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1 Introduction

In this paper, we consider a one-dimensional stochastic kinetic model driven by a Lévy process.

t

AV, =dL; — F(Vi))t P dt and X;= X, + / V. ds. (1)

0

The process (V, X¢)i>0 may be thought of as the velocity and position processes of a particle subject to a
friction force F(v)t~# and interacting with its environment.

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

It is a simple observation, when F' = 0, to see that the rescaled process (sé Vises 51+§Xt /e)t>0 converges

in distribution towards the Kolmogorov process (L, fot L4 ds)iso0- The goal of the present paper is to extend
the results obtained in [GL23], where the driving process was a Brownian motion («a = 2).

The study of stochastic differential equations (SDEs) 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|, [Donl§],
[Kur07], [Pil13], [CSZ18| and [CZZ21|. The coefficients of the studied SDE are often supposed to be time-
homogeneous (see for instance [AS09] and [Donl§|). Accordingly, the case of time-dependent coefficients
is scarcely studied (see [CZZ21|, [Kur07] and [Zhal3]). In this situation, the usual tools associated with
time-homogeneous equation may no longer be employed.

Furthermore, few papers (see [ASQ9], [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 to 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 to 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 a number
of articles, the small noise influence of the solutions is analyzed. To our knowledge, the only work before
ours considering the long-time behavior is [FT21]. In all cited papers, coefficients are time-homogeneous.

Let us explain heuristically what the intuition of our analysis is. In long-time regime, we observe three
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 process. When the drag force is sufficiently “small at infinity”,
the convergence towards the Kolmogorov process (S, fo S) still holds. When the two terms in the stochastic



equation of the velocity process offset, we still get a kinetic process of the form (V, fo V), as limiting process.
Though the process V no longer has the same distribution as the driving Lévy process. Alternatively, when
the drift swings with the random noise, the limiting process is no longer kinetic.

The main ingredients of the proofs are moments estimates and the self-similarity of the driving process.
By their scaling property, Lévy stable processes are natural extensions of the Brownian motion, but the
jump component of the Lévy noise brings some difficulties. Indeed, by contrast with a Brownian motion,
an a-stable Lévy process can only have moments of order £ € [0,«). Thus, moments 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], [Kiith17] and [DS15], nevertheless the methods used by those
authors can not be easily adapted to the solutions to a SDE. The key idea will be to cut the jumps of the
driving process in a non-homogeneous manner.

The proof for the critical (see Theorem significantly relies on a change in both space and time, taking
advantage of the scaling property of the driving process, to be close to a stationary time-homogeneous SDE,
as performed in [AWQ9] and [GOI13]. The same strategy applies for the sub-critical case and gives only a
partial result concerning the behavior of the velocity process. As in the Gaussian situation the study of the
position process seems more difficult and stays an open problem.

Here is the structure of the paper : in Section [2] we introduce some notations and we state our main
results. We study the existence of the solution to the system in Section In Section we give estimates
of the moments, which also ensure the non-explosion of the velocity process. The proofs of our main results
are presented in Section [pl Some useful auxiliary results are presented in the Appendix.

2 Notations and statements of main results

Throughout the paper, we deal with L = (L;);>0 as an a-stable Lévy process with o € (0,2). We call v its
Lévy measure, given by

aylisop +a-lpcopdz
. 7

v(dz) = with a;,a_ >0 and ay +a_ > 0.

As a Lévy measure, v satisfies [, (1 A 2%)v(dz) < +oo. By Lévy-Ito’s decomposition, L is a pure-jump
Lévy process and there exists a Poisson point measure N and the associated compensated Poisson measure
N such that, for all ¢ > 0,

/ / zN(ds, dz) if a €(0,1),

N(ds, dz) N(ds,d ifa=1 2
/ /{o<| ey +/ /{| oy (A0 ifa=1, @
A /R ZN(ds,dz) if a € (1,2).

The space of continuous functions C((0,+00),R) is endowed with the uniform topology given by the
metric d,, defined for (f, g) € C((0,+00),R)? by

—+oo

du(f,9) = Z%min (L{slup} If—g|)~ (3)

n=1 no

Set A := {\:RT — R™, continuous and increasing function s.t. A(0) =0, lim \(¢) = +oo} and set

t——+oo
1 if 1 <t<n,
kn(t):=q¢n+1—-t ifn<t<n+l,
0 ifn+1<t.

The space of right-continuous with left limits (cadlag) functions D((0, +00),R) is endowed with the Sko-
rokhod topology given by the metric d, defined for (f,g) € D((0, +oo), R)? by

+o0
ds(fr9) =) Q%min (LAireﬂ; {sup AlD) = Ms) V sup [k (t) (f 0 A(E) — g(1)) !}) NG

lo
n=1 s7t g t—s
For simplicity, we will write C and D for C((0,4+00),R) and D((0, +c0), R), respectively.




For a family ((Zt(g))t>0)6>o of cadlag processes, we write
(e)
(2 )e>0 = (Zt)t>0,

provided (Zt(e))t>o converges in distribution to (Z;)¢~o in D, as € — 0, and we write

f.d.d.
(Zt(s))t>0 :B (Zt)t>0,

provided, for any finite subset S C (0, +00), the vector (Zt(e))tes converges in distribution to (Z;);es in RY,
ase — 0.
Let £ a real number and F' a continuous function satisfying

for some vy € R, Yo € R, A >0, F(\v) = A"F(v). (Hy)
We introduce another assumption on F', which will sometimes be in force in the sequel.

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

(Hsgn)
we suppose furthermore that for all v € R, vF(v) > 0.

Our main interest is taking into the following one-dimensional stochastic kinetic model given, for ¢ > tg > 0,
by

AV, =dL, —t PF(V,)dt, with Vi, =vo >0, and dX, =V, dt, with X;, =2 € R. (SKE)

In the following, sgn is the sign function with the convention that sgn(0) = 0. We denote by C some positive
constants, which may change from line to line. We use the subscripts to indicate the parameters on which
the constant depends. For instance, C, o, denotes a constant depending on the parameters ¢y and a.

Remark 2.1. If a function 7 satisfies , then for all x € R, w(x) = w(sgn(z)) |z|". As an example of
a function satisfying (H,) one can keep in mind F : v — sgn(v) |v|” (see also [GO13F)).

Let us state our main results which correspond to the three regimes : super-critical, critical and sub-
critical, depending respectively on the position of the exponent 8 with respect to 1 4 ”’Tfl

Theorem 2.2. Consider v € (1 — §,a). Assume that (H,) and (Hsg| are satisfied, and suppose that
B>1+ 77_1 Let (Vi, Xt)i>1, be the unique global solution to (SKE|). Then, in the space D,

t>eto e—0

t
(E%Vt/g,glﬁxwg) = (Lt,/ L, ds) .
0 t>0

Remark 2.3. Theorem is also true when the following hypothesis holds instead of (H-).

F is such that (SKE) has a unique solution up to explosion and
|F| < G where G is a positive function satisfying (H.).

For instance, the function F : v — 8= (see also [FT21)]) satisfies (H)), with v = 0.

Theorem 2.4. Consider « > 1 and vy € [1,«) Assume that (H,)) and (Hsen) are satisfied, and suppose that
B =1+ 77_1 Let (Vi, Xt)i>1, e the unique global solution to (SKE|). Then the time-homogeneous SDE,
driven by an a-stable process L,

d$Hs =dLs — s ds — F(S’JS) ds (5)

@
admits a unique strong solution which is exponentially ergodic. Denote by H the eternal ergodic process,
that is the solution to having the invariant measure as the distribution of H_., and introduce the process

V= (tiHlog(t)) " Then, under (H,)), the following convergence holds in the space D
>0

t
1 1
(5“‘/;5/5751+0‘Xt/s)t25t0 j (Vt,/o Vsds)t>0.

Remark 2.5. If Arp denotes the invariant measure of the eternal process, it can be noticed that the d-
dimensional distribution of the process V is the pushforward measure of the measure Apog(t,), .. log(ts) 0Y

the linear map T (uq,- - ,uq) := (ti/aul, e ,t;/aud).



For the sub-critical regime we obtain only the convergence of the velocity process, the behavior of the
position process being an open problem.

Theorem 2.6. Consider o > 1 and v > 1. Assume that (H,|) and (Hsgn) are satisfied, and suppose that

B. <1+ 7771 Let (VuXt)t;to be the unique global solution to (SKE|) and set q := an/fl < é Then the
time-homogeneous SDE, driven by an a-stable process L,
d$Hs =dLs — F (Hs) ds. (6)

admits a unique strong solution which is ergodic. Denote again by H the eternal ergodic process solution of
@ starting at its invariant measure and introduce the process ¥ = (t1Hy),~, Then,

fod.d.

(Vi) oy T s

Remark 2.7. IfIlr denotes the invariant measure of the eternal process then the d-dimensional distribution
of ¥V is the pushforward of the measure H%d by the linear map T(uy, - ,uq) = (t1%u7, -, tq%uq).

Remark 2.8. Assuming that the driving process is the Brownian motion and considering only the linear
situation (y =1), in [GL23] it was proved that, provided that B € (—1/2,1), the process (EﬂH/QXt/E)DstO
converges in f.d.d. as e tends to 0 towards a centered Gaussian process with an explicit covariance function.
We conjecture that for the a-stable non-Gaussian Lévy driving process, and for the linear case (y = 1)
again, provided that B € (—é, 1), the family of processes (Eﬂ+1/aXt/5)t>st0 should converge in f.d.d. to the
process X = fo s?dL,. Nevertheless, the method employed in [GL23] does not succeed and the question is
open.

Remark 2.9. As we will see in Section@ the assumption y > 1—5 is needed in order to obtain the existence

and uniqueness up to explosion of the solution under the hypothesis (H-)) and without the hypothesis (Hggnl)-

Remark 2.10. Let us point out that, during the proof of Theorems[2.9 and[2.4, we employ some moments
estimates for the the velocity process V.. Assuming that 18 satisfied, we suppose also that the hypoth-
esis on the sign of F holds for (a,v,k) € (1,2) x [0,1] x (1, ). Then, for any o € (0,2), vy €R, B €R and
K € [0,a), we will show, in Section [J} that there exists a constant C g1, such that

Vt > to, E[|Vi|"] < Cqrpaet-

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

3 Existence up to explosion

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

Remark 3.1. Assume that (H,) holds. If 0 < v < 1, then the function F is vy-Holder and if v > 1, it is
locally Lipschitz.

Proposition 3.2. Assume that (H,) is satisfied. There exists a pathwise unigue strong solution to (SKE|),
defined up to the explosion time, provided that

(i) 1 -5 <vy<1and B >0 when ac (0,2).
(ii) v > 1 when o > 1.

Proof. It v € (0,1), the drift coefficient is v-Holder (see Remark and locally bounded, thereby the
conclusion of the first point follows from Remark 1.3 in [CZZ21].

Assume now that o > 1 and v > 1. The drift coefficient is locally Lipschitz (see Remark 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, so it is a locally bounded and
measurable function. By a standard localization argument, since the drift coefficient is locally Lipschitz,
by using Theorem 9.1 p. 231 in [IW81], we deduce that there exists a unique solution defined up to
explosion. O

Remark 3.3. If is satisfied, then the function F' is increasing and then uniqueness follows. 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 to existence. Hence, we can remove the condition v > 1 — & under this
hypothesis.



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 . This will be
doubly useful to conclude of the non-explosion of solution to with Lemma and to control some
terms appearing along the proofs of Theorems [2.2] and [2:4] in Section [5}

Let V be the unique solution up to explosion time to @ For all r > 0, define the stopping time

T = inf{t > tg, |Vi| >} (7)
and set Too := lim,_, 4 o 7 the explosion time of V. We give first a sufficient condition for the non-explosion

of a general process.

Lemma 4.1. Let (Y;)i>¢, 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 ¢(r) = +oo,
T—>00

(ii) b is finite-valued,

(#ii) and for all t > to,

sup [o([Yenr, )] < b(2). (8)

Then Too = +00 a.s.

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

¢(T)P(Tr < t) < E [¢ (YTT) 1{T’V‘St}] < E [(rb (YTT)] < b(t)
Thus, by Fatou’s lemma,

1
0 <P (T <t) <liminfP(7. <t) <b(t) lim —— =0.

r—00 r—o0 ¢(r)
We conclude that
0 <P (7 <+00) <Y P(700 < 1) =0.
teQ
O

With this result in hands we can now state and prove moments estimates for the velocity process V.
Recall that (V;)¢>, is the solution to (SKE|). We will split our analysis in several cases following the position
of the stability parameter a.

Proposition 4.2. Pick o € (0,1) and assume that (Hsgn)) holds. For any vy, B, the explosion time Too is
a.s. infinite and for all k € [0, ), there exists a constant Cy ¢, such that, we have

>to
Vt > to, E[Vi]"] < Cupyt. (9)
Proof. Fix t > ty. Since a < 1, the stable process can be written as

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

s<t

Fix x € [0,a). Pick the sequence of C?-functions f, : x + /22 + %, which converges uniformly to the

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

FaVine) = o) = [ vop@s s+ [ [ (e 40 (Vi) (s

< fn(UO) + Z (fn(V:e— + ALS) - fn(‘/s—))

S<tAT,

The term ftto/\f’" f1(V5)F(Vy)s~# ds is non-negative, since (Hggp)) holds.
Hence, the previous equation can be written as

FaVine,) < Favo) + D (fa(Va) = fu(Vao)).

S<EAT,



Since || f! |loo < 1, we deduce that (f,,(Vs) — fn(Vs—)) < |AV;| = |ALg|, hence,

|‘/t/\n| < fn(vt/\n) < fn(UO) + Z |AL3|
s<tAT,
Furthermore, since k < a < 1, we have
Vine, " < fulwo)* + (32 1AL )"

S<tAT,

Taking the expectation, we get

E([Vinr, 1) < Elfuleo)] +E[ (D 1AL ) -

s<t

Notice that the process L := 3 _, |AL,| is an a-stable process. Then, since k < «, letting n — 400, we
t s<t g

obtain
E[[Viar,|"] < lvo|” +E HLH ] < Crg et

Thanks to Lemma we can conclude that the explosion time of V is a.s. infinite, and @D follows, letting
7 — 00. U

Proposition 4.3. Pick o € (1,2). For any v € [0,1) and any 5 € R, the explosion time T s a.s. infinite
and for all k € [0,1], there exists C, g1, such that we have

ta if =L +1<8,
YVt > tg, E [|Vtm < Oy n.8.t0 Kk1=8 “
t"Tv  else.

(10)
Proof of Proposition[{.3 Assume that v € [0,1) and fix & € [0,1]. Then Jensen’s inequality yields, for all
t > to, E[|Vi]"] < E[|V4]]", hence it suffices to verify only for k = 1.

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

tAT,
WVinny—| < 00 — La| + [Lonmy—| + / 5B |F(Vans, )| ds
to

tAT,
< Jwo — L] + |L(t/\n)—| + K/ 577 Vonr, " ds.
t

0

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,

t
E [|[Vienr,)—|] < Ellvo = Lol + E [|Litar)—|] + K/ sTPE[|Vinr, |"] ds
to

t
< Cypts+ K | s PE[|[Virs, |7 ds.

to

Recalling that 7, is given by @, the function ¢, : t — E [|V(t ATr)— |] is bounded by r. Applying a Gronwall-
type lemma (see Lemma [A.1)), we end up, for 8 # 1, with

1
1— T
Ciot™ + <7K(t1ﬁ - téﬁ)) ] .

vt Z tO’ E H‘/(t/\Tr)_H S C"‘/ 1— /8

The case 8 = 1 can be treated similarly. Thanks to Lemma we conclude that the explosion time of V'
is a.s. infinite, and follows from Fatou’s lemma. O

Proposition 4.4. Pick o € [1,2) and assume that for allv € R, vF(v) > 0. For any v € R and any 5 € R,
the explosion time To, s a.5. infinite and there exists Cy 4, such that

for k€ (0,a), Vt > to, E[|Vi|"] < Cysota. (11)



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 o € (1,2). When a = 1, the proof is similar
since v is symmetric.

Pick £ > to. The a-stable Lévy driving process can be written, by using this cutting threshold (see for
instance [CDRM20] and references therein for similar idea), as

t t t
Ly — Ly, z/ / . 2N (ds,dz) +/ / . 2N (ds,dz) —/ /  zv(dz)ds.
to J|z|<ge to J|z|>E to J|z[>E

The two first integrals satisfy the same scaling property as the a-stable Lévy driving process. It is a direct
and simple computation to see that

ay —a— 1 _
[ = e
z|>€a -

STEP 1. We first apply Itd’s formula and estimate the expectation of each term, in order to get .
Fix n > 0 and define the C2-function f : v +— (17 + v?)*/2. For all t > t,, by It6’s formula, using that for all
v € R, vF(v) > 0, we have

ay —a— ,1_q
a—1

FVinn) < F(Vo) = / Loer s f/(Va)ds + M, + R, + Sy, (12)

to

where the terms M, R and S are respectively given by

M, = / / e Mo UV ) = (Ve )] Vs d2), (13)
fiui= / /M; Lozry [F(Ver 4 2) = f(Vao )N (ds, d2), (14)
S, = / / e o (Ve 2) = () = 2 (V] vd2) s (15)

We estimate expectations of M, R and S.
Observe that, for k < 1 and for all v € R,

|/ (0)] < k"7 (16)

Again, as previously, by direct computation, for all £ > «,

Gy +a— . b_
/0 |2l <€® " v(de) = —2=e= 7 (17)
<|z|<§ «
and for all k < «,
ar +a—  k_
J ey v = S 18)

Firstly, we show that the local martingale (M;);>, is a martingale. Fix ¢ > 2 and r > 0. Set
t
W)= [ [ L (Ve ) = FVi) (d2) d,
to JO<|z|<€

Notice that, since for all |v| < r and |z| < €%, |f(v + 2) — f(v)| < ‘

/1

h
[—(r+£%)m+£%]Hoo 2], s0 we have

a [t q
/ / L Lps<ny 2|7 v(dz) ds.
0 Jty JO<L|z|<E ™

The right-hand side of this last inequality is a finite quantity, since holds and ¢ > 2. Therefore, for
g > 2, by Kunita’s inequality (see Theorem 4.4.23 p. 265 in [App09]), there exists D, > 0 such that

Iio) < |

!
1
Pl ety rret

| s 30| < 0, (B[] 4 Eln(a)]) < 4o

togsft



Hence, by Theorem 51 p. 38 in [Pro05], M is a martingale.

We estimate now the finite variation part S defined in . We use a similar idea as in the proof of Theorem
3.1 p. 3863 in [DS15|. Note that for all v € R,

1" ()] = k(2 — K)V*(V* +1)2 2+ k(W7 +n)2 !
= k(2= KW +n) 2+ )+ k(7 + )2 !
<R3- R +m)E <R3- m)yE Y

where we used the fact that § —1 < 0. Assume that |z| < 5# Using Taylor’s formula, we get a.s.

|f(Vs +2) = f(Ve) = 2f' (Vi) < %"“(3 — k)22

By integrating, we get the almost sure following bound

<

N

/O e G042 = S0 =27 ) via)

k(3 — /{)77%_1/ ) 22v(dz).
0<|z|<€ ™

Gathering into this last inequality, we end up with

a a_
510+ +
2 -«

< %n(g — k) gat, (19)

L G2 = S0 =27 vt

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

[SIE

F+2) = f@) = |+ @+ 2))F = (0+22)F + @+ )" v+ (@) F = (n+02)2

< 2% + 2"

By integration we deduce that

K 1 K
[ 1) = SOl ) < nfullel = 68+ [ s ),
|z|>€a [z[>€
Replacing into the latter relation, we obtain

ayr +a_ ay +a_
+ é— 1+ +
o a—kK

/| per Ve +2) = FVa)lwldz) < n gxt. (20)

Gathering , and , we get from ,
E[[Viar "] SE[f(Vinr,)] < E[f(Vio)] + 7"

Rl —a_ _ _ = 1 5 _
X m]TiaJr a4 €i+n”/2a++a +a++a 53—1—7/@(3—/%)775_176”4_& ¢a ). (21)
a—1 o a—K 2 2—«

It suffices to choose n = t& and & =t on the right hand side of the previous inequality to obtain

K = ar —a- ay+a-  ay+a_ 1 ar +a_
E I <E tao Z R
Vi, "] < ELF (Via)] + ( L L kB R) 2_a)

< Clygpta. (22)

Thanks to Lemma 4.1} we can conclude that the explosion time of V' is a.s. infinite and letting r — 400,
for all x € [0, 1],
E[[Vi"] < Crgot = (23)

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

/| 1f(%+z)—f<Vs)|v(dz)§/ C|22Vi 4+ 272 v(dz)

z|>€a z|>¢
ay +a_  «_ s 0y +a_ & _
<C, (* el V|7 ¢ 1). (24)
a— K a—§



Gathering (19), and then using that for all v € R, |f/(v)| < & |v]""", we deduce that

K ay +a—  x_ 1 5104 +a— 2
E[[Vinr, | ]SE[ﬂVtO)H(cH;_ﬁga s 1>t
— t - ! 5
+Ku§é,1/ E [Vl ds+0,€w£%*1/ E [IVi]% ] ds. (25)
a—1 to a_% to

Injecting and by choosing n = t& and & =t, we conclude that
E H‘/t/\Trrﬂ] S Cﬁ,to,atg-
Letting r — +o00, the announced inequality follows.
O

Example 4.1. Remark that the velocity process V is explicit in the linear case (v = 1), and that the
moments estimate is as best as possible. Choose F'(1) = p > 0, F(—1) = —p. Pick § # 1, so

A-8 t s1-8
Vi = vg 4+ exp <—p1 — ﬂ) / exp (pl—ﬁ) dL,
to

is solution to (SKE). Hence, by an integration by parts,

t
1 1-8_,1-8 t1=8 s1=F8
Vi = o+ Ly — ePT=5to )Lto—e PI=p / ps Pel T=F L ds,
to

and, we end up with
E[Vil] < Ci, (t% +t1*5+%) < Ot

The case 5 =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 2.2 2.4] and [2.6]

Notice that, in the super-critical and critical regimes, it is enough to prove the convergence of the
rescaled velocity process (Eé Vi/e)t>et, in the space D endowed with the Skorokhod topology. We recall
that in the sub-critical situation we obtained the convergence only of the f.d.d. It was pointed out in [GL23],
Remark 2.6 that even for the simple linear case with Brownian driving noise, it is not possible to prove
tightness.

Let us briefly explain how the convergence of the rescaled position process assuming the convergence of
the rescaled velocity process. For ¢ € (0,1] and ¢ > etg, we can write

t
51+5Xt/€ =eltan, +/ VL) ds.
£

to
Let us introduce the mapping g. : V — (Vt, f;to Vs ds) defined and valued on D. It converges, as € — 0,
t>0

to the continuous mapping g : V — (V}, fot Vs ds) .
t>0

It suffices to show that gE(V.(E)) converges weakly in D endowed with the Skorokhod topology, in order
to obtain the desired result. To see V(¥) as a process of D([0, +00)), we state, for all s € [0, ], v .=
Vg(ti) =cx vo. Call P., P the distribution of V(). V, 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

h: D([0,+00)) x D([0, +0)) — R,

/ h(g. (@) dPo(dw) —s h(g(w)) dP(dw).
D([0,400))2 €20 JDp([0,400))2

Pick such a function h. By assumption, the convergence P :o P holds, hence, using Lemma it suffices
E—r

to prove that the uniformly bounded sequence (ho g.). of continuous functions on D([0, +00)) converges to
the continuous function h o g uniformly on compact subsets of D([0, +00)). This can be verified exploiting
the properties of h, g. and w in compact subset of D([0, +00)). Therefore, it suffices to prove the convergence
of the rescaled velocity process (5é Vi/e)t>et, in order to prove Theorems and

In Sections [5.1] and [5.2] the aim is to prove the convergence of the velocity process.



5.1 Asymptotic behavior in the super-critical regime
In the remainder of this section, we assume that v > 0 and § > 1+ 77_1

Proof of Theorem[2.3 Thanks to a change of variables, we have, for all ¢ € (0,1] and ¢ > eto,

1 1 1 1 t/E
eaVije =ea (vo — Lyy) +€o Lyje — €@ / F(Vs)s_ﬂ ds
to
t
—c@ (vg — Lyy) + €7 Lyje — P 71F% / F(Vy2)u™? du.

eto
By self-similarity, L(¢) := (séLt /e)t>0 has the same distribution as an a-stable process.
As a consequence, thanks to Theorem 3.1 p. 27 in [Bil99] and Lemma it suffices to prove

VT >0 sup ’VJE) L] P50, ase 0. (26)

eto<t<T

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

(¢) ~
ex |F (V'l ) < K|V (27)
ga
Modifying the factor in front of the integral, we get
(&) _ 2 (©) i [P (V)
Vi =ea(vg — Ly,) + LT — P10 / g F T u ™ du. (28)
eto Ea
Gathering and , for all T' > 0, we have, test
(E) (5) 1 1 1—v ¢ ol V'[EE)
sup ’Vt — L] <ev(vg — Ly,) + P75 sup / eoF | 2= |uPdu
eto<t<T eto<t<T |Jety Ea
1 1—~ T Y
<ea(vg — Lyy) + P71 / K ’Vu@) u=? du. (29)
Eto

Taking the expectation and using the moments estimates on V' (see Remark , we obtain, when 3 # 141,
B—1 (A=) T

AN E / K‘vu@
eto

T T
=flta KE HVu/sm w B du < P / Ca,g’tou%_ﬂ du
Eto

q w P du

T B itz [T ()
v Pdu| =¢ a KE HV“
eto

Eto
= Capiy (513*1+FT’YT%*6+1 _ t@%*“lgé) _ (30)
Gathering and and setting r := min(8 — 1 + 1777, 1)>0, we get
E[ sup Vt(s) —L§E) ] = O ().
eto<t<T -0

The case 3 =1+ I can be treated similarly and we end up with

E[ sup ‘Vt(s) — L

eto<t<T

} — 0 (¢* In(e)).

e—0

This concludes the proof. O

5.2 Asymptotic behavior in the critical regime

We adapt the strategy in [GO13] to the a-stable Lévy case. Pick a C?-diffeomorphism ¢ : [0,1) — [to, +00).
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
t dL (s
(Ri)ys0 = (/ , “"Q) . (31)
0 ¢'(s)= >0

10




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

t 1 t F(V (g))
Vo — V4 :/cp’sEdRs—/$cp’sds.
w(t) #(0) o (s) o o(s)P (s)
Thanks to an integration by parts, we get
V(s ¢(s)! ¢"(s) V(s
d ( o )1 ) =dR; — WF(VW(S))dS - acp’(s) /gp( )l ds.
¢'(s)=

Set Q = D([to, 00)) the set of cadlag functions, that equal oo after their (possibly infinite) explosion time.
Introduce the scaling transformation ®, defined, for w € Q, by

D, (w)(s) := w(¢(82)7 with s € [0,¢1).
¢'(s)=
As a consequence, we obtain the following result (see Proposition 2.1, p. 187 in [GO13]).

Proposition 5.1. If V is a solution to the equation (SKL), then V¥) := &, (V) is a solution to

¢'(s)=

i 90//(8) VS(W

! 1— 1 |4
Qv = R, — L P (9 FVi) as - RO

; ()
ds, with Vj7’ = , 32
4,0/(5) Qa 0 @’(0)% ( )

where R is an a-stable process given by .
Conversely, if V#) is a solution to [32), then @;1(‘/(99)) is a solution to the equation (SKE|), where

t

IR

Li-Ly = [ (#op™)3(s)dRengy
to

is an «a-stable process.

Furthermore, uniqueness in law, pathwise uniqueness, strong existence hold for the equation (SKE) if and

only if they hold for the equation .

Let us focus firstly on the exponential change of time ¢, : t — tgef. This scaling is convenient since it
allows to produce a time-homogeneous term in . Thanks to Proposition the process V(©) := &,(V)
satisfies the SDE driven by the a-stable process (R¢)¢>o-

1

(©
Ve S ik s
ds — ty = P03 p(t5 3 V() ds. (33)

(07

v ® =dR, -

Proof of Theorem[2.} Assume in the sequel that § =1+ ”T_l

STEP 1. Firstly we prove the finite-dimensional convergence of the rescaled velocity process. To that end,
we reduce the problem to the convergence of a time-homogenous process.

Since (H,) holds, becomes exactly the equation , driven by the a-stable process R:

Vs(e)
«

dv®) = dR, — ds — F(V9)) ds. (34)

Using the bijection ®, induced by the exponential change of time (see Proposition , and the unique

strong existence of the velocity process V (see Proposition and Remark [2.10]), there exists a pathwise
unique strong solution $ to the time-homogeneous equation (34]). Hence, we have the equality

‘/toet _
( (toet)« ) £>0 = (9o,

as two solutions to the same SDE, starting from the same point. We rewrite the above equality as

v
<f) = (Dog(t/to) )1=t0-
t>to

ta
So, we have, for all ¢ > 0, d € N*, and (t1,--- ,tq) € [etg, +00),
Ve-1y Ve-1y
((g—m)ll/a"" ’ (s—eltd)dl/a) = (Dtog(ts)+og((cto)~1)s "+ Dog(ta) Hog((cto) 1)) - (35)

11



Since limsup|; |- 400 M < 0, it follows from Proposition 0.1 in [Kul09] that the process ($;)¢>0 is

exponentially ergodic. We denote its invariant measure by Ar. Call H the solution to the time homogeneous
equation , such that the initial condition H_., has the distribution Ap. For (t1,--- ,tq) € R?, let
Apyy oty == L(Hy, -, Hy,) be the distribution of (Hy,,---,H,). Then, for all s > 0, Apy¢, ..., =

Ap i 45 1445 Indeed, thanks to the invariance property of Ap, (H,) and (Heys) satisfy the same SDE,
starting from the same point. As a consequence, we get the stationary limit

lim £ (Hog(ty)+1og((eto) )+ Hlog(ta) +log((eto) 1)) = AFlog(t1).- los(ta): (36)

Moreover, by exponential ergodicity, we have for every continuous and bounded function v : R* — R,

E [¢ (Drog(t1/(toe))s ** s Dog(ta/(toe)) )] — E [ (Hiog(ts /(t0e))s** » Hiog(tastoe)))]  — 0. (37)

e—0

We postpone the proof of this convergence in Step 2.
To conclude this step, we gather , and to get

V-1t Vo1t
((6—1251)11/@"" ) (6—1td)d1/°‘ ﬁ AF,log(tl)wwlog(td)-

This can also be written as
1 1
<€u‘/tl/8;”' aga‘/td/é‘) jé T*AF,log(tl),m,log(td)v

where T'* Ap1og(1),.. log(t,) denotes the pushforward of the measure Apog(s,),... log(ty) DY the linear map
T(uy, - ,uq) = (ti/aul, e ,t;/aud).

STEP 2. Let us now prove .
For the sake of clarity, let us give a proof for d = 2, the general case d > 2 being similar.

_1
Let v : R> = R be a continuous and bounded function. Pick etg < s < t and set hg = vty %, is now
equivalent to

E [lﬁ (108 (s/(t02)) » Mog(t/ (t0e))) ‘50 = hO} ~E [¢ (Hiog(s/(t0e)) Hiog(t/(t0¢)) ) ‘Ho ~ AF] —0.

We introduce p. := L (leog(s (toe)) |90 = h0>. We now use the generalized Markov property of solutions to

SDE driven by Lévy process (for the sake of completeness, we state and prove it in our context in Appendix,
see Lemma [A.6]). This leads to

E {1# (Dog(s/(toe))» Mog(t/(toe)) ) ’ﬁo = ho} =E [w (90, Dog(t/s)) ‘YJO ~ Me}
and, since A is invariant,
E {7/1 (Hlog(s/(toa)),Hlog(t/(tos))) ‘HO ~ AF] =E |:'(/} (H07Hlog(t/s)) ‘HO ~ AF:| .

Then, we are reduced to prove

E {1/) (90, Dog(t/s)) ‘f.)o ~ Ms] —-E [w (Ho, Hiog(t/5)) ’Ho ~ AF} — 0.

e—0

The left-hand side can be written as,
L E [0 Do) 30 = o] () — e ).
Hence, setting p(t, z,dy) := P, ($; € dy) and ||.||7y for the total variation norm, we get
‘E {1# (90, Dog(t/s)) ‘ﬁo ~ Ma} —-E {1/) (Ho, Hog(t/s)) ’Ho ~ AF”

< Il /R 1p (10g(s/(t02)), ko, dy) — Ap(dy)|

< Yl llp (log(s/(toe)), ho, <) — Ar|lTv.

This converges to 0, as ¢ — 0, by the exponential ergodicity of $).

12



STEP 3. Let us prove now the tightness of the family of distributions of the cadlag process (V(E))t>8t0 =

(6% Vt/€> N on every compact interval [m, M], 0 < m < M.
t_Et()

We check the Aldous criterion for tightness stated in Theorem 16.10 p.178 in [Bil99]. Let a, 7, T be positive
real numbers. Let 7 be a discrete stopping time with finite range 7, bounded by 7. Choose § > 0 and
€ > 0 small enough.

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

. T4+6
E [ } <E [ / K ’Vu@
Since L) is an a-stable process, by the strong Markov property,

dl

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

) v [ T4+6 ’Y
E/ K‘Vﬁ w P du| =E E/ K‘Vu(e) u_ﬁdu‘T

1 A
—E|S —— E 1. K‘ e
Z P(T — Ti) { 7}/ Vu

LT €T Ti

_ 1 [ I
<E|S —— K‘ :
- Z P(T = Ti) ‘/7.1 Vu

LT €T

(e) € () B
vid - v ] < e [|r - 10

T+0 T :|+E

! u P du] .

L(E)

T4+6 LS'E)

| =EEs. (15 - Lol') < %

’yu_ﬂ du} 1{.,._.,.&1

¥
w P du

1{7’:77}

For any 7; € T, using the relation 5 =1+ =1 and the moments estimates on V (see Remark , we

obtain “
Ti+6 y Ti+6 y
E / K‘quf) u=? du :/ KE HVU(E) }u‘ﬁdu

Tito o’ 1 1
< K/ we Pdu=K [(Ti +4)= —TZ-“]

< Koba,

The term 6@ has to be read as § or §a depending on the fact that x z% is a Lipschitz continuous
function on [0,7 4 ¢], if « < 1, or a é—H(’jlder function, if o > 1.
By Markov’s inequality, for J small enough, we have

(

Furthermore, by moments estimates (see Propositions and [4.4]), for all ¢ > etg,

r
T, o

(e) e
VT—E&-(S - VT( )

Za>§ <n.

a’f

sup HV;(E)‘ } < Cts.
£
Hence, using again Markov’s inequality, by Corollary and Theorem 16.8 p. 175 in [Bil99], this concludes
the proof of the tightness of the velocity process and therefore the proof of Theorem
O

5.3 The velocity process in the sub-critical regime

Assume in this section that § < 1+ 77_1 and a > 1. Recall that we set q := %,y_l < i As a consequence,
1

ag < 1. This time we take an interest into the power change of time ¢q : ¢ — (téfaq +(1- aq)t) e
Thanks to Proposition the process V@ .= CIJq(V) satisfies the SDE driven by an a-stable process R,
dVS(q) =dR, — F(VS(’I)) ds — qwgq_le(‘I) ds. (38)

For simplicity, we shall write ¢ instead of .

13



Proof of Theorem[2.6 STEP 1. We first prove the finite dimensional convergence of the velocity process
(‘/t(a))tZEtO = (e9V,/e)t>et,- We give a proof for d = 2, the general case d > 2 being similar.
We call $ the ergodic process solution to

49, = AL, — F(sa) ds, with o = ho == voty ¥, (39)

where as previously, L is an a-stable process. We denote by Il its invariant measure. Using the bijection
induced by the power change of time (Proposition [5.1)), as solutions to the same SDE starting at the same
point, we have, for all € > 0, and (s,t) € [etg, +00)?,

Voo, Voo
(e Yo} = (V10 Ly V0 )

Using Theorem 3.1 p. 27 in [Bil99], it suffices to prove that for all (s,t) € [gtg, +00)?,

‘((ﬁw—l(sfls),ﬁtp—l(s—lt)) - (Vé@l(g,ls),Véz)l(e,lt))) H — 0, where ||-|| is a norm on R?.

e—0

° (,57)9071(8715),57)@71(571”) 3 Ip @Ip.

STEP 2. Pick x € (1,«). We prove that E Hf)t - Vt(q)

We can write

K
} — 0.
t—4o0

d (ﬁ _ V(Q)) — (F(f.)t) _ F(Vt(q))> dt + q@aq_lﬁ)‘/;(q) dt.
t
By straightforward differentiation, we can deduce

d ‘ﬁ _v@| = g ‘F(Y)t) _ F(Vt(q))’ ‘th _ Vt(q)‘”_ldt

K
t

k—1

+ Hqsoaqfl(t)‘/;@) sgn (Y)t _ V;(Q)) ’Sﬁt _ V't(‘I) dt. (40)

We set .
g(t) =E Hﬁt - Vt(q)‘ ] . >0

"]

Since vy > 1, the function F~! is %—Héldcr7 therefore there exists C;, > 0 such that,

Taking expectation in , we get

g'(t) = —kE “F(ﬁt) - F(Vtm))’ ‘f)t _y@

+ rge L (1)E [Vt(“) san (f)t 3 Vt“’)) ‘m _y@

-1

d@g—aﬁﬂm—%@

K—14
:| + R |q| cpaq_l(t)E [‘W(Q)‘ ‘ﬁt _ V;(q)

R—1:|

1+ ag— _1 r=1
g(t) < =Chg(t) = +Clal VU= ()g(t) =, g(0) =0.

1.

Then, by Jensen’s inequality, since v > 1,

—

10) < ~Crgt) = 4l o OE | [V o - v

Using Holder’s inequality and moments estimates (Proposition [4.2)), we have

Recall that & > 1 and ag < 1, so o@=D1=2)(f) — 0, therefore the conclusion follows from Lemma

t——+o0

ﬂ} =g (¢ (e t)) — 0.

e—0

Besides, for all ¢t > &tg, E [)Sﬁ¢_1(5_1t) - V:ﬁ)l(s,lt)

STEP 3. Pick (s,t) € [etg, +00)%. Similarly, as in [GL23], one can prove that the solution § to satisfies
(57)@71(8715),57)@71(871”) 3 I @ g (41)

O
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A Some auxiliary results

We collect in this section several auxiliary results. To begin with, let us state a Gronwall-type lemma which
has been used to get moments estimates. The proof can be found in [GL23].

Lemma A.1 (Gronwall-type lemma). Fiz r € [0,1) and tg € 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 .

9> to, glt) < alt)+ [ He)glo)" ds (12)

to

at) + ((1 ) /t:b(s) ds> ] .

Remark A.2. Call G the right-hand side of . Even if g is not continuous, notice that the function G
remains continuous and satisfies (since b is positive and g < G). So, one can apply the lemma to G
and thereafter use the inequality g < G.

Then, setting C, = Qﬁ}

vt Z th g(t) S Cr

We state now a technical lemma concerning the convergence in the spaces C and D. We recall that the
spaces of continuous functions C and of cadlag functions were endowed with metrics d,, and dg respectively

given by and .

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

(11) Let (f<)e>0, (he)e>o be two sequences of functions of D. If for alln > 1, hr% sup |fe(t) — he(t)| =0
te[L,n]
in probability, then 1111(1] d(fe, he) = 0 in probability, where d € {d,,ds}.
e—

Proof. Let f, g be two cadlag functions. The first point is true by using the definition of the metrics ds and
d,, and by noting that

A(t) — A(s
inf dsup log 202X N/ qup () (FO®) - o) p < sup17(8) - g(0).
AEA | st t—s t>1 t€ sy ]
Let us now prove the second part. Assume that for all n > 1, sup; 1 |f5 — hel ig 0,ase—0. Fixn>0
—
+oo )
and choose N > 0 such that ) 2i < Z. Then,
n=N+1
N, N 1
ds (f57he)<du(fsyhs)§§+nz::l27 Sui) ‘fs he‘
+oo -1
By setting 1’ := 4 (Z 21n> , it follows that
n=1
N
P (d(fe.he) ZP(suplfa—h|>n) — 0.

n=1 [

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 (P,)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 /fn )dP,( /f )dP(w
n—+4oo
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Proof. Notice that, since (P,),>1 converges weakly thus, it is tight. So, for any ¢ > 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+B+C’+D,
S S

where

A= fndPy, Bi:/K(fn—f)de C = fdP,, andD::/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| < e. Thereby, we get

The last integral is smaller than e for n large enough, since P, converges weakly to P, and this concludes
the proof. 0

Remark A.5. Lemmal[A.]| could be applied with S = C([0,+00)) or D([0,+o0)). However, the result for
S =C(]0,+00)) is already contained in Problem 4.12 p. 64 in [KS98].

Lemma A.6. Consider b a measurable function such that the following time-homogeneous SDE driven by
an «a-stable process
dY; = dL; + b(Y:) dt with Yy =y, (43)

has a pathwise unique strong solution. Denote by (Y}!)i>o this solution. Then (Y3)i>o is a Markov process.
Namely, for any d>1,0<t; <--- <tg, u>0 and any bounded measurable function ¢ : R* = R,

E [0V e Vi)

Fu| =E[6( - Y]y (44)

Proof. For simplicity, we give a proof for d = 2, the general case being similar. Call (Y;>¥) the solution to
dY; = dL; + b(Y;) dt, satisfying Y = y. Let ¢ : R — R be a bounded measurable function. Pick u > 0 and
consider, for y € R and u < s <t the function

s t
Gt = 007 = (st L= Lt [0 an L= s [0y an).

Pick 0 < s < t. Using pathwise uniqueness, (nﬂu,nﬂu) = 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
Fu. Hence,

E|o(Yiiw i)

| :E[¢OG(Y3,s+u,t+u,u)‘fu} =E[60G(25,10) ‘fu}

=E[poG(2,5t0)] _ys =E[o(YS, Y] ._ys

z=Y,!

This concludes the proof. O
Our last technical result is the following.

Lemma A.7. Let b be a function such that limy_, 1, b(t) = 0. Picka >0,y >1and k > 1. Let g be a
continuously differentiable positive function satisfying

g'(1) < —ag(t) = +bg() T, 120, (45)
Then, g(t) e 0.
Proof. Pick £ > 0. Let ¢; be a positive real such that for all t > #;, |b(t)| < Zex.
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STEP 1. We first show that there exists t* > t1, such that g(t*) < e. Assume, by way of contradiction,
that it is not the case. Thus, one can consider the function y = g%, which satisfies

kY (t) < —ay(t)Y +b(t), t>t1. (46)
For all t > t1, we have
ky'(t) < —aex + et <2k
= 2°" =T
As a consequence, for all t > ¢y,
Y < ry(t) < Ry(t) — (t—t)2er —
KE ky(t) < ky(ty V5™ 57—

This is a contradiction.

STEP 2. We show that for all ¢ > t*, g(t) < e.
Define T = inf{t > t*, g(t) > ¢}. By continuity of the function g, we have g(T') = . Hence,

K+y—1 r—1 a rkr+y—1

g(T) < —ag™ = +%5%5n < g < 0.

Therefore, there exists g > 0, such that for all 0 < § < dg, (T + ) < g(T') = €. This is a contradiction
with the definition of 7.

O
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