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VLASOV-POISSON SYSTEMS VIA POINTWISE DISPERSIVE ESTIMATES

DANIEL HAN-KWAN, TOAN T. NGUYEN, AND FREDERIC ROUSSET

ABSTRACT. We revisit the proof of Landau damping near stable homogenous equilibria of Vlasov-
Poisson systems with screened interactions in the whole space R* (for d > 3) that was first es-
tablished by Bedrossian, Masmoudi and Mouhot in [5]. Our proof follows a Lagrangian approach
and relies on precise pointwise in time dispersive estimates in the physical space for the linearized
problem that should be of independent interest. This allows to cut down the smoothness of the
initial data required in [5] (roughly, we only need Lipschitz regularity). Moreover, the time de-
cay estimates we prove are essentially sharp, being the same as those for free transport, up to a
logarithmic correction.

1. INTRODUCTION

In this paper, we are interested in the large time behavior of solutions to the Vlasov-Poisson
system with screening

6tfi+v‘vxfi+E'vvfi =0,
E = _vz(l - A:c)_l(pz - 1)7 Pz(t7x) = /d fi(t,.T,U) d’U,
R

on the whole space z € R%, v € R?, d > 3, where f; = fi(t,z,v) > 0and E = E(t,z). The screening
effect comes from the fact that the interaction potential associated to Id — A is exponentially
decaying as opposed to the Coulomb potential associated to —A. This system is sometimes referred
to as Vlasov-Yukawa and can also be seen as the Vlasov-Poisson system describing the dynamics
of ions, in a background of electrons that satisfy a linearization of the Maxwell-Boltzmann law (we
refer for example to [6l, 9 3]).

The global regularity of finite energy solutions for the Vlasov-Poisson system in the case of three
or lower spatial dimension is by now classical ([14], 15, 10, 8, 12]). The asymptotic behavior of
solutions for initial data near the trivial equilibrium 0 has also been the topic of many studies.
This was first established in dimension d > 3 in the unscreened case by Bardos and Degond in
[2], following a Lagrangian approach. More recently the sharp faster decay of derivatives was
established in [IT]. This was extended to in dimension d > 2 in [7] making use of the better
decay of the electric field in the case of screened interactions. Other approaches based on vector
fields [16] or Fourier analysis [18] (space-time resonances) were also developed recently.

We are interested in the stability and the large time behavior of solutions near spatially homo-
geneous stationary states p(v) such that [pq p(v) dv = 1. Namely, we look for a solution under the
form f;(t,x,v) = pu(v) + f(t,x,v), where f solves the perturbed system

Of4+v-Vof+E-Vyu=—FE-V,f,
(1.2) E= Vo= plta) = [ f(t.o0)dv,
R

f|t:0 = fO-

For a class of stable equilibria, we shall study the large time behavior of solutions to (1.2 for
suitably small initial data fo. The dynamics of solutions is expected to asymptotically approach
1
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that of solutions to free transport, a scattering phenomenon that is often referred to as Landau
damping. Landau damping was proved on the torus T¢ x R? (d > 1) for data with Gevrey regularity
[T3, @], while on the whole space R? x R? it was recently established for the screened Vlasov-Poisson
system by Bedrossian, Masmoudi and Mouhot in [5], for data with finite Sobolev regularity.
The proof in [5] is inspired by that for the torus case. Though dispersion on the whole space is
used at some crucial points in order to close the estimates in finite regularity, the approach is much
more related to the one of [4] for the torus than that of Bardos-Degond (it is actually dispersive
properties of the free transport in the frequency space that are used to control the so-called echoes
of [13]).

In this paper, we prove Landau damping and derive dispersive estimates for solutions to
via a Lagrangian approach that is closer to the Bardos-Degond analysis [2] for the © = 0 case.
Roughly speaking, after proving precise pointwise estimates for the linearized equation, the proof
of nonlinear stability can be obtained almost in the same way as in the y = 0 case. This will allow
to strongly cut down the needed regularity on the initial data, as compared to [3].

Let us now specify our assumptions on the equilibrium g and state the main result of this paper.
We assume

e (H1) s € L'(R?) is a smooth decaying function satisfying (v)*V,u € W2 and (v)*4t0V,p €
W2d+51 for some k > d.
e (H2) u satisfies the Penrose stability criterion:

Lo [T mtrims 1 T (s d
- e \VTT)s 1€ - Vou(sé) ds| > k,

inf inf
7>0 7€R, £€RY

for some constant k£ > 0, where V,u is the Fourier transform of V,u (see (L.7) for the
convention we use).

1.1. Main result. Our main result is as follows. We recall that we consider d > 3.

Theorem 1.1. Assume that (H1) and (H2) are satisfied.
Let k > d and o,p € (1,+00) satisfying p(c — 1) > 2d. Let fo € Wh* N Wl be an initial
condition for (1.2)) with

(1.3) [{()*/?" follweow < +o0, for some o,p € (1,+00) satisfying p(oc — 1) > 2d
and

(1.4) 1(0)* follwee + [ follwis + I foll Lz + Ve foll iz < eo-

Then if eg > 0 is small enough, there exists a unique global solution of such that
(1.5) o)l + O NVap®llr + O p)] L + 6T Vap(t)lLe S 0log(2 + 1),

for allt >0, with () = 1+ |%

Theorem proves that the solution of enjoys the same decay properties as the free
transport up to a logarithmic correction. Note that we also establish the sharp higher decay of
derivatives, still up to a logarithmic correction. The same decay holds for E = —V,(1—A,) ' p via
standard elliptic estimates. Improved decay of higher derivatives may actually be obtained with
the same method introduced in this paper, but we shall not dwell on this point for the sake of
conciseness.

Note that we have not tried to optimize the needed regularity of the initial data in this statement,
(1.3) means that we ask slightly more than Lipschitz regularity for the initial condition fp. Since
we can take p arbitrarily large, this means that o can be taken arbitrarily close to one. We could
actually take 0 = 1+ %d by replacing W77 by the Besov space By ; (this would change in particular

the local existence result of Proposition [3.1)). Note that we do not ask for any smallness in (L.3)).
2



This is used only in order to ensure that a certain quantity (namely N (¢) defined in (3.4))), that we
shall use for a bootstrap argument, is continuous in time.
We could actually even only ask o > %d, so that loosely speaking, merely smallness in Holder

norm (instead of Lipschitz) would be needed, but this would require to replace the W1 and W !
estimates for the density p proved in the paper by more technical %% and BY' , estimates.

As a consequence of Theorem [I.I we obtain the aforemetioned scattering property for the
solution to ([1.2]).

Corollary 1.1. With the same assumptions and notations as in Theorem [1.1], there is foo € WH
given by
foo(xa U) = fO (.Z' + YOO(x7U)7 v+ WOO(x7v)) + K (U + WOO(wv ’U)) - ,U,(’U)

such that

log(2+1¢
(1) 10,2+ t0,0) = Fsla 0z, S 20 B,
for allt > 0. Moreover, we also have that || Yool Lo, + [WeollLge, < €0-

The proof which is an easy consequence of ([1.5)) will be given in Section

The remaining of the paper is devoted to the proof of Theorem [I.I] and is organized as follows.
Linear estimates are derived in Section[2] This is the main ingredient in the proof: we shall establish
in particular that the density p of the solution of the linearized equation

Of+v-Vof+FE -Vyu=0,

E=-V,(1- Ax)*lp, p(t,x) = /d f(t,z,v) dv,
R

fli=o = fo

enjoys the same pointwise in time LP decay as that of the free transport equation (that corresponds
to p = 0), up to a logarithmic correction.

The bootstrap argument allowing to get Theorem [I.1] is introduced in Section [3} Section [] and
[ are devoted to stability estimates for characteristics. In view of applying the linear estimates
of Section [2] several source terms need to be estimated. The contribution from the initial data
is studied in Section [0, while the estimates on the terms due to the reaction term —FE - V,u are
established in Section[7] Note that in order to establish the higher decay of derivatives, we shall use
a different, more straightforward change of variables than in [I1]. The paper ends with a reminder
of a few classical estimates related to the Littlewood-Paley decomposition.

1.2. Notations. We use = for the "space" Fourier transform on R? and ~ for the "space-time"
Fourier transform on R%t! with the convention:

(1.7) () = /R () dr, h(r6) = /R /R e (1, ) ddr.

Throughout the paper, functions depending on time are extended by zero for ¢ < 0.
We shall use the homogeneous Littlewood-Paley decomposition in R” with n =d or d + 1. We
write for u € §'(R"),
u = Z Uqg

qEZ

(18) () =aOxe(0): (@) =x(>), =7 or 7

2q
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and y € [0,1] is a fixed smooth compactly supported function in the annulus % < €] < 4 which is
equal to one in the annulus % < |¢] < 2. The classical Bernstein Lemma is recalled in Lemma

2. LINEAR ESTIMATES

In this section we study the linear equation

@1 ) = /Ot /Rd[vxu AT l(s 2 — (E— $)) - Vop(v) duds + S(tx), >0,

with S being a given source term. In what follows, we extend p and S by zero for ¢ < 0 so that the
equation (2.1)) is satisfied for ¢ € R. The main result of this section is the following.

Theorem 2.1. Assume that (H1) and (H2) are satisfied. Then for all S € L*(R, L' (RY)NL>(RY)),
there exists a unique solution of ([2.1)) in L},.(R, L*(RY)) that can be expressed in the following way:

(2.2) p=S+Gx,S,

where the kernel G(t,z) satisfies G|i<o = 0 and there exists C > 0 such that the following uniform
estimates hold:

c C

(2.3) GO < T 1G @)L~ < [T g vt >0,

where § € (0,1) can be chosen arbitrarily small. Furthermore, its spatial derivatives satisfy
C

(2'4) ”VxG(t)HLl < ﬁ’ ”VxG(t)”LOO < W7 vVt > 1.

As a corollary of Theorem we immediately obtain decay estimates for the solution of ([2.1)).

Corollary 2.1. Assume that (H1) and (H2) are satisfied. Then, there exists M > 0 such that for
all S € LY (R, L' (R?) N L>®(RY)), the solution of ([2.1) satisfies the estimates

o)z + 4 p(E) || Lo < Mlog(1+ 1)[|S ]y,
VoDl + [ Va(t) | e < Mlog(1 +1)|1Slyx,
fort > 1, where the norms Y)Y} are defined by
I81p =sup (IS(6) s + 1+ 9IS u=)

(2.5)
I = s (IS(6) s+ 1+ VSOl + 1+ VS (5) ).

In Corollary [2.1], we state only large time estimates, since the estimates for ¢ < 1 can be obtained
in a straightforward way. Note that derivatives decay at a t~! faster rate. In particular, Corollary
immediately yields decay estimates for the linearized Vlasov-Poisson system of around
w1(v), namely for the system

Of+v-Vof + E-Vyu=0,

(2.6) E=-Vi(1l-8)7p  plta) = [ f(t.o,0)dv,
R
fli=o = fo.
Indeed, using the method of characteristics, we obtain that p solves (2.1) with S(¢,x) given by

S(t,x) = /]Rd folx —tv,v) dv.
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Assuming that fy € Lglc’v and fo € LL(LS), we have from the standard dispersive estimates for free
transport (see [2]) that

1
1Sl < follrs  [1SE)[[Le < tql!fo\lL;Lgo-
Similar estimates hold for derivatives:
1 1
[VS@®)|r < tqllvvfollLl, IVS@®)|ze < tdﬁ\lvufoHL;Lgo-

Therefore, we obtain from Corollary [2.1] that the pointwise behavior of the density of the linearized
equation (2.6]) is the same as the one of the free transport, up to a logarithmic loss.
Let us right away provide the proof of Corollary

Proof of Corollary[2.1l Using the representation ([2.2)) and the fact that S and G vanish for negative
times we obtain

t
p(t) = S(t) +/ G(t — s) *; S(s) ds.
0
Therefore, using (2.3]), we obtain

t 1
ol SISOl + [ 1551l ds
SISO+ [ ISz ds+ [ (o)l ds
1 E— 1 < 1
~ L T L ¢ 1+ (t—s) L

31
< 14—/2 ds | sup ||S(s .
( " ) 156l
In a similar way, we have
t t
2
()]s < [[S(#)]l e +/O |Gt = 8)llLe=[1S(s)ll 2 ds +ﬂ 1G(E = $)l[L2 1S5 ()l o< ds.
3

Therefore, using again (2.3)), we get that

1 [z t
(oo} < oo 3 a1 R —
lo®lle= < ISOll=+ 57 [ 1@l ds+ [} 17—

2

1 1 %
SIS@ L + -5 sup [[S(s)l[zr + - sup (1+8d)IIS(S)IILw/
t% [0,¢/2] t [t/2.4) 0

15 (s)l| o~ ds

1
1+s

ds

< t—d log(1+t)||S]

v
upon recalling the notation ([2.5). This proves the desired estimates for p(t). Similarly, we compute

i t
U9p(Ollr SHYSOllr +¢ [ * VG = 5) o |S@lrds +¢ [ 1G( = )11V S(5) v ds
2

for p=1 and p = co. By using (2.3)) and (2.4)), the estimates for derivatives follow. O

Before giving the proof of Theorem [2.1]it will be useful to establish some properties of the kernel
of the integral equation (2.1)).

Let us set w = x — (t — s)v and then integrate by parts to get the equivalent formulation
(2.

2.7)
p(t,x):/ot/de(s’w) <<1(7§_18)2AU)IAW> G:Z’) (t_ls)dH dwds + S(t,z), t>0.
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Since p and S by zero for t < 0, the equation (2.1)) is satisfied for ¢ € R and can be rewriten as the
convolution equation

(2.8) p(t,z) = (K %00 p)(t,7) + S(t,2), tER,

where the kernel K is given by

1 1 -1 T
K(t,z) = prim) ((1 - tQAv> Au#) (t> Li>o0.
Note that we have

(K # 0 p)(t,x) = /R i K(t—s,x —w)p(s,w)dwds = /Ot (K(t—s,-)*z p(s,-)) (x)ds,

where we use the notation *; , for the space-time convolution and *, for the space convolution.
We have the following properties for the kernel K:

Lemma 2.1. Assuming (H1), there exists C > 0 such that the following estimates hold:

C C
K(t < — K)o < ——— t .
IKO < 7g 1Kl < gy 9> 0

Note that we get in particular from this lemma that K € Li (R, L}(R%)) so that its Fourier

loc
transform on R4t is well defined (at least as a tempered distribution). We shall not use explicitly

these precise properties of K besides the fact that its Fourier transform makes sense.
Proof. We clearly get that
1Kt < ey Bl
and by change of variables, that
1 e < SR,

Fy(v) = ((1 - ;Av)l Aw) (),

so that it only remains to estimate the L' and L® norms of F;. We use the homogeneous Littlewood-
Paley decomposition and the Bernstein inequality (A.1]) to get that for every p € [1, +00],

where

q

22
IFille S — ligllze-
qEZL 1+ 2

We can thus obtain from that uniformly for ¢ > 0,
IFlle S 3 2% mglle + D 27 Mngllwss S llwss-
q<0 q>0

This yields the estimates for ¢ > 1. It remains to improve the estimates for ¢ € (0,1]. This time,
we write

IFille S D12 uglliee + > 227 Uugllwre S tlllwrr,
q<0 q=>0

hence concluding the proof.



Proof of Theorem We now give the proof of Theorem [2.I] which we shall split in several
steps. As already justified in [13] 5], we can express the solution of (2.1 through its space-time

Fourier transform by
1

ﬁ(ﬂ@zms(ﬂf)
in which K(r,¢) is given by
(29 K= [ e Tt
- T P "

The fact that the inverse Fourier transform of S(r,€) vanishes for t < 0 comes from a

( £)
Paley-Wiener type argument and uses the fact that 1-— (z, €) does not cancel in the half-plane
Iz <0, which is precisely the Penrose stability condition (H2).
We can then write

~ al f(-/(Tv ‘S) Q
Pr8) =S8 + e 8(n)
and hence the expression follows by setting
_ K(r,¢
(2.10) G(t) = Frle s (1 - %(r)g))

It thus remains to check the claimed properties of G.
At first, we observe that for £ # 0, % is a holomorphic function in ¥z < 0 thanks to (H1)
and (H2):
e the Penrose condition (H2) ensures that 1 — K (z,¢) is away from 0,

e and (H1) entails that V/:U\u and its derivatives are decreasing sufficiently fast, so that one
can apply Lebesgue dominated convergence theorem.

Now, note that thanks to (H1) and (H2), K=9 _ i5 uniformly bounded in $z < 0. Indeed, by

1-K(2,¢)
(H1), V,u € W21 and therefore we get
211) VreRy>0, |K(r—iy g)|</+ooe'vt‘5| /+°° ds
* ) — ) ) ~ 0 (1 + t|£’ ~Y 1 + S
In addition, by integration by parts, we can compute
% N G W S
K - Vou(t) dt
o= [ e i V)
+o00 e—th f 1 g
= (1= ) Vpu(t v
= e Va9~ s e VeVl (0)

Note that we have used that V,z(0) = 0, which ensures that a boundary term cancel. By (H1),
(V)2V o € W2, This yields, arguing similarly as for (2.11]), for any fixed & # 0,

~ 1

K < .

K6l S o

Since a similar expression holds for the derivatives 02K (7, &) and by (H1), (v)2V,u € WL, for
any fixed & # 0, we have

(2.12) 07K (1,8)| < T2 @ <2,

uniformly in 7.



K(7.6)
- (Tv )
decrease. Therefore, thanks to an adequate version of the Paley-Wiener theorem (see Theorem 3.5
n [17]), we get that F. !, (%) vanishes for t < 0 for every {. We conclude that G vanishes for

t<0.

and its inverse Fourier transform in time have moderate

This entails in particular that

It remains to prove the pointwise decay estimates (2.3)-(2.4). We need the following properties
of K(1,€).

Lemma 2.2. We can write

(2.13) R(r6) = —

1+ ¢

where K™ (7, €) is positively homogeneous of degree zero and K™' € €243 (RH1\{0}). Moreover,
there exists C > 0 such that

(2.14) 020K (r, ) <O, V() Jo| + 8] <2d+3, V(1€ €S,

K™Y(r,€)

where S is the unit sphere of R+1,

Proof. From the definition (2.9)), we have
RM(rme = [ e Tontee) i
We observe that for A > 0,
KM (7, AE) = /0 " eTTUNE - Vo u(tAE) dt = K™ (7, €),

upon using the change of variable s = At. Note that by using again (2.11)), we have

sup |K™(7,€)] < +oc.
(,€)eRd+1

To estimate the derivatives on the sphere, we first handle the case when || > % Thanks to (H1),
(v)243V i € W2H51 and consequently, we have

0 nBTh1 +o0 <t>|a\+|5|

for N = 2d + 5, and therefore, for |¢| > £ and |a| + |3| < 2d + 3, we have
o ABTS 1
(2.15) PO (r IS (o est g2

Let us next consider the case when [£| < %, in which we make use of the fact that 7 is bounded
below away from zero, recalling (7, &) € S. Integrating by parts, we get for every n > 2

(2.16) KM, =Y — Ry (7€)

where

PE) =i (D016
9= [T e (.6 = i€ (D) €



with the definition
— o —
§-(DEV)(C) : €25 = S &g g FoigMLC)-
J0sJ15 Tk S S
Note that &, is a homogeneous polynomial of degree k. Thanks to (H1), (v)2+3V,u € W2d+51
and thus we have for all n < 2d + 3,
o)l s
(1 +2f¢)

for N = 2d + 5. More generally, using (v)*t06V,pu € W2I+51 we have for all n < 2d + 3 and
8] < 2d +3,

1—
|8ﬂ7‘n(t,f)| < M
= W+ e 7
Consequently, applying derivatives to the expansion (2.16)), we get for |£] < l
+00 t\a||§’n+1 18] +o00 Sla\mn 18]—=le
a 9B 77h,1 <
orof M <1+ [ ESEeEL ts1+ [ T

Thus, we can fix n = 2d + 3. We get for |a| + |5] < 2d + 3,
~ 1
0RO EM (r) $1 (n eS| <y
This, together with (2.15]), concludes the proof. O

Remark 2.1. We can also express the expansion (2.16) for n = 2 in a slightly different way. We
write

1 s £
e O T e

where Ps is a homogeneous polynomial of degree two in & and
— +o00 . _—
KM (7,¢) = / e " - (DEV ) (tE) dt
0

From the same arguments as in the proof of Lemma we get that f(/h’2(7', &) is homogeneous of
degree zero on R4 and that

(2.18) 020K (r,6)| <O, V(o f), Jo| + 8] <2d+3, V(r,€) €S
Combining Remark and Lemma we obtain

(2.17) K7€) =

"2(r,€)

Corollary 2.2. We can write the expansion

R(r6) = — s (”fmas)— <L :ffh’?(ns))

L+ [§P+ 72 L+ [¢? 1+]¢P

where K™, K™2 are positively homogeneous of degree zero and satisfy the estimates (2.14), (2.18)
and P(€) is a homogeneous polynomial of degree 2.

Proof. The corollary follows from a combination of (2.13)) and (2.17)). O

Let us now use the properties of K (1,€) to derive the pointwise decay estimates for G(¢,x), re-
calling ([2.10]). We first use the homogeneous Littlewood-Paley decomposition of R4 to decompose

G(t,x), yielding
x) = Z Gy(t, ),
q€Z
9



recalling ((1.8)). The general strategy will consist of treating differently the contribution of high and
low frequencies. We first deal with high frequencies:

Lemma 2.3. There exist A > 1 and C > 0 such that for every 6 € (0,1] and every q with 29 > A,
we have the estimates

94(1+0) 1 94q(d+1+5) 1

. < < <
(219) NGOl = O gy NGOl < O 5 G

vVt € R,

for N =d+ 3.
Proof. We first observe that we can rewrite under the form
G =K +KG.
Let ¢ be a smooth cut-off function that is supported in an annulus slightly larger than that of y,
so that ¢ = 1 on the support of x. Setting

we hence get the convolution equation
(2.20) Gy =K;+Kq*0 Gy
Let us first bound K,. We shall prove that for all ¢ > 1,
240 24
||L%C S 2 N
1+ 229 (1 4 24|t|)
for N = d + 3. Using the expansion in Corollary we write

(2.21) [[1Kq(t)

Kq=Kq1 + K 25
with

Rp=— b (&g 7200 x(r0)
q,1 1+’§’2+7_2 ) 1+‘€’2 . ) Xa\T5¢5),

. G
oz = g2 +2\(€|)2XQ(T’£)'

We first check (2.21)) for K, 1. By a scaling argument, we can write
Kga(t, ) = 29Dk, 1 (29, 29z)

where
-1 >

kq71(T’ X) == F(T,f)—}(T,X)Kq71(2qT7 2(15).

We claim that
87 1

(222) |8gag ]{3%1(7" £)| 5 1+ 92q°
uniformly in ¢ for ¢ > 1 for |a| + [3] < N + d. This yields (2.21) for K, ;. Indeed, from (2.22), we
obtain from taking integration by parts

1 1
ko 1(T,X)| <
| q,l( ’ )|N 1+22q (1+|T|+‘X|)N+d7
which in turn implies
1 1
ko1 (T < .
H q,l( )HL& — 1+22q (1+’T‘)N

10



Therefore, by a change of variables, we obtain
1 24
”Lalj S, 2 N
1+ 229 (14 29|t|)

[[Kq1(2)

We now prove the claim ([2.22)). By homogeneity of K" and K h2 we can write

%Q=1(77€) = . 2 (Rﬁh’l(ﬂé) -

£
2%+ [eP

T
T 20E + (297) FKMA(r, 5)) X(7,€)-

Since K™! and K™? are smooth homogeneous functions of degree zero that satisfy (2.14)) and (2.18)),
we have

00 KM (r,6)| S |(m &) S 1,
since on support of x, |£| + |7| is bounded from below by a strictly positive number. On the other
hand,
alvl
o ( 1 )‘ < 2 < 1
me \T5 2082 + (2077 ) |~ (15 229 5 7)) 102 > 14 22

on the support of x. We thus deduce the estimate (2.22)), and hence (2.21)) for K .

For what concerns K, o, using (A.3)), for any 6 € (0, 1], we have

1
—1
Frowa ( Tr e 2™ 6))

and arguing as for K, ; with a scaling argument, we deduce (2.21)).
Moreover, exactly as above, we obtain for all ¢ > 1,

. - 2q5 29
2.23 ¢ '
(2.23) ey S 7752 (1 + 24[t|)N

)

0
1K 2(®)llzy < 2

L

Therefore, rewriting ([2.20)) as

(2.24) G,(t,2) :Kq(t,a:)—i—/R(qu(t—s,-) ko Gyls, ) (2) ds,

and taking the L! norm in z and by using (2.21)) and (2.23)), we thus obtain that

o < 22 24 24° 24 o J
t .
1Ca0ler S Trgm gy s Ty e G e ds

Let usset forall T € R
T

11Galllr = (L + [TDVIGo(

)r

We deduce after a change of variables that

1Gulllr < 2020 o / (1+ TN 1
AT~ 174920 T 14220 Jp (14T — SN (1+[S))

249499 2g6 o
~ 14922 + 1 4 22q zg%m q|”1,57

v 1Golllr,s dS
(2.25)

where we have used that for N > 1,

/ (L+]T)hY
R (L+]T = SPN (1 4[N
11

dS < 4o0.

sup
TeR



Consequently, after taking the sup in 7', we can find A > 1 sufficiently large such that for all ¢
satisfying 27 > A, the last term on the right of (2.25)) is absorbed into the left, yielding

24949
1+ 220

sup [[|Gylllr <
T

This proves the L! estimate in (2.19)).
It remains to estimate the L> norm. The proof follows the same lines. Arguing as for (2.21]),

we obtain
940 Qq(d+1)

for any § € (0,1]. We then get by using and (| - ) that

2q5 2q (d+1)
1GaON = om0 (1 e + / 1Kot = )12 1Ga(s) 1<

249 94(d+1) 94 . ;
S T2 (T4 20N /R 1+ 224 (14 24|t — s)NV 1Gq(5)]| Lo ds.

We then conclude as before by setting

11Gqlllso.r = (1 +THNIG, ( Dz,

that
2q62q(d+1) ey
Slj{pquH’oo,T N 1+ 22 + 1+ 22 Sgpqumoo,S'
The estimate ([2.19)) for the L norm thus follows by choosing A sufficiently large. O

From now on, A > 1 is fixed and there remains to estimate G, for 29 < A. This is the content
of the next lemma.

Lemma 2.4. For A > 1, there exists C > 0 such that for every q € Z with 29 < A, we have the
estimate
24 9q(d+1)

(1t 20N Ge) |l < O, VEER,

(2.26) 1Gq@)llr < C (14 29[tV

for N =d+3.

Proof. We use directly the expression (2.10|) and argue as in the proof of Lemma By a scaling
argument we can write that
Gy(t,z) = 294+ g (294, 297)
where -
K (297,21¢)
X1 — K (27, 21€)
To get the result, it is sufficient to use prove that 80‘8'3 gq is bounded on the support of x uniformly

in ¢ for 27 < A for |a| + |5] < N +d. From the Penrose stability condition (H2), such an estimate
for g, follows from a similar one bearing on

kg (7,€) = K (297,29€)x(7, €).
From Corollary [2.2] we can write by homogeneity that
1 Z5(§) £e?

h71(7—7§) - -
1+ [29¢? + (247)2 2724 [P 2720+ [¢)?
12

0T, X) = Fly \(7,€).
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Since on the support of x, ||+ |7| is bounded below by a positive number, we have that uniformly
in q,

alvl
% (o) < e s
re\T2eeP + @) | (T 220(igP + ) 7
We also observe that on the support of x, £ belongs to a ball so that we have
P5(6) )’ 2
9x [ =25 )| < 92dlaf < .
¢ (s igp)| <7 <

This is for the control of this term that we use that we are in the low frequency regnne 29 < A.
Since K™!(7,¢) and K™2(r,€) satisfy (2.14 (2-14), (2.18), the uniform estimate for 80‘8 q follows. [

End of the Proof of Theorem [2.1. We shall combine Lemma 2.3] and Lemma 2.4 Let A be
given by Lemma [2.3]
We have

(2.27) 1GOOI < D2 1G®)llir + Y- 1Ge(®)]lre

29<A 29>A

Let us first consider large time estimates that is to say for ¢ > A. In this case, the second sum gives

2q(1+5) 1 1
2 1GO = 2 T T S
20> A 20> A
since d < 1. For the first sum, we split
24 24 24
> 160 S 30 e & X vyt 2 qr
2q<A QQSA (1+2q|t|)N 2q§t*1 (1+2q|t|)N 1<2q< (1+2q|t|)

The first term above contains only negative ¢ so that

s T DI
St (14 2a|¢[)N o ~t
For the second term, we write
24 1 1
Z < Z 2(1 Z 2(1(1 N) < _|_ 7
N ~ 4N N
t—1<20<A (1 +24]t)) t t—1<2a<1 1<24<A t

since N > 1. We have thus proven that for ¢ large enough

1
GO S 5

The estimates for the L norm follows the same lines using that N > d + 1.
Let us explain how we obtain the estimates for t < A. We use again (2.27)). For the first sum,

we just use that
ZHG A Z NN Z2q<1
20<A 20<A (1+ 2q|t| 20< A

For the second sum, we write

200149 1 < q(—146) <
> 1Gale S 3 T gy S 2 2 <1

29> A 20> A 29> A

13



To get the short time estimates for the L> norm, we only handle in a slightly different way the
second sum. We write

ORI P
Golt)l| e <
20> A 24> A 1+22q (1+2q|t|)N
1 1
d-146 d—1+6—N
S Y g 3 'S
t—1>24>A 2a>¢—1

We can also estimate derivatives of G using the Bernstein inequality (A.1]). Note that we will
use only large time estimates (that is to say for ¢t > 1). We write

VGOl < Y- 290Gl + D 271Gyt

20< A 24> A

2q(2+6) 1 1

1 1

2q | q(2—N) | _— Il g

’S Z 2 +tN Z 2 +tN Z 2q(2+N)fSt2+tN'
20<t—1 t—1<2¢<A 29> A

The estimate for the L norm of the derivatives follows the same lines, using N > d + 2. This
concludes the proof of Theorem [2.2]

3. THE BOOTSTRAP ARGUMENT

Equipped with the linear estimates (in the form of Corollary, we are now in position to intro-
duce the continuation argument that we shall use to establish Theorem [I.I} As usual, the charac-
teristics (X (z,v), Vst(x,v)) associated to the transport equation with the vector field (v, E(t, z))
are defined as the solution to the ODE system:

d
IXS,t(xu U) = ‘/SJ(xa U)v Xt7t($7’l)) =,
(3.1) ds
e st(z,v) = E(s, Xg4(z,v)), Vii(z,v) =v.
By the method of characteristics, the solution to the Vlasov-Poisson system ((1.2)) must satisfy
t
(32) f(ta Zz, U) = fO(XO,t(:Ua ’U), ‘/O,t(-xa 'U)) - /0 E(S, Xs,t(xa U)) : Vv,u(‘/s,t(-r7 U)) ds.
Consequently, p(t,z) = [ga f(t,z,v) dv solves the equation
t
(3.3) p(t,x) — / /d[Vm(l —A) (s, — (t — s)v) - Vou(v) duds = S(t, x),
0 JRr
with

S(t,z) = /Rd fo(Xot(x,v), Vo i(z,v))dv+ /Ot o E(s,x — (t — s)v) - Vyu(v) duds

t
[ [ B X)) - VoV @, v) dvds.
To study (3.3)), let us introduce the following weighted in time norm:

(3.4) N(@)= (o)l + (s)lo(s) 1o + () IVl + () [ Vo(s) o).

1
sup ———
0,4 10g(2 + s)
First, we recall the following local well-posedness result for (1.2)) whose proof is standard and
therefore omitted. In what follows, we shall say that f € WP if (v)*f € Wb
14



Proposition 3.1 (Local well-posedness). Let fo € Whin Wg/’g, with k > d and p(c — 1) > 2d.
Then, there exists Ty > 0 and a unique classical solution f(t) € €([0,Tp), W N W]g/’];/). Denote
by T* > 0 the maximal existence time; if T* < +o00, then

(3.5) 1ol L1 0rs ey = oo

We thus apply Proposition to obtain a unique local solution f(t) € €([0, T}, Wit n ng/’g,)

of (1.2)) that can be continued as long as ||p(t)||jy1,c remains bounded. We note that the continuity
in time of f and the Sobolev embedding entail that the function ¢ — N (t) is continuous as well.

Let € € (0, 1] to be fixed later. We define
(3.6) T =sup {t € (0,T%), N(t) < e},

where T* is the maximal time of existence. By continuity of N and thanks to the blow-up crite-
rion (3.5)), there is 9 > 0 such that if

1(0)* follwr.ee + || follwra < eo,

then 7% > 2 and moreover we can ensure that the time defined in (3.6]) also satisfies T' > 2.
Now applying the linear theory, namely Corollary for the equation (3.3]), we have

(3.7) N(@&) <M (ISlyo +ISly2)

for ¢ < T, where the norms Y2, Y,! are defined as in (2.5)).
The main task is therefore to estimate [|S|lyo + [|S]ly1. We are going to prove the following
result.

Theorem 3.1. There exist €1 € (0,1], Co > 0 such that for all e € (0,e1), for allt <T (where T
is defined as in (3.6]) ),

(3.8) 1S]lyo + ||SHYt1 < Coeg + Coe?.
With Theorem [3.1] at hand, we can conclude the proof of Theorem [I.1]
Proof of Theorem [I.1. We choose ¢ and ¢ small enough so that eg < e < e; and

1
2
(39) C()E() + 005 < W€7
where M’ is the constant appearing in (3.7)).
Assume that T' < T*. We deduce by Theorem (3.7) and (3.9) that

1

This is a contradiction with the definition of T" as by continuity of N/, we would then find T3 € (7, T*)
such that

N(Tl) S e.

Once we know that T' = T*, we also get that T = +o00: indeed from the blow-up criterion of
Proposition we cannot have T* < 400 since then N(T*) < e.
O

The rest of this paper is devoted to the proof of Theorem We shall therefore work on the
interval [0, 7], on which we have N (t) < e, a property which we will refer to as the bootstrap
assumption. All subsequent estimates will be independent of T'.

15



4. DECAY ESTIMATES FOR CHARACTERISTICS

In this section, we study the characteristics (X;+(x,v), Vs+(x,v)) defined as the solutions to the
ODEs (3.1)). Integrating (3.1]), we have forall 0 < s <t < T,

Xst(z,v) =z —v(t—s tT—SET,Xﬂtx,U dr
- (,v) (t=9)+ [ (= 9B(r. Xes(a,v))

t
Vst(z,v) =0 —/ E(T, XT,t(x,v)) dr.

s

We have the following pointwise bounds on characteristics.

Proposition 4.1. There is e1 € (0,1) such that the following holds for all € < e1. For all
0<s,t<T and for x,v € R, the map x +— Xs4(2,v) and v — Vyi(z,v) are € diffeomorphisms,
and we can writd]

(4.2) Xsi(x,v) =2 — (t — s)v+ Y (x — vt,v), Ver(x,v) = v+ Wy (x — vt,v),

where Y 4 (x,v), Wy (z,v) satisfy the following uniform estimates

1 +Sd_1 1 +Sd_2
sup 0 ([Vaullroe + [VaYorllio )+ sup —— o [V Yaillre <e,
s i 1Og(2+8)(|| sitlloge, + 1VaYsrllngs,) I log(2+s)” vYsitllnge,
. 1+Sd 1+$d71
(IWsllrge, + IVaWsillLge,) +  sup [VoWiitllLge, S e

o<s<t<T l0g(2 + s)

Proof. Let 0 < s <t <T. By definition of Y;;, we have from (4.1

su P —
OSsﬁE)ST log(2 + s)

t
(4.4) Ysi(z,v) = / (1 — S)E(T, x4+ 70+ Yo(x, v)) dr.

S
Differentiating this identity with respect to x and taking the sup norm in xz and v, we get

t
Vs Vsl oo </(T_s)||vxE(T,x+m+y,,t(x,v))\|Lg?U(1+Hvxyﬂtu%)dT
S

T, v —

(4.5)

S

t
<+ sup [Va¥oellig,) [ 7IV2E@) o dr
0<7<t

Next, since V,E = —V,(1—A;) 1 (Vp), we obtain from (A.2)) and the bootstrap assumption that

log(2+ 7)
(4.6) [E(T)][ze + V2 E(T)|[Loe S (I Vap(T)l|e S ERESEA

and thus 7||VzE(7)|| e is integrable in time. This yields
IVaYsullre, S e+ [VaYsulre,)-

Thus, for € sufficiently small, we have [|V,Y; ||z, <€, for all 0 < s <t <T. Therefore, taking ¢
small enough, we deduce that for all v € R, the map = — X st(z,v) is a €1 diffeomorphism. As a
consequence, for any integrable function H = H(z), we have
(4.7) sup || H(Xst)llpeery S I1H|lzy-
0<s,t<T
We are ready to derive the uniform estimates in (4.3)). Using the pointwise decay in (4.6)), it
follows directly from (4.4) and (4.5)) that
log(2 + s)
1Ysillzge, + IVaYarllge, S T sd1

*We have chosen to write the remainder as functions of (z — vt,v), instead of (x,v), in view of the expected large
time behavior, which is that of free transport.
16



In addition, we also obtain from (4.4) that

t
IVoYsillee, S [ (7 = )V B(T)|[Loe (T + [[Vo Y il Lo ) dr

T, v N s
tlog(2 + 1) tlog(2 + 1)
< —d —— |V, Y, oo dT.
se[ B drre [ BTV Yl dr
In dimension d > 3, since 227 ig integrable, we get from the same argument as before that
1+7
log(2 + s
(4.8) IVoYsillLee, S B )

87
zv Y 1+ Sd_2

which is particular bounded, giving the claimed estimates on Y ((x, v). Similarly, by construction,
we have

t
W i(z,v) = —/ E(T,ZE +7U + YT7t(x,v)) dr,
S
which first directly yields
tlog(2+4 1) log(2 + s)
IWoiless, S € || Toman dr 2

Moreover, using the estimates already proved for Y ;, we have

tlog(2 4+ 1
IVaWallie < [ 1082FT)

log(2 + s
S0 S T (1 + | VaYrillee,) dr S EM_
S

~T 1444

trlog(2+7) log(2 + s)
HVUWSJHL?E?U 5 €A W(l + HVQ)YT,tHLg?,U) dr 5 5@.

Imposing again ¢ small enough, we deduce that for all z € R? the map v — Vii(z,v) is a €1
diffeomorphism. The proposition follows. O

Remark 4.1. In dimension 2, derivatives in v of characteristics have a slow growth in time (see
in particular the estimates leading to (4.8)) ), which prevents from performing the same nonlinear
stability analysis.

5. STRAIGHTENING CHARACTERISTICS

In order to boil down to the case of free transport, we shall rely on a change of variables in
velocity, that is close to the identity on the interval [0,7]. This is the content of the following
proposition.

Proposition 5.1. There is e1 € (0,1) such that the following holds for all € < e1. For all
0 <s,t <T, there exists a €' map (x,v) — Vs (x,v) such that

(5.1) Xot(x, Uy (z,0)) =2 — (t — s)v,

for all z,v € R%. In addition, for every x € R, v — U, (x,v) is a diffeomorphism, and there hold
the following uniform estimates

1+ s?

T _/a N v ) - x v v ) o S )
S oy (1sa(e0) =iz, + V2P, ) S e

5.2
( ) 14+ Sd_l

su —_—
Ogs,tI;T log(2 + s)
17
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Proof. From (4.1)), we write
Xot(z,v) =2 —(t —3) (v + @S,t(aj,v))

where
1

Dy 1 (z,v) = R

Using (4.6)), we obtain
tlog(2 + 1) dr < log(2 + s)

t
i, S [ VB dr S [T b 5 G

In addition, using the bounds on Y (x,v) obtained in the previous section, we get

/st(T - 8)E<7‘, z—(t—71)v+ Yri(x —vt, U)) dr.

Hq’s,t

1 t
IVasiliz, S 5= [ (7= IVaE@llez (14 1VaVrelliz,) dr
- S

t

log(2 + s)

t
N V.E oo dT <
S [ VB dr 5 e

using (4.6)). Finally, we compute

1 t
IVo®ysllnee, < 78/ (r = VB (£ =7+ (Vo — 192) Ve fllize, ) dr

I

z,th

t t
S [+ DIVE@i dr+ [ IVeBOl (V0 = 792 Vrilliz, dr

in which we have written tV,Y,; = (t—7)V, Y- +7V,Y;; and used the boundedness of V.Y, ;(z, v).
Therefore, using again (4.6) and (4.3]), we have

t log(2 log (2
HV@SJH%S/ log(2+7) . log(2+5)

1+rd TRy
We deduce that the map
(z,v) = (z,v + P t(z,v))

is a ¢! diffeomorphism from R?¢ to R?? with Jacobian determinant close to one. As a consequence,
there exists a ¢! diffeomorphism Wy ;(z,v) such that

Xot(x, Uy (z,0)) =2 — (t — s)v,

for all z,v. By construction, note that we have

(5.3) U, i(x,v) =v— Pgy(z, Uy i (x,0)).
The estimates (5.2]) for ¥, ;(x,v) thus follow from the estimates already proved for ®,¢(x,v). This
ends the proof of the proposition. O

6. CONTRIBUTION OF THE INITIAL DATA

In this section, we estimate the contribution of

(61) Z(t.0) = [ | olXos(@.0), Voulo,0) do

Namely, we prove the following proposition.

Proposition 6.1. For 0 <t < T, there holds

(6.2) IZ@N 2 + OUZD e + OIVLZE)| L1 + OTTHIVLI(E)]22 < Coco,

for some positive constant Cy.
18



Proof. Since
(I’, U) = (XO,t<x7 ’U), %,t(xa U))

is a measure preserving diffeomorphism, we have that

IZ@) e < [lfollzy, < <o

xz,v

Next, to prove the L*° estimate, we aim at getting as close as possible to the dynamics of free
transport, which corresponds to fo(z — tv,v). To proceed, we first straighten the characteristics
following Proposition [5.1] yielding

Z(t.a) = [ fola = to, Voule, Woa(@,v)) det( Vo os(a,v) do.

from which we deduce by using the change of variables w =z — tv

- - d
(63) I(t,$) = / Jo (’LU, ‘/0715 <$7 \Ij(),t (ZL’, & w))) det (V’U\IJOJ) (ZC, xw) 751
Rd t t t
Then, by using (5.2) that yields

I det (Vo Wo,) |z, S 1,
we get that

1 1
IZ@Ol= S 5 [, Molw. )l dw < oo

Next, to compute the derivative of Z, we shall introduce (Yy, Wo,) as defined in (4.2) on the
characteristics and use the change of variables w = z — vt to get

I(t,x)= /]Rd Jo(x — vt + Yo (z — tv,v),v+ Wy (x — tv,v)) dv

r—w\ T —w T —w dw
:/]Rdfo (w—i_}/b,t (w7 n )7 n +W0,t (w7t>) tT

Therefore, we obtain that

V.I(t,z)= /Rd [(szo) (w + Yo (w, T w) Loy Wo,t (w, :U—tw)> (Vo Yoy) (w, a ; w)

(6.4)

t t

+ (vva) (w+}/0,t (wax_tw)aw_tw +W0,t (wax_tw>>

. (e + (VoWo ) <w7 & ; w)) 1 tcdlfl’

where e is the vector (1,--- 1)
Consequently, from Proposition we obtain that

rT—w\ T —w T —w dw
65 INZt) S [ 19endol (w4 o (w0 552 ) I 4w, (0, 25)) o

Going back to the original coordinates, we get
1
V(0] S 7 [ Vanfol Yo, v), Vou(a,v) do.
By integrating in x, this yields

1 €0
IVoZWll S 1 Vefoll S -
19



For the L* norm, we use again the straightening change of variables v = W +(z,v) and w = x — tv

to obtain

1 €0
‘VII(t,JTH 5 tdﬁ/ﬂ{d ||vx,vf0(wa )HLgo dw S—' td+1'

This yields the proposition for the case t > 1. For 0 < ¢ < 1, the estimates are straightforward,

using directly the bounds on the characteristics from Proposition [4.1 ([l

7. CONTRIBUTION OF THE REACTION TERM
We next turn to the reaction term
(7.1) R(t,x) = R(t,x) — RnwL(t, x)
where

Ru(t2) = [ t [ B Xaa(a,0)) - Fopa(Vas . v) dods,

Ru(t,x) = /Ot /Rd E(s,x — (t — s)v) - Vyu(v) duds.

In order to estimate R, we shall first establish the following general fact. Let us set for any given
F and v:

TIF,v|(t,z) = — /Ot i F(s,Xst(z,v)) Vo (Vsi(z,v)) dvds—i—/ot /Rd F(s,z—(t—s)v)-Vyv(v) duds.

Note that in particular, we have R(t,xz) = T[FE, u|(t, ). We have

Lemma 7.1. Assume that v € W3 with

1
ayy| < -
(72) 959 S e ol = 1.2
for some N > d. We have the decomposition
(7.3) TIF V|t x) = Th[F, v](t, z) + To[F, V](t, @),

where for j =1, 2, we have

T;[F,v)(t,z) = /Ot /Rd F(s,x — (t — s)v) - Ho ;[v](s, t,2,v),
in which
Hoq[v](s,t,z,v) = Vv (v) = Vor (Vi (z, Us i(x,v)))

(7.4) Hoa[v](s, t,x,v) = Vv (Vsi(x, ¥ i(x,v))) {1 — det(V, Vs 4(z, v))}

Moreover, for 0 < s <t < T, the kernels enjoy the uniform estimate

€ log(2 + s)
A+ DY 1+570

and there exists C' such that for every F and for every t € (0,71,

(7.5) [Ho,j[V](s,t,2,0)| S

76) ITUE O < Ceomp SR
| C=  (IFEIp |, 1+ sF(s)s
(7.7) 1T [F, v](E)l| e < tTl?élg <1og(2+8) + log(2 + s) '
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Proof. Using the change of variables provided by Proposition [5.1] we obtain

T[F,v](t,z) = — /Ot /Rd F(s,x — (t —s)v) - Vor(Vsi(x, ¥ i(x,v))) det(Vy Vs ¢ (x,v)) duds

+/0t [ Fls = (= )v) - V(o) dods.

The decomposition ([7.3)) follows. Moreover, for 0 < s <t < T, the kernels enjoy the estimate
This follows from Propositions and by the mean value inequality, ((7.2) and . , we
have

1
|Hoa[v](s,t,2,0)] S @)N‘” — Viu(x, Ugy(2,0))|

1

S oy [0 = Vel )+ Vil 0) = Vil oy 0))
1

S ¥ [lo = Vasla, 0)| + [VoVarllzgs, Jo — Cas(a,v)]]

<& log(2+s)

YN 1+ sl

We handle Hy o similarly.
Next, using the change of variable w = z — (t — s)v and the bounds on the kernels, we obtain

“Nlog(2+s) dwds
<
TS E, (L)) < g// <1+ ) e T
log(2 + s)

F, < F(s 7d S
T 01 £ 2 [P T s < ep g o

r —w

t—s
This yields

| F(s)llz /t 10g2(2+8)d
57
0o 1441

hence the L! estimate.

For the L® norm, we use

log(2 + s)
1+s

1
0g(2+ s) ds,
1 4 sd-1

% t
ITEAO I S 5 [ 176 ds e [, IFG)l

1d

which gives
2
ITE O~ £ 5 ({53/%] o2 o b;(;i||p<s>||Lw> Ji=nalv
This concludes the proof of the lemma. O
As an application of Lemma we can now derive appropriate estimates for R.
Proposition 7.1. For all0 <t <T,
IRzt + (L + D[R S 2.

Proof. Since we have R(t,z) = T[E, p|(t, z), the estimate for 1 <t < T follows from (H1), (7.6),
(7.7), the fact that

IE@®) e S )] L,
for p € [1,00], and the bootstrap assumption. The estimates are straightforward for 0 < ¢ < 1,
bounding directly ([7.1)) using the bounds on the characteristics from Proposition O

We shall now estimate derivatives of R.
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Proposition 7.2. There exists C' > 0 such that for every 0 <t <T
L+ DIVRONz: + A + D VR < O,

Proof. The estimates for 0 < t < 1 follow directly from ([7.1)) and the bounds on the characteristics
from Proposition We therefore focus on the case t > 1. We shall first express VRyr, in an

appropriate way. Using (4.2)), we have

t
Rnw(t, x) = / / E(s,Ysi(x —tv,v) + x — tv + sv) - V(W i(x — tv,v) + v) duds

[ (e T ) 5 25 )

By taking the gradient in x, we next obtain that
O;RnL(t,x) = Rj + RS + R} + Rj,

where

1 t xr—w S
R:// OB (5, Yar(w, ——) +w+ 2(z —w) | - Vop | Was(w,
0 JR? ¢ t

T —w T —w\ dwds
+ td-{—l’

<

t
, T —w x—w\ dwds
R]:// E‘avjV'U/L (Ws,t(wv + )+ t ) td+17
Rj = // (aUJYst )VE<S,YS,t( ) “’)>)
Rd
T —w x—w\ dwds
VU/’[/ (Ws,t(wv t )+ t ) td+1
t
4 r—w Sl —
Rj_/o/RdE(s’Ys’t(w’ ) Ter gl w))

T —

w T —w Tz —w)\ dwds
. <6Uj Ws,t(w ) : Vv) Vot (Ws,t(wy m ) + + > pd+1

We can now estimate directly R?, R? that are indeed nonlinear terms. Going back to the v variable
and recalling (4.2), we have that

t
R;’ = /0 /Rd (GUij,t(m —wvt,v) - Vo E (s, Xs4(x, v))) -V (Vs i(x,v))
From (4.3)), we then obtain the pointwise estimate

R S [ [ 192B G Xeal, ) [VaslVaala )

dvds

log(2 + s) dvds

1492 ¢
log(2 + s dvds
e [ 19BN B [ 19Vt B

By Proposition for all z € RY, v+ Viy(x,v) is a ¢! diffeomorphism and therefore by (4.3)
and (H1),

sup/ IVop(Vsi(x,v)|dv < 1.
€T
By (A.2) and the bootstrap assumption, we have

log(2
VB S IVap(5) s S 2B
and thus the above yields
log(2 +s) g2 [tlog?(2 + s) g2
3
R3Ol % 5 [ IVaB B gy g & [MELED g < =
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For the L*™ norm, we use again (H1) and the change of variable given by Proposition to obtain

that . N Jog( )
3 € r—w|\ " log(2+s) dwds
(& @)] S f/ / 2B (s, (1 ‘D :
|Rj( $)’N t 0 Rd‘v (S 'U))’ + t—g 1+Sd_2 (t—S)d

Using the bootstrap assumption, we find

t
e [2 log(2 + s) log(2 + s)
R30S g [, IVoB O T + 5 [, I9B @

g2 3 log?(2+ s) < g2
~ td+1/0 14 gd—1 ~ gd+1°

The estimates for (%-RS¥ are obtained in the same way.
We shall now estimate R}, R?, together with 0;Rr. Recalling (4.2) and going back to the
variable v = (z — w)/t, we write

t dwds
= [ ] 0 (5, Xl ) - Vo (Ve ) 5,
0 JRd t
t dwds
— [ [ B Xil,0)) - 00, T Vgl ) S5
0 JRd t

Next, using again the straightening change of variable of Proposition we obtain

t dvds
_ / / SO (5,0 = (= 9)0) - Vgt (Vaa (2, Wia(,)) det(V, W4, 0)) 7,

/ / (s, — (t — s)v) Oy Vol (Vai(z, Vs i(x,v)) det(VyUst(z,v)) dvtds.

On the other hand, using also the change of variable w = x — tv, we obtain that
t
wto)= [ [ Bt 3w —w) Va0 B
and therefore
OjRu(t,x) = Ri; + Ri
where
x —w, dwds

t
1 . e —w)) - auas
Rb; = [ ] (s0B) (s 0+ 3w = w) - Vo) 75
t
- / / (50;E) (5,2 — (t — 8)0) - By, Vps(w) 228
0 JRrd t
—w, dwds

t
2 S
RE; = [ Blsw+ 5w —w) 0, Vun(*) SET

t
= / E(S,ZE - (t — S)U) : 8’Ujv’U/'L(U) dwds
0 JRd

t
Consequently, we observe that

1 1
~Rj+RL; = S TsOE pl(t0), ~R}+RE; = TIE0ul(t,),

so that by (H1), we can apply Lemma Therefore, by (7.6)), (7.7) and the bootstrap assumption,

we get that

52

| =RiO) +Ri; Ol S =, =R+ RO S g
which allows to end the proof. ]

2
t

We are finally in position to conclude.
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Proof of Theorem[3.1]. This follows from the estimates of Proposition [6.1, Proposition [7.1] and
Proposition [7.2] a

8. PrROOF OoF COROLLARY [L.1]

We can use again that f is given by (3.2) from the characteristic method. We can also observe
that

t t
| B Xsla0) - TonlVesla, o)) ds = [ Vel ) Von(Vas(a,0) ds = pu(0) = (Vo).
By using (Y5, Ws) that are defined in (4.2), we can thus write that

(8.1) ft,z+tv,v) = folz + Yo (z,v), v+ Wor(z,v)) + p(v+ Woi(z,v)) — p(v).

Consequently, the result follows immediately if we prove that there exists (Yoo (2, v), Woo (2, v)) such
that

log(2 +t)

”W(Lt(fL',’U) - Woo(xyv)HLoo S €o 11

v N

log(2 +1
Yo, (x,v) = Yoo (@, )l L2e, S €OM’

We give the proof for Yy s, the one for Wy ; being similar.
Let us define Y(s,z,v) = Ys:(x,v)lo<s<¢t. From the integral equation (4.4) and the decay
estimates (1.5, we get that Y; € €,(RT x R??) and that for every t; >ty > 1,

log(2 + t2)
1Ye, — Yeo [l (et xr2e) S €0————5=5= + €0l Y, — Ye, [l (m+ xr2a)-
1+1t5
For ¢¢ sufficiently small, this yields by the Cauchy criterion that lim;—, o Y; := Y, exists in

(Rt x R??) and then that

log(2 +t)
HYt - YooHsgb(RerR?d) S 50@'

We conclude by setting Yoo = Yoo (0, -).
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APPENDIX A.

We recall (|1.8) for the Littlewood-Paley decomposition in R™ (for n = d and for n = d+1). Let
us state the classical Bernstein Lemma.

Lemma A.1. For every p € [1,400| and any multi-index o, there exist ¢ > 0, C > 0 such that for
every u € LP, we have Bernstein’s inequalities:

(A1) 21 )| o < 102 (ug) | r < C2AMY|ul| e, Vg € Z.
We refer for example to [1] for the proof. As an application, we get

Lemma A.2. Let P; and P, be homogeneous polynomials of degree 1 and 2. For all p € [1,400],
for alluw e LP, for all £ € N,

(A.2) IPL(D)(1 = A) tulle < llull Lo,

(A.3) [P2(D)(1 = A) el e S 2% ul1r,

~

where uy is defined as in (1.8)) and § € (0,1) is arbitrarily small.
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Proof. By using the homogeneous Littlewood-Paley decomposition and the Bernstein inequalities,
we get

_ 24 _
IP(D)(1 = A) e S m!\%”m Sllulle (D274 279).
q€Z q<0 q>0

For the second estimate, we write

_ 224
IPAD)L = 8) wllir S Y 1 Il
q€EZ
Sllwllpe Y 22 + sup 22 |wg | o > 279
<0 920 >0
and apply it for w = uy, which ends the proof. O
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