section, we present estimates on moments of the velocity process V solution to (SKE]). This will be
useful to conclude of the non-explosion of solution to (SKE) with Lemma ]}, and to control some terms
appearing along the proofs of Theorem and 2.4l in Section

Let V be the unique solution up to explosion time to (SKE]). For all » > 0, define the stopping time

7= inf{t > to, |Vi| >} (3)

Set Too := lim,_, 4 oo 7 the explosion time of V.
We give first a sufficient condition for the non-explosion of a general process.

Lemma 4.1. Let (Yi)i>e, be a cadlag process and 7o its explosion time. Assume that there exist two
measurable and non-negative functions ¢ and b such that

(i) ¢ is non-decreasing and lim,_, o ¢(r) = o0,
(i) b is finite-valued,
(11i) and for all t > to,

sup E [¢(Yirr,
r>0

)] < b(t). (4)

Then Too = +00 a.s.



Proof. Pick t > ty. Using the definition of 7., the monotony of ¢ and (iii), we get, for all r > 0,

P(r)P(rr <t) <E [ (Yr,) Lr,<ny] < Ef6(Yr,)] < 0(1).
Thus, by Fatou’s lemma,

1
0<P(10 <t) < lirrgiOIgf[P(TT <t) < b(t)TILH;oM =0.

As a consequence,
0 <P (o0 < +00) £ > P (10 <) =0.
teQ

This concludes the proof. O
We will show that there exists a constant C . 5, such that
vt > to, E[[VA|"] < Oyt ®. (5)

Proposition 4.2. Pick o € (0,1). Assume that holds.  Recall that (V)i>t, ts the solution of
(SKE). For any v, B, the explosion time Too is a.s. infinite and for all k € [0, ), there exists a constant
Ci.t, such that, we have

Vt > to, E[[Vi]"] < Crrote. (6)

Proof. Fix t > ty. Since o < 1, the stable process can be written as

t
Lt:// zN(ds,dz):ZALs.
0 *

s<t

Fix € [0, ). Pick the sequence of C?-functions f, : x — y/22 + 1, which converges uniformly to z — |z|

on R. Then, for all n > 1, we apply Itd’s formula (see Theorem 32 p. 78 in [Pro05]) to get

FulVinr) = fulow) = [ fa0F s ds e [ [ GV ) = £V Nlds, 2

an(v0)+ Z (fn(vsfﬁLALs)ffn(st»

s<tAT,

The term ftiATT 11 (Vo)F(V,)s™# ds is non-negative, since holds.

Hence, the previous equation can be written as

FaWVinr,) < falvo) + D (falVe) = fu(Vao)).

s<tAT,

Since || f}|lco < 1, we deduce that (fr,(Vs) — fn(Vs—)) < |AVs| = |ALg|, hence,

Vine,| < fa(Vinr,) < fu(vo) + > |AL|.

s<tAT,

Furthermore, since k < a < 1, we have

|V;5/\TT|K S fn('UO)K + Z |AL5|
s<tAT,
Taking the expectation, we get
K

E[[Venr,|"] < E[fu(vo) T+ E | [ DAL

s<t

Notice that the process L;” =Y .<¢|ALg| is an a-stable process. Then, since k < «, letting n — +o00, we
obtain -
K o
E[[Viar, "] < lvol” + E[|L{|"] < Co ot

Thanks to Lemma L]l we can conclude that the explosion time of V' is a.s. infinite, and (@) follows, letting
r — 00. O



Proposition 4.3. Pick a € (1,2). Recall that (V;)i>, is the solution of (SKE). For any vy € [0,1) and
any B € R such that 3;—1 + 1 < B, the explosion time T is a.s. infinite and for all k € [0,1], there exists
Cy k,8,to Such that we have

Ve > to, E[IVil"] < Cympnt (7)

Remark 4.4. If 3;—1 + 1> 3, then the moment estimate [0 becomes

Wt > to, E[[Vil] < Cypot .

Proof of Proposition [{-3 Assume that v € [0,1) and fix k € [0,1]. Then Jensen’s inequality yields, for all
t > to, E[|V4]"] < E[|V4]]", hence it suffices to verify (7) only for x = 1.

Recall that under (H,)), there exists a positive constant K, such that for allv € R, |F (v)| < K |v|”. Hence,
we can write, for any ¢t > tg and r > 0,

tAT,
Winey—| < lto = Luo| + | Lienmny—| + / 5B |F(Virs, )| ds
to

AT,
S |'U0 — Ltol + ’L(t/\,rr)7’ + K/ 3_16 |VS/\TT|V ds.
to

Since L is an a-stable process, it has a finite first moment, which can be computed. Taking the expectation
in the above inequality, we get, by choosing C, big enough,

E [[Vionrs)—|] < Ellt = Zigll + E [|Eonn -] +K/ E ([Vanr, ") ds
< Cyto +K/ E[[Virr, |]” ds.

Recalling that 7, is given by (@), the function g, : ¢ — E HV(tAn)—H is bounded by r. Applying a
Gronwall-type lemma (see Lemma [AT]), we end up, for 8 # 1, with

Vit > to, £ HV(t/\'rT)—H <, < C%Bﬂfoté

1 =
Ciot™ + (1BK(t1 ¢ té_B))

since 3;—1 +1—3<0. The case S = 1 can be treated similarly. Thanks to Lemma 1] we conclude that
the explosion time of V' is a.s. infinite, and () follows from Fatou’s lemma. O

Proposition 4.5. Pick o € [1,2). Assume here that for all v € R, vF(v) > 0. Recall that (Vi)i>y, is the
solution of (SKE). For any v € R and any 8 € R, the explosion time T is a.s. infinite and there exists
Cr.t, such that

for k€ (0,a), Yt >tg, E[|Vi|"] < Cuspta. (8)

Proof. The key idea is to slice the small and big jumps in a non-homogeneous way with respect to the
function & — £&. We write the proof in the general setting of a € (1,2). When « = 1, the proof is similar
since v is symmetric.

Pick £ > tg. As explained in [CDRM20)] and references therein, by using this cutting threshold, the a-stable
Lévy driving process can be written as

t t t
Ly — L = / / L 2N (ds, d2) +/ / L 2N(ds,dz) —/ / | 2v(dz)ds
to J |2 < to JIz/>€% to J|z/>e%

The two first integrals then satisfy the same scaling property as the a-stable Lévy driving process.

We can compute
a4 — a— 1_1
L 2v(dz) = ———&aT.
|2|>€w a-1

STEP 1. We first apply Itd’s formula and estimate the expectation of each term for x < 1, in order to get
@).

Fix > 0 and define the C2-function f : v — (1 + v?)*/2. For all t > to, by Itd’s formula, using that for
allv € R, vF(v) > 0, we have

FVine,) < (V) — 20 s——l/ Lisery (V) ds + My + Ry + i, (9)

« to



where

t
M, = / / eery [F(Vee +2) — F(Vis)] N(ds, d2); (10)
to <|z|<&«
t
Reim [ [ S [f0Vee 2) = FVO)N (s, de) (1)
[z|>¢
t
5, = / /  Loery (Ve +2) = F(Vy) = 2/ (V)] v(d2) ds. (12)
to Jo<|z|<e®
Note that, since x < 1, for all v € R,
|f' ()| < wp=. (13)
Moreover, remark that for all k& > «,
a4 +a—
|z|k v(dz) = ——¢&=7, (14)
/o<|z|<gi k—a
and for all k < «,
k ay +a— &k,
z|"v(dz) = ————&o . 15
[ e = (15)

We estimate expectations of M, R and S.
To that end, we first show that the local martingale (M;);>¢, is a martingale.

Fix ¢ > 2 and r > 0. Set

) v(dz) ds.

t
- / / ey [f(Vee +2) — f(Ve
to JO<|z|<€a

Notice that, since for all |v| < r and |z| < €%, [f(v+ 2) — f(v)] < 11 17a)|loo |2], so we have

—(r+€"),r+¢

t
Ii(q) < ||fl1[_(T+§1/a),T+§1/a]||go/ / L Lo<ry || v(dz) ds.
to JO<|z|<€

Hence, it is a finite quantity, since ¢ > 2 and (I4]) holds. Therefore, for ¢ > 2, by Kunita’s inequality (see
Theorem 4.4.23 p. 265 in [App09]), there exists Dy such that

E Lfii t |Ms|q] <D, ([E [It(2)q/ﬂ +E [It(q)]) < +o00.

Hence, by Theorem 51 p. 38 in [Pro05], M is a martingale.
We estimate now the finite variation part S defined in (I2). We use a similar idea as in the proof of
Theorem 3.1 p. 3863 in [DS15]. Note that for all v € R,

-1

()] = 52 = £)0*(0* +0)F 72+ k(0? + 1)
= 6(2 = w0 (0% +0) 707+ 0)E T R0 )R
< k(3 —kr)(W*+n)z !
<k(B-rmzL, since § — 1 <0.

Assume that |z] < ¢« . Using Taylor’s formula, we get a.s.

(Ve 2) = (V) = 2 (V)] < 53— rnE 22

Hence, we get the almost sure following bound

/< <t (F(Vs +2) — f(Vy) — 2f'(Va)) v(d2)

Injecting (Id]), we get

/ et Y05 42) = F00) = 2 () ()

2 3
S ¢ (16)



It remains to study the Poisson integral R defined in (I, using Theorem 2.3.7 p. 106 in [App09]. Pick
k < 1, by Hoélder property of power functions, we can write,

(MBS

flo+2)— flv) = (77+(v+z)2)% — ((U+Z)2)% +(w+2)" —v" 4 (v¥)2 = (n+0° )%

<22 + z|"

‘We deduce that
/ CF(Vat ) — f(Vw(de) < nfu(le] > €4) + / el v(dz).
|z[=28w |z|>¢a

Injecting (IH), this leads to

/| o T D) = ae) <o

Gathering (I3), (I7) and ([I6), we get

E[[Virr, "] S E[f(Viar, )] S E[f(Vi)] + €' x

1AL —a_ ar +a_ ar+a_ - 1 s_101 +a_ 2
kT ;5 + /2 + = o+ Zr(B—r)E 2w )L (18)
o — o a—K 2 2—«

Choosing n = t& and £ =1, we get

,.i = ar—a_ ay+a_ ay—+a_ 1 ay +a_
E(Vinr, ) < E[7(V,)] 05 x (nEE02 4 S0y G F0e | fp e tas)

a—1 o a—K 22—«

< Gt

Thanks to Lemmal£T] we can conclude that the explosion time of V' is a.s. infinite and and letting » — +o0,
for all x € [0, 1], "
E[[Vi]"] < Crgot e (19)

STEP 2. Pick k € (1, ). We estimate R in another way, using again Theorem 2.3.7 p. 106 in [App09].
By Holder property of power function and (&), we get

/ 1'f<VS+Z>—f(V%>Iv<dz)s/ |22V + 2|7 w(de
Flzee elze

(20)
<c, <—“* e I AL ‘ifzal) .
a—K a—1%
Gathering ([8), @) and then using that for all v € R, | f/(v)] < & |v|" ",
e ay +a_ x5 1 5104 +a- 2y
Ef|Virr || < E t{o, 0 et -1 | g3 — g)nt z
[Wine 1] < L0 + ¢ (G 2050 4 Dl w1 50 )
a4 1 a+ +a t K
B i I (AR R e el (3 [V ETES)
a—1 to a—3 to
Injecting (I9), and choosing n = ta and € = t, we get
[EHV;/\TTF] < Cv;'f,to,oﬂ‘:g
Taking r — 400, (&) follows. O

Example 4.1. Remark that the velocity process V' is more explicit in the linear case (v = 1). Choose
F(1)=p >0, F(—1) = —p. Pick 8 # 1, then

tl_B t Sl—ﬂ
Vi = vp + exp (_plﬂ)/ exp (plﬂ) dL,
to




is solution of (SKE).

-1
Hence, by an integration by parts, for 8 > 1 + - 1,
!

t
1 (1B _41-8 _tiz8 _ Fhinlil
Vi=wg+ Ly —ePTat "L, 4 eI / ps PeP TF L, ds.
to

Thus,
E[[Vi]] < Cy (t% T tl—ﬂ+i) < Oy t*.

The case 8 =1 can be treated similarly.

5 Proof of the asymptotic behavior of the solution

This section is devoted to the proofs of our main results, Theorems and 2241

Notice that it suffices to prove the convergence of the rescaled velocity process (61/ *Vi/e)t>et, in the space
D endowed with the Skorokhod topology. Assume for a moment that this convergence is proved.

For e € (0,1] and t > ety we can write

t
leriXt/8 =eltag, +/ VL) ds.

eto

Let us introduce the mapping g. : V +— (V}, fatto Vs ds) defined and valued on D. Clearly, the theorem
>0

will be proved once we show that g( .(E)) converges weakly in D endowed by the Skorokhod topology.

This mapping is converging, as € — 0, to the continuous mapping g : V (V}, fot Vs ds) .
>0

In order to see V() as a process of D([0,+00)), let us state for all s € [0, eto], v = ‘/;(zsi) ="
Call P., P the distribution of V() S, respectively. Invoking the Portmanteau theorem (see Theorem
2.1 p. 16 in [Bil99)]), it suffices to prove that for all bounded and uniformly continuous function A :
D([0, +0)) x D([0, +00)) — R,

/ Mg dP.(dw)  — h(g(w)) dP(d).

D([0,+00))2 €20 JD([0,400))?

Pick such a function h. By assumption, the convergence P. = P holds, hence, using Lemma [A4]it suffices
to prove that the uniformly bounded sequence (h o g.) of continuous functions on D([0, +00)) converges
to the continuous function h o g uniformly on compact subsets of D([0,+00)). Let K be a compact set of
D([0,+00)). Then, for all w € K, max|y o] |w| is uniformly bounded by a constant, say M. Fix n > 0. By
the uniform continuity of h, there exists § > 0 such that for all w € K,

dy(9e(w),g(w)) <6 = |hoge(w) —hog(w)| <n.

There exists €1 > 0 small enough, such that for all € < 1, for all w € K,

[t

Therefore, we proved that it suffices to prove the convergence of the rescaled velocity process (51/ *Vije)t>eto
in order to prove Theorems and [2.4]
In Sections 5.1l and 5.2 the aim is to prove the convergence of the velocity process.

du(ge(w),g(w)) < C < CetoM < 6.

5.1 Asymptotic behavior above the critical line
In the remainder of this section, we assume that v > 0and 8 > 1+ ”T_l

Proof of Theorem [2.2. Thanks to a change of variables, we have, for all € € (0,1] and t > eto,

1 1 1 1 t/E
eaVyje == (vo — Lt,) + €% Lyye —EE/ F(V,)s P ds
t
1 1 i 1 t
=e= (vo — Lyy) + €2 Lyye — P~ 1Ha / F(V,e)u™” du.

eto



By self-similarity, L) := (giLt /s)tZO has the same distribution as an a-stable process. As a consequence,
thanks to Theorem 3.1, p. 27, in [Bil99] and Lemma [A.3 it suffices to prove

VT >ty sup ’V}E) L] 5o, ase—o. (22)

eto<t<T

Recall that under (1)), there exists a positive constant K, such that

(¢)
e F<V ><K dN (23)
[—;Z
Modifying the factor in front of the integral, we get
) Vi)
V) =5 (vp — Ly,) + LI — P15 / eaF i u? du. (24)

Gathering (24) and 23)), for all T' > ty, we have,

1 14l
<ea(vg— Ly,) + P71+ sup
eto<t<T

eto<t<T

t (e)
v Vau _
/ 53F< T )u B du
Ea

(’UO — Lt ) + E 1+7 / V(E

uw P du.

Taking the expectation and using the moment estimates on V' (see Remark2.6)), we obtain, when 3 # 2 +1,

T
P / KO
eto

1—~ T Y
wPdu| =P / KE HVU(E) } u P du
eto

T
= sﬁ*”%/ KE [|Vye| ] u™" du
Et()
T
< AT KCQ,57tou%_ﬂ du
Et()
—-C (Eﬂ—uleWTgfﬁH tz—ﬂ“ é) _

Hence, setting ¢ := min(8 — 1 + 1?77, é) which is positive, since 8 > 1 + 77_1, we get

[E{ sup |V — 1

eto<t<T

| = 06

The case 3 =1+ I can be treated similarly to get

t { sup ‘V;(E) — Lga)

1
= O(e= In(g)).
s | =0 me)
This concludes the proof. O
Remark 5.1. Observe that we did not use the condition "y < 1 or for allv € R, vF(v) > 0" in this proof,
except to get moment estimates.

5.2 Asymptotic behavior on the critical line

We adapt the Proposition 2.1, p. 187 of [GO13] to the a-stable Lévy case.
Pick a C2-diffeomorphism ¢ : [0,t1) — [to, +o0). Let V be the solution to the equation (SKE). Thanks to
Proposition 3.4.1 p. 124 in [ST94], the following process is also an a-stable process

([ 25

10



Then, by the change of variables t = ¢(s), we get

t t F(V ( ))
Vo — Vi :/@'sidRs—/i@'sds.
©(t) ©(0) 0 ( ) 0 (P(S)g ( )
Thanks to an integration by parts, we get

VvV s ’ 1—% 1" V4 s
d( o) ) _an,_ ¥ (s) S F(V) ds - @ /(S) o) g
¢'(s)= (s) ag'(s) ' (s)=

Set Q = D([tg, 0)) the set of cadlag functions, that equal oo after their (possibly infinite) explosion time.
Introduce the scaling transformation ®, defined, for w € Q, by

w(ep(s))
¢ (s)=

As a consequence, we obtain the following result.

Dy (w)(s) =

, with s € [0,¢1).

Proposition 5.2. If V is a solution to the equation (SKE), then V(#) := &, (V) is a solution to

roN1—L1 " (v)
av® —dr, — £ T pgiveyas - £ Ve
W P ) V)

where R is given by (25).
Conversely, if V#) is a solution to 20), then @;1(‘/(90)) is a solution to the equation (SKE), where

: Voo
(5 o dsv with Vi = —20 (26)
¥ ¢'(0)=

t
Ly — Ly, ::/ (¢ o )= (s) dR,-1(4)-

to

Furthermore, uniqueness in law, pathwise uniqueness, strong existence hold for the equation (SKE) if and
only if they hold for the equation (20]).

In the following, we will focus on an exponential change of time ¢, : 0 < t > tgef. This scaling is
convenient since it allows to produce a time-homogeneous term in (26). Thanks to Proposition (2] the
process V(¢) := &, (V) satisfies the SDE driven by an a-stable process (Ry)¢>0,

(e)
VO —dR, - V5 s _ 17 F P02 =B)s p (13 o2 V() g, 97
s 0 0 S

«

Proof of Theorem[2.7} Assume in the sequel that 5 =1+ 7771
STEP 1. Firstly we prove the finite-dimensional convergence. To that end, we reduce the problem to the
convergence of a time-homogenous process.

Since ([1;) holds, ([2T) becomes

‘/s(e)
«

dvi® = dR, — ds — F (V) ds. (28)
Using the bijection ®. induced by the exponential change of time (see Proposition [.2]), and the unique
strong existence of the velocity process V (see Proposition and Remark [2.0]), there exists a pathwise
unique strong solution H to the time-homogeneous equation (28]). Hence, we have the equality

‘/toet
_ toet - (H
((toet)l/a)tzo ( =0,
as two solutions of the same SDE, starting from the same point. We can write the above equality as
Vi
(t—/) = (Hiog(t/t))t=to-
t>t
So, we have, for all € > 0, d € N*, and (¢, ,tq) € [ety, +00)<,
V —1t1 V —lt
<(5—81tl)1/a T (s—altd)dl/a) = (Hiog(t:/to) t1og(e=1)s s Hiog(ta/t0) +10a(e 1)) - (29)

11



—F(z)—z/a

Since lim sup,_, 40 < 0, it follows from Proposition 0.1 in [Kul09] that the process (Hy)¢>o is

exponentially ergodic. We denote its invariant measure by Ap. Call H the solution of the time homogeneous
equation (28) starting from Ap. For t1,--- ,tq € R%, let Apy, ... 1, :== L(Hy,, -+ , Hy,) be the distribution
of (Hy,, -+ ,Hy,). Then, for all s > 0, Apys,....t, = AFt 45, t,+s- Indeed, thanks to the invariance

property of Ap, (He) and (Heys) satisfy the same SDE, starting from the same point. As a consequence,
we get the stationary limit

lim £ (Hlog(tl/to)Jrlog(s*l)v T 7Hlog(td/to)+log(s*1)) = AF7IOg(t1/t0)7”' Jlog(ta/to)" (30)

e—0

Moreover, by exponential ergodicity, for every 1 : R* — R continuous and bounded function,

[E [9 (Huog(ustoens+  Huostaarttoen)] = E [¥ (Hiogte ctoeps -+ ogteasaen ) || 300 (81

We postpone the proof of this limit in Step 2.
To conclude this step, gather (29), BU) and @BI)) to get

V71t1 V*lt
((Ealtl)l/a 2T (sgltd)dl/a) = AFlog(t:/to). log(ta/to)-

e—0

This can also be written as
(sl/“th/g, aE ,El/thd/a) = T % Aplog(t1/to), - Jog(ta/to)

where T * A 1og(t, /to),--- log(ta/to) 1S the pushforward of the measure Agog(s, /t0), - log(ta/to) DY the linear
1/ 1/
map T(uy, - ,uq) = (¢ “ug, - ,td/ Uqd).
STEP 2. Let us now prove (3.
For sake of clarity, let us give a proof for d = 2, the general case d > 2 is similar.
1
Let ¢ : R? — R be a continuous and bounded function. Pick ety < s < t. Set hg = vot, ©, B is now
equivalent to

— 0.
e—0

[E [ (Hiosts 0000 Hiost/taen) [Ho = ho| = E [ (Hiogs/toe)s Hios(e/taey) [ Ho ~ Ar |

We set pe := L (Hlog(s/(tos)) Hy = ho). We now use the generalized Markov property of solution to SDE

driven by Lévy process. For sake of completeness, we state and prove it in our context in Appendix (see
Lemma [A6)). This leads to

[ (Hlog(s 10 Hiog(t/ t06))) ‘Ho = ho| = E |4 (Ho, Hiog(e/s)) ’Ho ~ e
and, since A is invariant,
E [ (Hlog(s 10 Hiog(t/t0e))) ‘Ho ~ Ap| = E [ (Ho, Hioge/s)) ‘Ho ~Ar|.
Then, we are reduced to prove

— 0.
e—0

‘[E [1/1 (Ho, Hiog(t/s)) ‘Ho ~ ,Us] -k [1/1 (Ho, Hiog(t/s)) ‘Ho ~ AF}

The left-hand side can be written as,
[ (o Fiasy) [ o = o] Get) = Ar ()
Hence, setting p(t, x,dy) := P, (H; € dy) and ||.|7v for the total variation norm, we get
[E [ (Ho, Huog/s)) [Ho ~ 1e] = E [ (Ho, Hiog(e/s)) [Ho ~ Ar]|
< 1l [ Ip Qogs/(t0e)) hovd) — Ar(dy)

< ¥l llp (Qog(s/(tog)), ho, -) — Apllzy.

12



This converges to 0, as ¢ — 0 by exponential ergodicity of H.

STEP 3. Let us prove now the tightness of the family of distributions of cadlag process (V(E)) ety =

(El/th/s)pgto on every compact interval [m, M], 0 < m < M.

We check the Aldous’s tightness criterion stated at Theorem 16.10 p.178 in [Bil99]. Let a, n, T be positive
reals. Let 7 be a discrete stopping time with finite range 7, bounded by T'. Choose é > 0 and € > 0 small
enough.

We have, by Jensen’s inequality, for r = 3,

T4+6
[E[ / K

Since L) is an a-stable process, by the strong Markov property,

V(E) _ V(s) Vu(s)

" )
T+9 T :| <t HL(E LS'E)

T+6

| +E

! u P du] .

E (|24 - £

| =ElEL. (125 - Lol') < 055,

The stopping time has a finite range 7. Hence, we can write

T+6 y [ T+6 5
[E/ K‘Vp wPdu| =E [E/ K‘Vu(a) u_ﬂdu‘T

- 1 e
—E . Fl1g_, K ’V e
Z [P(T:Ti) {r= 1}/ u

LTiET Ti

[ 1 [ I
<E —  F K‘ e
- Z P(r=m) /T Va

LT €T o

! u_ﬂ du] 1{7’—'&-}]

’yuiﬁ du‘| ﬂ‘{T:Ti}

For each 7; € T, using the relation 8 =1 + % and the moment estimates on V (see Remark 2.6]), we

obtain
Ti+6 Ti+8
E U K‘Vu(s) :/ KE Hvﬁ

2 Ti

.
uw P du

W] uw P du

Ti+0 1
§K/ ugfﬁdu:K[(TiJr(;)é—Tf}
< K§bw,

The term %= has to be read as § or §= depending on the fact that = — z% is a Lipschitz continuous
function on [0,7 + 6], if « < 1, or a é—Hélder function, if o > 1.
By Markov’s inequality, for § small enough, we have

P

Furthermore, by moment estimates (see Propositions [4.2] and [£.8]), for all t > eto,

Koé"a

a’l"

Vi v

<.

>a) <

sup [ Vt(s)ﬂ < Ct=.
B

Hence, using again Markov’s inequality, by Corollary and Theorem 16.8 in [Bil99], this concludes the proof
of the tightness of the velocity process and therefore the proof of Theorem [2.4] O

6 Extended results in the Lévy case

In this section, the driving noise of (SKE]) is supposed to be a general Lévy process L. We denote by
(A,v,b) its generating triplet, with respect to the truncation function h: z — —1V (2 A 1). Here v is the
Lévy measure, A > 0 and b € R. This means that, in virtue of the Lévy-Khintchine formula (see Theorem
8.1 p. 37 in [Sat99]), the characteristic function of L; is given by

2
E[e™F] = () where 9(u) = fATu + ibu + /(ei” —1—iuh(z))v(dz).
R

13



Pick a € (0,2) \ {1}. The Lévy measure v of the driving noise is supposed to satisfy either

9(2)

v(z) = —7o+ Where g is a measurable function admitting the following positive limits at +oc:
|| (H{")
= 1 =i
¢i= lim g(z), ¢ = lim g(2),
or
for some o > 1, / |2|*° v(dz) < +o0. (Hy ™)
|z]>1

Remark that if v satisfies (H{'“)) with o > 1, then it satisfies (H, “°). Note that any truncated a-stable

process and any tempered stable process satisfy (H, “°).
For clarity, we recall the stochastic kinetic model: for ¢ >ty > 0,

AV; = dLy — t PF(V;) dt, with Vi, =vo >0, and dX; = V;dt, with X;, =z € R. (SKE)

We work under the assumption that there exists a unique solution to ([SKEl). We will show that Theorem[2.2]
can be extended with this general Lévy driving noise. We suppose first the Lévy process to be without a
Brownian component. This case will be discussed, in Section We obtain the two following theorems,
depending on which hypothesis is satisfied by the Lévy measure v.

Theorem 6.1. Consider v € [0,a) and 8 > 0. Assume that (H; ") and are satisfied and define

I if g 1s bounded,
I if a € (0,1);

)3 if € (1,2), y€1[0,1) and b= 0;
Paln) = ¢ ifaell,2), vel0,1) and b # 0;
v, ifae(1,2), v=1,
1+, ifae(1,2), ye(l,a)

Let (Vi, Xt)t>t, be the solution to (SKEI).
Then there exist a rate of convergence € and a Lévy process L, given in Proposition [6.3 (iii)-(v), such
that, as e = 0, if B> 1+ pa(y) — 0, in the space D,

t
(50‘/15/8751+6Xt/5)t25t0 == <Et,/ Esds) .
0 t>0

Theorem 6.2. Consider v > 0 and 3> 0. Assume that (H, ") is satisfied and define

Y, Zf’y € [Oa 1)7
Pao(7) i= qmin(y, I+ 3), if v €[0,1) and vF(v) > 0;
X +3, if v € [1, 0] and vF(v) > 0.

Suppose that > 1+ pa,(y) — 1. Let (Vy, Xt)i>t, be the solution to (SKEI).
Then there exists a Lévy process L, given in Proposition [6.3 (iii), such that, as e — 0, in the space D,

t
(E‘/t/EaEQXt/a‘)tZEto S (ﬁt,/ Esds> .
0 t>0

6.1 Large time behavior of the Lévy driving noise

Since the Lévy noise is no longer self-similar, we need to study its large time behavior. We dedicate this
subsection to the study of the convergence in distribution of the rescaled noise (LEE))QO = (veLy/e)t>0,

for a suitable rate v., tending to 0.
We introduce another assumption on v, which will sometimes be imposed in the sequel:

+oo —a(—
v(dz) = |g|(1»i)a dz, where g is a measurable function with / lo(z) = 9(=2)|
z 1 ze

dz < 4o00. (Hy)
Inspired from |[RT1I], we get the following result.

14



Proposition 6.3. Let (L;);>0 be a Lévy process having generating triplet (A,v,b), with respect to the
truncation function h: z+— —1V (2 A 1).

(i) Assume that the Lévy measure satisfies the condition (H;") with o =1, ¢ = ¢~ = ¢ and (Hy).

Then the process (ELt/g)t>0 converges in distribution to the strictly 1-stable Lévy process L generated

by (0,%,b%), where b* := b+ [ 92005 (; — h(z))dz and

z

1.
v*(dz) := < 2750 dz.

(i1) Suppose that the Lévy measure satisfies the condition (H"") with 1 < o <2 and (Hy)). If

—+o0
. 9(2) — g(=2)
b —b+/1 T(th(z))dz#(),
then the process (ELt/a)t>O converges in distribution to the deterministic Lévy process L generated
by (0,0,b*). -

(iii) If the Lévy measure satisfies (Hy °°) and b* := b + f\z\zl (z — h(z))v(dz) # 0, then the process
(ELt/E)t>O converges in distribution to the deterministic Lévy process L* generated by (0,0, b*).

(iv) Assuming that 0 < « < 1, if the Lévy measure satisfies the condition , then the process
(El/aLt/E)DO converges in distribution to the a-stable Lévy process L with

cTl.s0+c¢ 1o

v*(dz) == MG dz.

(v) Assuming that 1 < a < 2 and b = 0, if the Lévy measure satisfies the condition (H; "), then the

process (El/aLt/E)t>0 converges in distribution to the Lévy process L with measure and center

1, 1,
v*(dz) = c >|(;|—1i-+ca <04z, b* ::/ zv*(dz).

Proof. From the Lévy-Khintchine’s formula, the generating triplet of (L(¥));>q := (veLy /e )0 is given by

Af = %A; (32)
for all B € B(R), v*(B) = ¢ 'v({z, 2v. € B}); (33)
b = “? {b + / (v h(vez) — (=) y(dz)] . (34)

Call (A*,v*,b*) the generating triplet of the limiting process £. By Corollary 3.6 p. 415 in [JS03| and
Theorem 14.7 p. 81 in [Sat99], we have to check that, as ¢ — 0,

boo— b (35)

*

Ay / () AT / B2(2)0* (d2), (36)

and that for any continuous and bounded function f which is zero in a neighborhood of zero,

e — [ e, (37)

(i) Recall that a = 1 and assume that the Lévy measure v satisfies the conditions (H,"") and ().
To prove (B3], we write b° as

b =0b+ /+OO %ﬂ*’z) (e7'h(ez) — h(z)) de.
0 z

15



(i)
(iii)

The dominated convergence theorem can be applied, and we show that it converges to
+o0 o
e [T
1 x

Observe that the condition (Hy)) was only required for this step.
Afterwards, note that, using a change of variables,

/* B2(2)v* (dz) = e / hQ(z)g|(j|+i:) dz,

and thus, we can apply the dominated convergence theorem to prove that the last integral converges
to

/* R2(2)v*(dz).

Let f be a continuous and bounded function which is zero in a neighborhood of zero, then, using
again a change of variables and applying the dominated convergence theorem,

. fpf(dz) — fz)v*(dz).

e—0 R*

The proof is similar to the previous one and thus is left to the reader.

In this point, we assume that (H, “°) holds.
The convergence ([BH) follows from the dominated convergence theorem.
Using the explicit form of the truncation function, we get, for v. < 1,

/ R2()A(d2) = / e (eu(d)

= 5/ 2?v(dz) —|—/ e2%v(dz) —|—/ e y(dz).
0<lzl<1 1<s|<em o] >e—1

Using the property of a Lévy measure, the first term in (B8) converges to zero, as ¢ — 0, by
assumption. Then, the last two terms in (B8] are lower than

ot [ e et [ ),
1<|z|<e™ z|>e~

which converges to zero, when ¢ goes to zero, since oy > 1.
Let f be a continuous and bounded function and assume that there exists § > 0 such that f(z) =0
for all |z] < 4, thus,

. f(z)ve(dz) = /Z>Z e fvez)v(dz) < Ce™™ / |2]%° v(dz).

lz|>2

(38)

This vanishes, as ¢ — 0.

Take 0 < o < 1.
Using the explicit form of h, giving in Proposition [6.3] we have,

_87
b = 5%—1b+/ [ea ! — e Vy(dz) +/

€

Q=

o0 )
[e7! —eau(dz)

_1
a

1
o

+eal /_1 (z+ D)v(dz) +e=* /16 (z — 1)r(dz).

3
Since g has finite limits at infinity, for any § > 0, we can choose 7 > 1 big enough so that |g(z) — ¢T| <

§ for z >, and |g(z) — ¢7| < § for z < —n.
Hence,

13 g
1imsupaé*1/ (z—1)v(dz) = 1imsup5§71/ (z = 1)v(dz)
1 n

e—0 e—0
_1
¢t r—1 ct+46
§1imsupsé*1(c++5)/ —dz = + .
0 " zlte 1-a
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Similarly,

e—0 e—0

g 13
liminfew ! / (z—1v(dz) = liminf e ! / (z — 1)v(dz)
1 7

e—0

1 VL1 s
Zliminfsgfl(chf(S)/ z dz = & .
n

The choice of ¢ being arbitrary, we get

g
. 1_q - _
313(1)5 /1 (z — 1r(dz) T

If £ is small enough, then we can upper bound

—+o0
limsup/ G Ei_l]u(dz) < limsup(e™* — Ei_l)(c‘|r + 6)V([5_§,+oo))
e—0 e a e—0
) T 4+4
:limsup(lfsé)c ro_o .
e—0 (6% (0}

Moreover,

+oo
hminf/ [e™' — e u(dz) > liminf(e ™! — =) (¢t — &) ([~ =, +00))
e=0  J—% e—0
L et — +
zliminf(l—EE)c 620 6.
e—0 6 o

Similarly, this leads to

e—0 . 11—«
and,
_1
i u(d B
1 Al -
lim N [ e r(dz) ”
Hence, we obtain
+ _ —
lim b* = ——
e—0 a(l — a)
Since, [r. h(z)v*(dz) = %, the drift coefficient of the limiting process equals zero.

The proof of [B6]) and ([B1) are identical to the one done in (3).

(v) Take 1 < @ < 2 and assume that b = 0.
After a change of variables, we can apply the dominated convergence theorem to

b = / (h(y) - e%h(ysfé)) gf%j) d

The proof of (B6) and (1) are identical to the one done in (3).

6.2 Proofs of Theorems and

In this section, we suppose that 8 > 1+ p,(y) — 0, where 0 is the exponent of the rate of convergence
given in Proposition 63l and p, (7) is given in the statement of Theorems [61] and Recall that (V2)i>4,

is a solution of (SKE).
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6.2.1 Moment estimates of the velocity process

As in Section ] we will show that there exists a constant C., . g+, such that
Vt > to, E “VHK] < C’Y,mﬂ,to,btpa(%ﬁ)’ (39)

where p, (7, k) has to be detailed.

Proposition 6.4. Pick o € (0,1). Assume (H"") and (Hsgn). For any vy, B, the explosion time 7o is
a.s. infinite and for all Kk € [0, ), there exists Cy 1,,p such that, we have

Wt > to, E[[Vil"] < Ctont®, or equivalently pa (v, k) = ~.
(0%

Proof. The proof is analogous to the proof of Proposition 21 The term ftto bf! (Vs)ds is bounded by |b|¢t

since || f}|loc < 1. Moreover, since v satisfies (H]"") with o < 1, the process L := Y __, |AL,| satisfies
the conditions of Theorem 3.1 ¢) in [DS15]. Thus, for all k € [0, «), for all ¢ > ¢, B

E[|LF]"] < Cro ot

The estimates for V follows. o

Proposition 6.5. Assume either (H, "°) or (H; ") with o € (1,2). For any v € [0,1) and any B € R
the explosion time To is a.s. infinite and for all k € [0,1], there exists Cy i g+, and C, 1, such that under

(H{"), we have

Vi > to, E[[Vil] < Cyompiot® + oo D] 2. (40)

Or equivalently po(v,k) = £ if b= 0, and po(7, k) = K, else.

(03

And under (Hy™), there exists Csy . 5,40, such that we have
vt = to, E[IViI™] < Coeotant™

Proof. We explain the differences with respect to the proof of Proposition Under each hypothesis on
the Lévy measure v, the Lévy process has a first finite moment. We write L; as the sum bt + Ly, where L
is the Lévy process without the drift part.

We get,

t
E([Virr-|] < Cuo 01t +E [[ Ty || + K | s PEIVorr, 7 ds.

to

The proof of Theorem 3.1 (a) p. 3861 in [DS15] can be adapted to estimate the moment of the Lévy
process stopped at the stopping time 7,., given by (3.

(i) If the Lévy measure v satisfies (H; |) with 1 < o < 2, then it satisfies the conditions of Theorem
3.1 (a) and (c) in [DSI5]. Thus, for all x € [0, 1], there exists Cy, ,, such that, for all ¢ > ¢,

£ Hz(t/\'rr)f } < Cto,nta

and,
E Hit

K K
} < Cyy it

(i) If the Lévy measure v satisfies (H, “°)), then it satisfies the conditions of Theorem 3.1 (a) in [DS15].
Thus, for all s € [0,1], there exists Cy, . such that, for all ¢ > ¢,

E Hz(t/\'rr)f i| < Cto,nt-

Applying again the Gronwall-type lemma (see Lemma[AT]) and Fatou’s lemma, for 8 # 1, we end up with

1
1— N\ T
Cho it + (—VK(H" —tg ﬂ)) ] .

¥t > to, E[[Vrn-[] € €, e
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The case 8 =1 can be done in a similar manner.
We conclude that the explosion time of V is a.s. infinite. To refine the estimates under the hypothesis
, we apply again the Gronwall-type lemma to

t
E[[Vi|] < Ci, |0 ¢ + E HLtH +K/ sTPEV;|]" ds.
to

This proves [{0) since '7771 +1-8<0. O

Proposition 6.6. Assume that for allv € R, vF(v) > 0. Pick vy € R and 8 € R. For each of the following
cases, the explosion time T 1S a.s. infinite.

(i) Assume (H{"|) holds with a bounded function g and « € [1,2), there exists Cy 1, such that

for k€ (0,a), Vt > to, E[|[Vi|"] < Crsota, or equivalently po (v, k) = g (41)
a
(ii) Assume (H{") holds with o € [1,2). Then,
for k €10,1] (resp. k € [0,1), if « =1), there exists C, ¢, such that
Vt > to, E[|Vi]"] < Cppot”™, or equivalently pa (v, x) = ; (42)
for k€ (1,a), v €[0,1) and b =0, there exists Cy 1, such that

3K

Vit > tg, E[|V4]"] < C’mtot%, or equivalently p, (v, k) = Z; (43)
for k € (1,a), there exists C, ¢, such that
Vt > to, E[[Vi]"] € Cuiot™ T2, or equivalently py (7, k) = g + g (44)
(111) Assume (H, "°). Then,
for k €10,1], there exists Cy. 1, such that,
Vt > tg, E[|Vi|"] < Cuuot”, or equivalently p(v, k) = k; (45)
for k € [0, ap], there exists C 1, such that
Vt > to, E[[Vi|"] < Crsot® "2, or equivalently p(vy, k) = aﬁo + g (46)

Proof. We highlight only the differences with respect to the proof of Proposition In the following, we
assume that o # 1, the proof is similar for a = 1.

STEP A. Assume holds with a bounded function g.

STEP Al. Pick x € [0,1]. We adapt the estimates of the Ito’s formula’s terms.

There is an additional term in (@), given, for ¢ > tq, by

t
[ thscn s Vpds

to

If g is a bounded function, the other terms of (@) can be estimated in the same way, and (@) becomes

EIVinr, "] < E[f(Vio)] +£5717% 1 ]b] + £ sup Jg] x

ar—a_ ar+a_ ar—+ta_ 1 ar +a_
f— + -+ +— + k(3 — k) —/——
a—1 leY a—K 2 2—«

) < Crpont™. (47)

This gives the proof of {I) for s € [0, 1].
STEP A2. Pick k € (1, ). We estimate R, given by (1)) in another way.
The inequality (2I]) becomes

E[Vinr, ) < E[F(Vinn )] < EF )]+ (CEEERgE 1 4 Sn(a - w1 20t )

a—K 22—«

Y a4 a7§é71+|b| E |Vs|r€—1 ds+cﬁM§;ﬂ*1 E||Vs]2|ds. (48)
—1 -3
« to a—3 to
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The inequality ([@I]) follows as in the proof of Proposition
STEP B. When working under (H; ™)), we will pick £ < g during the proof. Assume either (H; | holds

with an unbounded function g or | ) holds, then we are not able to estimate the following terms

/ . zv(dz), / . 12|¥ v(dz), and / . |2)" v(dz).
|z|>€= 0<|z|<€= |z|=€=

Hence, we apply the same proof scheme with small and big jumps sliced at 1.
STEP B1. This leads to a similar bound as in ({@]):

E[[Vinr "] < E[f(Viar, )] < E[f (Vi) +/t BIE(f (Vanr, )1 ds + E[t A 7]

1 K
0 2u(|z| > 1) —|—/ |2|" v(dz) + k(3 — fi)nf_l/ 22v(dz) | < Oyt
2 0<|z|<1

|z|=1

By Jensen’s inequality, we can deduce [@2)) and ([45).
STEP B2. Pick « € (1,a). We estimate R, given by () in another way.
By classical Holder inequality,

/221 1F (Vs +2) — f(Vy)|w(de) < /

|z|>1

122V, + 22|% w(dz) gc<1+|vs|%)/ A uds) (49)

|z|>1

The last integral is finite. Gathering ([I6), (@9) and then using {#2), (@8) or Proposition [6.5]
t t

E[Viar, "] < E [f(Vinr,)] < c,{,tot+c/ E [Val?] ds+/ oI E Ve ] .
to to

Taking r — +00, we can conclude that p, (v, k) = 1+ pa(v, k/2).
STEP B3. We refine the estimates. Fix x € [0,«). There exists €1 such that , Kk <a—e and « — e > 1.
Hence, we can write

E “V”a—a} <C, totl-i-pa(%(a—f)/Q)_
Using Jensen’s inequality, we get
E[|V4]"] < Cpgta—s tHPalrs(a=e)/2)
and it suffices to let € — 0 to conclude. This concludes the proof of {A3) and @) The last step is identical

under (H;")) and can be done with «g instead of o — ¢, under (H, "°)). This concludes the proof of
. o

6.2.2 Proofs of Theorems and

We are now in position to give the proofs of Theorems and Assume that either or
is satisfied.

As in the a-stable case (see Section [l), it suffices to prove the convergence of the rescaled velocity process
(Vt(E))t>O = (veVi/e)t>0-

Thanks to Proposition [6:3] there exists 6 € {1, é} such that L(®) := (EeLt/e)tZO converges in distribution.
For sake of simplicity, we omit the dependencies of p with respect to a and ay. Assume that v > 0 and

B>1+p(y)—0.
We can write, for T > &ty,

v
sup Vt(e) — Lge) u? du.

eto<t<T

Using the moment estimates on V' (see Section [G.2.T)), this leads, with 8 # p(y) + 1, to

T
vl ePE / K‘Vu(a)
eto

Hence, setting ¢ := min(5 — 1+ 6 — p(v), 6), which is a positive number since 5 > 1+ p(y) — 0, we obtain

| = oe

—0

T
< ve(v — Lyg) + 0} 757! / K|V
eto

v
uw P du

<C (UEEB—l—p(V)Tp(v)—BH _ tg(vmﬂvg) _

[E[ sup |V - 1"

eto<t<T

The case 8 =1+ p(y) can be treated similarly. This concludes both of the proofs.
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6.3 Lévy driving noise with a Brownian component

We extend the results given in Theorems 6.1l and [6.2] to a driving noise having a Brownian component. To
this end, we decompose the Lévy noise as the sum of a Brownian part (B;):>¢ and a Lévy part without a
Brownian component (Ly);>o-

Remark 6.7. The reasoning is the same with a Lévy process L instead of the Brownian driving process.
Indeed, let v, be the rate such that (V:Ly/c)¢>0 converges. The conclusion follows, provided that - e
tends to 0.

Pick p > 0. We consider the following one-dimensional stochastic kinetic model, for ¢t > ¢y > 0,

AV,? = dL, + dB, — t P psgn(V,?)

Vt(m‘vdt, V® = eR,
(SKE2)
and  dX” = VP at, X? =z e R.

We compare this solution with the solution of the equation driven by a Lévy process L without a Brownian
component. From now on, for sake of convenience, the solutions of (SKEl) with F(v) = psgn(v) [v|”, will
be denoted by (Vt(l),Xt(l))tzto instead of (Vi, Xy)i>1,-

The asymptotic behavior of the latter SDE is given by Theorems and We will show that the
Brownian part has no contribution.

Let us first point out some results about existence up to explosion of (SKEZ2]).

Proposition 6.8.
(i) When v > 1, (SKE2) admits a unique solution up to explosion.

(i1) Pick a € (1,2). If (SKE2) is driven by the sum of a Brownian motion and an a-stable process, then,
if 0 <y < 1, there exists a solution of (SKE2).

Proof.

(i) Since the drift coefficient is locally Lipschitz, by a standard localization argument, using Theorem
3.1 and Remark 2 p. 338-339 in [Kun04], there is a unique solution defined up to explosion.

(ii) Since the drift coefficient is a continuous function, using a standard localization argument, we can
apply Theorem 3.1 p. 866 in [Kur(7] to conclude.

O

Assume in the following that (SKEZ2) admits a unique solution up to explosion.

Theorem 6.9. Consider v € [0,a) and 8 > 0. Let (Vt(2),Xt(2))t2t0 be a solution to (SKE2). The
Lévy noise is supposed to be the sum of a Brownian noise (By)i>0 and a Lévy process (Li)i>o without
Brownian component. Suppose also that (SKE) satisfies the conditions of either Theorems [61 or [6.2
Then (V) X)) has the same asymptotic behavior as (VD, X)), which is given in Theorems 6.1l and
6.2

Proof. For i € {1,2}, let us introduce the following rescaled processes:

(VD izety = @V iztor (X0 izt = (0 X )izt0s and (B{Y )iz0 := (VEBy.)iz0.

We write, for all ¢t > ety,

t (1,e) (2,¢)
1 Vu Vu -
WM)Vf@%&ovﬁijﬁﬂﬁd/,@<F< T>F< v>>Uﬂm'
eto Ve Ve

Hence, by It6’s formula, we get

2
(9 - V=) = pp, -~z

Eto
¢ (1,e) (2,¢)
- 21);776[371/ (Vs(l,s) _ VS(Q’E)) v | F :ﬂ - F Zﬂ u? du.
eto € €
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The last term on the right-hand side of the upper equality is positive since F' is an increasing function.
Moreover, we can apply BDG inequalities (see Theorem 73 p. 222 in [Pro05]) to the local martingale,
defined by

t

M, = _2/ (V;Lf) - \/;(275)) vee 2 dB),
Eto

This yields, for each T" > 0,

T 2
[E[ sup Mf] <E [41;351/ (V;LELVS@E)) ds].
1>

eto<t<T to

For the sake of clarity, given = and y, we introduce x < y to mean that there exists a positive constant C
such that x < Cy. We get

4
[E{ sup (V}l’a) fvt(“)) ] <l [BL] +v§s_2T2+[E{ sup ME}
cto<t<T cto<t<T
T
<VIE [Bfo} +v2eT2T? 4 427! /

eto

E [(VS(LE) _ ‘/8(218))2} ds.
Hence, using that for all real a, a® < a* + 1, we deduce that

E { sup (Vt(l’a) - ‘4(276))4]

eto<t<T

T 4
< viE [Bfo] +02eT2T? 4 d2e T 4 402! / L [ sup (\/;(1’6) - Vt(Q’E)) } ds.
3

to eto<t<s
Applying Gronwall’s lemma, up to stopping times, we get
4
E [ sup (Vt(l’a) - \/;(2’6)) ] < (viE [Bfo} +02e 2 T? + 402e T exp (402e H(T — ety)) .
eto<t<T

We deduce also that

4 4
o, (0 -xeoyre] o, (00 ve)]

cto<t<T eto<t<T
ST (vIE [BY)] +vie T2 4+ 4v2e'T) exp (4vZe (T — eto)) -

Hence, (Vt(l’a) — Vt(Q’E),Xt(l’E) — Xt(Q’E)) converges uniformly towards 0 in probability on compacts,
t>et

as € goes to zero. ’

The conclusion follows from Theorems [6.1] 6.2 Theorem 3.1, p. 27, in [Bil99] and Lemma [A3] O

A Some technical results

Let us state first a Gronwall-type lemma which has been used to get moment estimates.

Lemma A.1 (Gronwall-type lemma). Fiz r € [0,1) and to € R. Assume that g is a non-negative real-
valued function, b is a positive function and a is a differentiable real-valued function. Moreover, suppose
that the function bg"™ is a continuous function.
Assume that .

Vit > to, g(t) < a(t) +/ b(s)g(s)" ds. (50)

to

. 1
Then, setting C, := 27-7

Vt Z tOv g(t) S C’r

alt) + ((1 —r) /tt b(s)ds> ] .

Remark A.2. Call H(t) the right-hand side of &0). If g is not continuous, note that the function H is
still continuous and satisfies (BU) (since b is positive and g < H ). So, one can apply the lemma to H and
thereafter use the inequality g < H.
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We sketch the proof for the sake of completeness.
Proof of Lemma[Adl. For t > ¢y, since r > 0, and b(t) > 0,

a'(t) +b(t)g(t)” < ad'(t) + b(t) (a(t) Jr/t b(s)g(s)" ds) )

That is, as fti b(s)g(s)" ds is non-negative,

AOROC {0}
(a(t) + b(s)g(s)’”ds) a(t)"

Integrating, since r # 1, we get
(1—r)7t [(a(t) +/t b(s)g(s)" ds) — a(to)l_T] <(1-r)t [a(t)l_T — a(to)l_T] +/ b(s)ds,

or equivalently, using that r < 1, we have

H)™ < a(®)=" + (1 — r)/ b(s) ds.

to

Since 1~ > 0 and using (B0)

alt) + <(1 —) /t:b(s)ds> ] .

This concludes the proof of the lemma. O

g(t) < (a(wlr%(170m/ﬁb(s)ds>llT <G,

to

We state now a technical lemma about the convergence in the spaces C and D. We recall that the space
of continuous functions C is endowed with the uniform topology

—+o0
L
du: £.g € C((0,4+00)) = Y oo min (1, sup £ —g| ).
n=1

[;,n]

Set A :={X: Rt — RT, continuous and increasing function such that A(0) =0, lim A(¢) = +oo} and

t—+o0
1, if - <t<n,
kEnt)=<n+1-t ifn<t<n+l,
0, ifn+1<t.

The space of cadlag functions D is endowed with the Skorokhod topology ds defined for f, g € D((0, +0o0))
by

Alt) — Als)

log

—+oo
Z 2% min <1,inf {a s.t. A € A, sup ‘ < a, sup |k, (t) (f o A(t) —g(¥))]| < a}) .
t>0

n=1 571
Lemma A.3.
(i) The uniform distance is finer than the Skorokhod one i.e. ds < d,,.

(i) Let (fe)e>0, (he)e>o0 be two sequences of functions of D. If for alln > 1,

sup | fe(t) — he(t)] B 0ase— 0,
te[L,n]

then d(f-,he) = 0, where d € {d,d,}.
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Proof. Let f,g be two cadlag functions. The first point is true using the definition of the metrics d, and
d,, and noting that

Alt) = Als)

1
og -

inf {a s.t. IA € A, sup
s#t

< a, sup [k (t) (f(A() — g(1))] < a} < sup [f—gl.

>0 lgron+1]

Let us now prove the second part. Assume that for all n > 1, SUP[L ] |fe — hel 5 0,ase—0. Fixn>0

—+oo
and choose N > 0 such that Y. 5 < Z. Then,

n=N+1
R
ds(fs,h)<d(fs,h)sT;Q—nsggm hel

+oo -1
It follows, by setting ' := 2 (z L ) , that

N
P(d(fé‘ahé‘) > 77) S ZIP <Sup |f5 _h8| > 77’) ‘;)) 0.
n=1

oon]
O

For the sake of completeness, we state and improve the result of Problem 4.12 p. 64 in [KS98§]|, on a
general metric space.

Lemma A.4. Let S be a Polish metric space endowed with a Borel o-field S. Suppose that (Pp)n>1 is
a sequence of probability measures on (S,S) which converges weakly to a probability measure P. Suppose,
in addition, that the sequence (fn)n>1 of real-valued continuous functions on S is uniformly bounded and
converges to a continuous function f, the convergence being uniform on compact subsets of S. Then, we
have

lim [5 fulw) dPa(w) = /S J(w)dP(w).

n—-+oo

Proof. Notice that, since (P,)n>1 converges weakly thus, it is tight. So, for each € > 0, there exists a
compact subset K of S such that for any n > 1, P,(K) > 1 —e.
Let us decompose

/fndPn—/fdP:A—i-B—FC—i—D,
S S

where

A= fndPy, B::/K(fn—f)dPn, C .= fdP,, and D::/SfdPn—/SfdP.

S\K S\K
Let M be a bound for the sequence (f,). Thus, by the choice of K,
|A| < MP,(S\ K) < Me.

The third integral can be treated analogously. Besides, since the sequence (f,,) converges uniformly on K
to f, there exists n. such that for all n > n., supg |fn — f| < €. Thereby, we get

The last integral is smaller than ¢ for n large enough, since P, converges weakly to P, and this concludes
the proof. O

Remark A.5. Lemmal[A7] could be applied with S = C([0,+o0)) or D([0,+00)). However, the result for
S = C([|0,+0)) is already contained in Problem 4.12 p 64. in [KS95)/.

Lemma A.6. Let (Y,Y)i>0 be the solution of a time-homogeneous SDE driven by an a-stable process,

{dYt — dL; + b(Y;) dt 51)

Yo=y
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The measurable function b is supposed to be such that (BEI)) has a pathwise unique strong solution. Then
(Y1)i>0 is a Markov process.
Namely, for anyd >1,0<t; <---<tg, u>0 and any bounded measurable function ¢ : R — R,

E 60 a2 Y1)

Fu| =B, )]y (52)

Proof. We give a proof for d = 2, the general case being similar. Call (Y;>Y) the solution d¥; = dL; +
b(Y;) dt, satisfying Yy = 4. Let ¢ : R2 — R be a bounded measurable function. Pick u > 0. Consider, for
y € Rand u < s <t the function

t

Gy, s, t,u) == (YV, V") = (y + Ly — L, +/ b(Yn)dh, y+ Ly — Ly, +/

u

b(Y3) dh> .

Pick 0 < s < t. Using pathwise uniqueness, (Y2, Y%,) = G (YY,s +u,t+ u,u). Moreover, by time-
homogeneity of the SDE, (Y,}%)s>0 and (Y¥)s>0 have the same distribution. As a consequence, G(y, s +
u, t +u,u) = G(y, s,t,0). Besides, by Markov property of Lévy processes, the function G is independent
of F,. Hence,

E |9V Vi)

F)=Elpoc(ls+ut+uw)|F] =E[poCEst0)|R]

= [¢ oG (Za S, ta O)]z:Yuy
=Eo(YS, Yoy

This concludes the proof. O
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