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VLASOV EQUATIONS

DANIEL HAN-KWAN

This work is concerned with the broad question of propagation of regularity for smooth solutions to
nonlinear Vlasov equations. For a class of equations (that includes Vlasov—Poisson and relativistic
Vlasov—Maxwell systems), we prove that higher regularity in space is propagated, locally in time, into
higher regularity for the moments in velocity of the solution. This in turn can be translated into some
anisotropic Sobolev higher regularity for the solution itself, which can be interpreted as a kind of weak
propagation of space regularity. To this end, we adapt the methods introduced by D. Han-Kwan and
F. Rousset (Ann. Sci. Ecole Norm. Sup. 49:6 (2016) 1445-1495) in the context of the quasineutral limit
of the Vlasov—Poisson system.
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1. Introduction

This paper is concerned with the broad question of propagation of regularity for smooth solutions to
Vlasov equations of the general form

I f +a)-Vuf + F(t,x,v)-Vy f =0, (1-1)

set in the phase space T4 x R? (with T¢ = R? /79 endowed with normalized Lebesgue measure), where
F:RT xT9 xR? - R? is a force field satisfying V,- F =0and a : R? — R4 is an advection field
satisfying suitable assumptions, @(v) = v being the main example to be considered. The (scalar) function
f (¢, x, v) may be understood as the distribution function of a family of particles, which can be, depending
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on the physical context, e.g., electrons, ions in plasma physics, or stars in galactic dynamics. The choice
of the periodic torus T4 is made for simplicity.

The two precise examples of equations we specifically have in mind are the Vlasov equations arising
from a coupling with Poisson or Maxwell equations, in which case the resulting coupled system is called
the Vlasov—Poisson or the relativistic Vlasov—Maxwell system (we will discuss as well several other
models).

e The Vlasov—Poisson system — either the repulsive or the attractive version, the sign of the interaction
here does not matter here —is given by

0 f+v-Vyf+E-V,f=0,
E(t,x) ==V o(t,x),

—qub:/Rdfdv—/WXRdfdvdx,
Sli=o0 = Jo.

In the repulsive version (that is, with the sign + in the Vlasov equation), this system describes the
dynamics of charged particles in a nonrelativistic plasma, with a self-induced electric field.

In the attractive version (that is, with the sign — in the Vlasov equation), it describes the dynamics of
stars or planets with gravitational interaction.

(1-2)

* The relativistic Vlasov—Maxwell system, in dimension d = 3, is given by

0 f+0-Vxf+F-Vy f=0,

b= F(t.x,v):= E(t,X) + 1 x B, x),

V1+v|?/c? ¢
l3;B—|—VXXE=O, Vy-E = fdv—/ fdvdx, (1-3)
¢ R3 T3xR3

—18,E+vxxB:l/ bfdv, Ve-B=0,
C C Jr3

Sfli=o = fo. (E,B)|s=0 = (Eo, Bo),

in which the parameter c is the speed of light. There are also related versions of (1-3) in lower dimensions.
This system describes the dynamics of charged particles in a relativistic plasma, with a self-induced
electromagnetic field. We recall that the (repulsive) Vlasov—Poisson system can be derived from (1-3) in
the nonrelativistic regime, that is to say, in the limit ¢ — oo, as studied in [Asano and Ukai 1986; Degond
1986; Schaeffer 1986].

In this paper, we will consider weighted Sobolev norms and associated weighted Sobolev spaces (based
on L?), defined, for k e N, r € R, as

%
1S g = ( Z /‘I]’d Ad(l + [v|?)" |a‘;8€f|2 dv dx) , (1-4)

| +1BI=k
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where for o = (a1, ...,05), 8 =(B1,...,Bn) €{1,...,d}", we write

la| =n, [B]=n,
and
9B

az::axal"'a v::avﬂl"'avﬁn.

Xap

As usual the notation H* will stand for the standard Sobolev spaces, without weight.
It will be also useful to introduce the weighted Wksoo space, whose norm is defined, for k e N, r € R, by

1S lhygeoe = 3 10+ 025 8208 £l s, (1-5)
lae|+[Bl=<k

For the Vlasov—Poisson or Vlasov—Maxwell couplings, given an initial condition fq satisfying

JoeH)

for n, r > 0 large enough (and with a smooth enough initial force F(0)), it is standard that there exists a
unique local solution f'(¢) € C(0, T'; H?). Under fairly general assumptions on the advection field @ and
the force F, the same result can also be shown for (1-1), as we will soon see.

Let us now present the precise problem we tackle in this work. Assuming some higher space regularity
such as

a§+1f0 € 7—[(,) (or 92 fo € ’H(r) for p>n+1), (1-6)

the question we ask is the following: is there also propagation of any higher regularity for the solution f'(¢)?
A first remark to be made is that there is no hope of proving that this sole additional assumption implies
that the solution f'(¢) also satisfies BZ’CH f(t) € H?, even for small values of ¢. Indeed, regularity in x
and v is intricately intertwined for solutions of the Vlasov equation, as can be seen from the representation
of the solution using the method of characteristics.

Fors,t>0and (x,v) € T4 x [R{d, we define as usual the characteristic curves (X (s, ¢, x, v), V(s,1, x,v))
as the solutions to the system of ODEs

iX(s,t,x,v)=a(V(s,t,x,v)), X(t,t,x,v) =x,
ds (1-7)
%V(s,t, x,v) = F(s, X(s,t,x,v), V(s,1, x,0)), Vit t, x,v)=n.

The existence and uniqueness of such curves are consequences of the Cauchy—Lipschitz theorem (assuming
we deal with smooth forces). The method of characteristics asserts that one can represent the solution
of (1-1) as

f(t,x,v) = fo(X(0,¢,x,v), V(0,¢, x,0)). (1-8)

Therefore we see (except maybe in trivial cases such as F' = 0) that derivatives in x of f(¢) involve
derivatives in x and in v of fg, so that regularity in x only of fy cannot in general be propagated for f(¢).
However, given some smooth test function ¥ (v) (the case ¥ = 1 is already interesting), we can also
wonder about the higher regularity of the moment m., (¢, x) := fIRd f(t, x,v)¥(v) dv. Such moments,



192 DANIEL HAN-KWAN

which can be interpreted as hydrodynamic quantities, are important objects in kinetic theory. We have the
representation formula

my (1, x) = Ad Jo(X(0,2,x,v),V(0,¢,x,v)) ¥(v) dv.

We note that for ¢ small enough, the map v — V (s, ¢, x, v) is a diffeomorphism for all s € [0, ¢]. Indeed for
s =t this map is the identity and integrating with respect to s the equation satisfied by V (s, ¢, x, v), we
note that for # small enough and s € [0, ¢], the map v — V (s, ¢, x, v) is a small perturbation of the identity,
hence our claim that it is a diffeomorphism. In particular the map v — V(0, ¢, x, v) is a diffeomorphism
and we denote by V' ~!(z, x, v) its inverse. Using this diffeomorphism as a change of variables (in v) we
get, for ¢ small enough,

ml/,(t, X)= /Rd fo(X(0,1, x, V_l(t,x, v)), v) W(V_l(t,x, v)) |det Dy, V(0, ¢, x, v)|_1 dv.

Thanks to this formula, at least formally, the Leibniz rule ensures that derivatives in x of the moment 172,
only involve derivatives in x of fy. Recalling the extra higher regularity (1-6), it seems maybe natural
to expect that the moment 7, belongs to the Sobolev space H "*+1in x. In the case where F is a fixed
external force, assumed to be very smooth, say C° with respect to all variables, since ¢ is fixed, the fact
that m., (¢, - ) belongs to H)’ZH follows indeed from the Leibniz formula, using the fact the characteristic
curves (X, V) inherit the C°° regularity of F.

However, this argument seems to break down in the case where F depends on the solution f(¢) itself,
as the regularity of F is then tightly linked to that of f. Let us discuss for instance the Poisson case —
the Maxwell case is actually worse in the sense that in the Vlasov—Poisson coupling, F' gains, loosely
speaking, one derivative in x compared to f. As already mentioned, the local Cauchy theory yields
f(t) e C(0, T;H"), and we have F € C(0, T; H**1). Note then that when applying 7 + 1 derivatives in
X on m.,, one needs to apply 7 + 1 derivatives in x on |det D, V(0, 7, x, v)|~!, which amounts to applying
in total n + 2 derivatives to V' (0, ¢, x, v). However, by (1-7), we observe that (X, V') inherits the same
order of regularity as F, and therefore it does not seem licit to take as many as n + 2 derivatives.

The goal of this work is to show that despite this apparent shortcoming, it is indeed possible to show
for a fairly wide class of nonlinear Vlasov equations (including the Vlasov—Poisson and Vlasov—-Maxwell
system) a result of propagation of regularity in x for the moments, assuming higher-order space regularity
for the initial condition. This in turn can be translated into some anisotropic Sobolev higher regularity for
the solution itself, which can be interpreted as a kind of weak propagation of space regularity.

It turns out that the lagrangian approach, that is to say, the approach that we have just underlined,
based on representation formulas using characteristics, is not adapted to answer this question. Instead we
shall rely on an eulerian approach, which is based to a larger extent on the PDE itself, inspired by the
recent work of the author in collaboration with F. Rousset on the quasineutral limit of the Vlasov—Poisson
system [Han-Kwan and Rousset 2016; > 2019]. The quasineutral limit is a singular limit which loosely
consists in a penalization of the laplacian in the Poisson equation. The small parameter is the scaled
Debye length, which appears to be very small in several usual plasma settings. The limit leads to singular
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Vlasov equations, which display a loss of regularity of the force field compared to that of the distribution
function. As a consequence, these equations are in general ill-posed in the sense of Hadamard; see [Bardos
and Nouri 2012; Han-Kwan and Nguyen 2016]. This problem might therefore look quite different from
the one considered here; the similarity comes from the fact that the justification of the quasineutral limit
ultimately loosely comes down to the proof of a uniform! propagation of one order of higher regularity
for moments of solutions of the Vlasov—Poisson equation. Note though that the analysis of [Han-Kwan
and Rousset 2016; > 2019] requires the introduction of pointwise Penrose stability conditions, and also
relies on pseudodifferential tools, which will not be the case in this paper. As a matter of fact, the singular
Vlasov equations which can be formally derived in the quasineutral limit will not enter the class of Vlasov
equations we will deal with in this work, precisely because of the aforementioned loss of derivative.

The methodology of [Han-Kwan and Rousset 2016] was also used in the context of large time estimates
for data close to stable equilibria for the Vlasov—Maxwell system in the nonrelativistic regime, in a recent
work in collaboration with T. Nguyen and F. Rousset [Han-Kwan et al. 2017].

As a matter of fact, the approach can be considered as semilagrangian, in the sense that at some point
we still rely on characteristics as in the lagrangian approach but at the level of the PDEs that arise after
applying derivatives on the Vlasov equation, whereas in the lagrangian approach, derivatives are taken
after using the representation of the solution by characteristics.

2. Main results

2A. The abstract framework. Let us now describe precisely the class of Vlasov equations we deal with.
We consider in this work the abstract equation

0 f +a()-Vyf + F-Vyf =0, 21

with the following structural assumptions. Among all these assumptions, we highlight that the force
depends on the distribution function itself, but only through some of its moments in velocity.

e Assumptions on the advection field. The map a : R? — R is a one-to-one C'* function such that

la(v)| < C(1+|v|) forallveR?, (2-2)
05all oo < Cy forall |a| # 0, (2-3)

and its inverse ¢! (defined on a([R{d)) satisfies, for some A > 0,
0%~ (w)] < Cou(1 + la= ()M for all w € a(R?), for all . (2-4)

e Assumptions on the force field. The vector field F' is divergence-free in v (i.e., satisfies V, - F' = 0) and
we have the following decomposition for some £ € N*:

y/
F(t.x.,v)=Y_ Aj(v) F/(t.x). (2-5)
j=1

I'With respect to the scaled Debye length.
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We assume that for all j € {1,...,£}, A is a C* scalar function satisfying
105 4| poe < Cq forall a. (2-6)
Furthermore, there exist C° functions 1 (v), ..., ¥, (v) with at most polynomial growth, i.e., there is

ro > 0 such that
i )l k.00 < Ci forallk €N (2-7)
o
such that, defining

my,, (¢, x) = /Rd f(t, x,v)¥i(v)dv

forall j =1,...,£, the vector field F/ is uniquely determined by these moments and the initial conditions,
through a map

((myi=t s (F1(0))j=1,..0) > F7. (2-8)

and for all large enough n > 1 4 d, and all ¢ > 0, we have

. . e .
IF 20,6y < F;SJ)(I» oy 20,0 by - - My IL2omeys Y I F7 (O)HH;})s (2-9)
j=1
. . Z .
17 || oo 0,0 112 SIﬁﬂ(}ummemmﬁH@,”wnmwﬂmeﬁH@,Ejanmnuw), (2-10)
j=1

where F,(,j ), I‘,Ej ) are polynomial functions that are nonincreasing with respect to each of their arguments
(the others being fixed nonnegative numbers).

Finally, the force field satisfies the following stability property. Let f and g be two solutions
of (2-1), and denote by F[f] and F[g] their associated force fields. Assume that the initial conditions
(F/ (0))j=1,...,¢ are the same. Then, we have forall j =1,...,¢,

VP = Fo gl Lo me)
gryme,/kf—@wxwdv

r%

g e e ey

L2(0,t;HY)

‘/kf—@wxwdv

), (2-11)
L2(0,t;HY)

where is a polynomial function that is nonincreasing with respect to each of its arguments and such
that TV (0,-) = 0.

We shall explain later why both Vlasov—Poisson and relativistic Vlasov—Maxwell systems enter the
abstract framework.

2B. Statement of the main results. The regularity and integrability indices that will be useful to handle
such equations will depend on the dimension d, the maximal growth of the moments that intervene in the
definition of F, which is ry, and the parameter of growth of the inverse of @, which is A; let us set

N:=3d+4, R:=max(3d +2(1+A)(1+d)+ro). (2-12)

We use in the following statement the notation | - | for the floor function.
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The main result proved in this paper is the following theorem.

Theorem 2.1. Letn > N and r > R. Let n’ > n be an integer such that n > L%n’J + 1. Assume that
JoeH) and F 7(0) e H)’C’/ forall j €{1,...,L}. Assume furthermore that the initial data fy satisfies the

following higher anisotropic regularity:
_| L,
231+ ga 8 o e 200 o al o] + 1Bl = 0 —n— k., forallk e (1,....2]dn'| =n}. @-13)

Then there is T > 0 such that the following holds. There exists a unique solution ( f(t), F(t)) with initial
data (fo, F(0)) to (2-1) such that f(t) € C(0, T; H}).
Moreover, for all test functions € L*°(0, T; Wf,’go), we have

1

where Ay, is a polynomial function and

SAy(T, M), (2-14)
L2(0,T;HY)

2|_1n/J—n

—||fo||Hn+Z||Ff(0>||Hn/+ ) DD D [SEEr T3 TN

k=1 |a|+|B|l=n'—n—k

Thanks to (2-9), we immediately deduce from (2-14) that the force field satisfies as well the higher
regularity
FleL*0,T; H").

Another consequence concerns the flow (X, V) = (X(¢,0, x,v), V(¢,0, x,v)) as defined in (1-7), for
which we also obtain a higher regularity property.

Corollary 2.2. For some T' < T, we have
(X —x—1v,V—v)e L®0, T LLL}) forall |y|<n'.

Remark 2.3. Some remarks about Theorem 2.1 are in order:

e In the case where n = 2m — 1 and n’ = n + 1 = 2m, the assumption (2-13) is simply given by
"1 fo € H? and we obtain the L2 H?*! smoothness of the moments: in other words this gives an
answer to the question raised in the beginning of the Introduction. Note though that the regularity result
we prove is not pointwise in .

e Observe that it is required that the higher regularity index n’ is not too large compared to 7 (i.e.,
n> L%n’ J + 1); such a restriction is somehow reminiscent of a similar one appearing in the celebrated
result of Bony [1981, Théoréme 6.1] concerning the propagation of Sobolev microlocal regularity at
characteristic points for general nonlinear PDEs. We remark however that the class of PDEs considered
in this work does not enter the framework of [Bony 1981], in particular because of the “nonlocality” in
velocity. We refer to Section 10 for some remarks and (counter-)examples in this direction.

* As a matter of fact, our result can be somehow interpreted as a kinetic (and nonlocal) analogue of
Bony’s aforementioned theorem.
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e If it is ensured that the solution ( f(¢), F(¢)) to (2-1) is global, (e.g., for the Vlasov—Poisson system
in dimension d < 3, see [Lions and Perthame 1991; Pfaffelmoser 1992; Schaeffer 1991; Batt and Rein
1991; Horst 1993]), we do not know if the higher propagation of regularity for the moments is global.

e Let us mention that in a somewhat different direction, a vector field method was devised in [Smulevici
2016] (see also [Fajman et al. 2017]) in order to prove time decay of moments for Vlasov equations set in
unbounded spaces.

In the case where the force is one derivative smoother than the distribution function f itself (that is to
say, when estimates (2-9) hold with n — 1 instead of 7 in the right-hand side), the statement of Theorem 2.1
may be strengthened, insofar as one may ask only for derivatives in x in the regularity assumption (2-13).
We refer to such a case as the transport/elliptic case, which includes in particular the Vlasov—Poisson
system; see Theorem 9.1 in Section 9.

As already mentioned in the Introduction, the higher regularity for moments as obtained in Theorem 2.1
actually yields regularity for the solution itself (see [Gérard 1990] for a microlocal version of this fact,
in the context of averaging lemmas) in anisotropic Sobolev spaces (as defined in [Hérmander 1976,
Chapter II, Section 2.5]), which we first introduce.

Definition 2.4. Let m, n € R. The anisotropic Sobolev space H;n ;" is defined as
HY = {g € ST xR (1+ k) A+ )2 gk m) € L2@? xR},
where & stands for the Fourier transform? of g. We also define
HY' = U HP.
PER

Corollary 2.5. Consider the same assumptions and notation as in Theorem 2.1. We have
S(t.x,0) € L20, T; HYy™).

Corollary 2.5 is a direct consequence of some estimates obtained in the proof of Theorem 2.1; we will
provide a proof of this fact in Section 7. It is actually possible to give an estimate of a value of p < 0
such that f € L2(0, T; Hy ;).

2C. Overview of the proof. We discuss in this section the ingredients, inspired by [Han-Kwan and
Rousset 2016], leading to the higher propagation of regularity for the moments (the local well-posedness
theory is fairly standard; see Section 3). We shall discuss here the case n =2k — 1 and n’ =n + 1 = 2k.
To ease readability, we assume here that the dimension is d = 1 (in higher dimensions, the algebra is
more involved but the basic principle is the same).

Taking derivatives. Since we intend to propagate regularity in space, the first step consists in understanding
how to appropriately apply derivatives in x to the Vlasov equation (2-1).

2Where g(k,n) = 1/(2n)d dede g(x, v)e_ix'ke_i”'" dx dv, although the convention that is chosen for the writing of
the Fourier transform does not matter here.



ON PROPAGATION OF HIGHER SPACE REGULARITY FOR NONLINEAR VLASOV EQUATIONS 197

We note that applying the operator 0% does not seem relevant, as it does not commute well with the
operator F'dy: as a result it is not possible to obtain a closed equation bearing on 9% f* without appealing
to 8585 f for y # 0, and therefore such an approach would require a control of derivatives in v which we
do not have at initial time (this is of course reminiscent of the mixing in x and v that we have evoked in
the Introduction).

The idea is to look for more appropriate differential operators, with nonconstant coefficients, satisfying
the following three key properties:

e At initial time, they involve only derivatives in x.

» They enjoy good commutation properties with the transport operator, so that it is eventually possible
to obtain closed systems involving these differential operators alone.

e They allow a good control of the Sobolev norm of the moments.

It turns out that second-order differential operators in x and v, with coefficients depending on the solution
itself, will be appropriate. More precisely, we consider the operator

L:=02+¢(t,x)0x0y + ¥ (t, x)02,

whose coefficients ¢ and i will depend on the force field F. Setting 7 := d; + a(v)dx + F 0y as the
transport operator, we ask that the coefficients ¢, ¢ solve a semilinear system of the form

T¢ == zaxF + Gl (¢, w, 8x’vF),

TY = G2(¢, v, 8x,vF)»

@li=0 =0, VYlt=0=0,
where G1, G, are polynomial functions of degree greater than or equal to 2; this corresponds to zero-order
coupling terms. Note in particular that by definition, L = 32 at time 7 = 0. The semilinear system is

precisely chosen in order to cancel bad terms in the commutation between L and 7, so that for any
function g,

LT(g)=TL(g)+ (LF)dyg+ (La)dxg + (dya)pLg.

Applying this identity to the solution f of the Vlasov equation (1-1), this yields

TL(f)=—=(LF)dyf —(La)dxf = (dva)pLf.

This formula will play a key role in the analysis. The main term (in terms of regularity issues) is —92 Fdy f,
since the others involve either more regular quantities (we recall indeed that F' and a are assumed to be
smooth with respect to v), or the quantity L f, which paves the way for a closed system involving only
compositions of L applied to f. As a consequence, the operators obtained as compositions of L appear
to be relevant for applying higher-order derivatives in x, since by construction:

» They require only a control of space regularity at initial time.
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» Denoting by L the composition of k operators L, one can obtain that L f satisfies an equation of
the form

T(Lif) = AL f)— @ F) 3y f + G2, ) a)=2k—1): (2-15)

where A, G are bounded linear operators. We note that this equation involves derivatives in v of the
solution, but only of order 2k — 1 = n, which we control thanks to the local well-posedness theory. This
can therefore be seen as a closed equation for Ly f.

e One can show that for any smooth test function ,

/(ka) vt x,v)dv= /(Bikf) ¥ (t, x,v) dv + “controlled terms”.
R R

In the controlled terms, the overload of derivatives in v falling on f is transferred to ¥ by an integration-
by-parts argument.

All in all, this eventually shows that the L are indeed well-suited to study the regularity of moments.
This step is fully developed in Section 4. There are two separate difficulties in order to complete this task:
obtaining the right algebra as discussed here, and proving Sobolev estimates for all the involved objects.

(In the case where n’ > n + 1, we need to set up an induction argument, and this leads the study of
successive systems of coupled kinetic transport equations, which build on the general equation (2-15).)

Propagation of regularity on moments. We then turn to the study of moments of the solutions to (2-15).
This step is partly inspired from (and thus related to) the treatment of linear Landau damping in [Mouhot
and Villani 2011].

We first use the method of characteristics to invert the operator 7 — A4. It is convenient at this stage to use
changes of variables in velocity (introduced and studied in Section 5) in order to straighten characteristics
and eventually, roughly speaking, come down from 7 to the free transport operator d; + a(v) - V. To this
end, it turns out to be efficient to introduce the change of variables v — ® where @ solves the Burgers’
equation

0+ a(®)-Vx®=F(-,®), D|;—9=v,

where we can prove that ® remains close to v in small time (in terms of Sobolev norms). The problem
comes down to the understanding of the contribution of the term —(chk F) dy f, and eventually roughly
reduces to the study of an equation of the type

t
H(t,x) = / / (0x Hy)(s,x — (t —s)a(w)) U(t, s, x, v) dv ds + “controlled terms”,
0o Jr

where we know only that H, is controlled in L2(0, T; L)zc) and U is smooth, and we seek a bound of H;
in L2(0, T’; Lfc) (such an estimate corresponds to a control on the moments of L /). The integral in
time is due to the use of Duhamel’s formula, and the integral in v to the fact that we study moments in v.
We observe that the operator in the right-hand side seems to feature a loss of derivative in x. However,
we use a smoothing effect to overcome this apparent loss, which was proved in [Han-Kwan and Rousset
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2016]. The outcome is the estimate

/t/ (Vi Hy)(s,x—(t—s5)a(w)) U(t,s, x,v)dvds
0 JRA

< Hallaonzzy sup UG 5.,
L2(0,t;L%) Y o<t,s<T

where || - || stands for a high-order weighted Sobolev norm (in x and v) which we will make precise later.
As noted in [Han-Kwan and Rousset 2016], this is reminiscent of (but different from) classical kinetic
averaging lemmas, as it loosely speaking involves the gain of one full derivative; we refer to Section 6 for
a thorough discussion.

2D. Content of the end of the paper. The paper is then organised as follows: the proofs of Corollaries 2.2
and 2.5 are provided at the end of Section 7. In Section 8, we check the general assumptions for the
Vlasov—Poisson and relativistic Vlasov—Maxwell equations, and discuss some extensions as well. As
already mentioned, Section 9 is devoted to the particular case of the transport/elliptic case, for which
Theorem 2.1 can be improved. We end the paper with the study of two examples that we cook up in order
to discuss the regularity assumptions of Theorem 2.1.

We will prove Theorem 2.1 when 7 is odd, of the form n = 2m — 1, and the higher regularity index n’
is even of the form n’ = 2(m + p). The other cases follow by the same arguments. The requirement on 7
and n’ is m > p + 2. The assumption (2-13) in this case is given by

92m=r R ga gl f0 e 10 forall |a| +|B| =2p—k, forallk =0,...,2p. (2-16)

3. Local well-posedness

We prove in this section a basic local Sobolev well-posedness result for (2-1). We start by recalling useful
product estimates in weighted Sobolev spaces, taken from [Han-Kwan and Rousset 2016].

Lemma 3.1. Let s be a nonnegative integer. Consider a smooth nonnegative function y = x(v) that
satisfies |0% x| < Cy x for every multi-index o such that || < s:

e Consider two functions f = f(x,v), g = g(x, v); then we have for k > %S,
Ixselley, S WS Mproelixgllas , +I&lyxee xS ey, 3-D)
e Consider a function E = E(x) and a function F(x, v); then we have for any s > d,
IXEF|as, S VENgsolxFllas, + 1 EllaslixFllas,- (3-2)

e Consider a vector field E = E(x), a function A(v), and a function | = f(x,v); then we have for any
so > 1 +d and for any multi-indices «, B such that |a| 4+ |B]| =5 > 1,

1X19%05, A Ex)- Vol fllz , S I Allwgoo U E gl xS/ ey, + 1 E g lxf Iag.,)- (3-3)

* Consider two functions [ = f(x,v), g = g(x, v); then we have for multi-indices o, B with |a|+|B| < s,

1% a5 |5 /) |

Ixgllag, +1xgllres, o (3-4)

oo
Lx,v
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Proposition 3.2. Letn >d + 1 andr > ro + %d. Assume that fo € H" and F7(0) € H?. Then there
exists T > 0 such that there is a unique solution ( f(t), F(t)) with initial data ( fo, F(0)) to (2-1) such
that f(t) € C(0, T;H") and F/(t) € L*®(0, T; H").

Proof of Proposition 3.2. The existence part follows from a standard iterative construction. We define
recursively a sequence of distribution functions ( f(x))xen, denoting by Fx) the force field associated to
J(k) and the initial condition (¥ 7(0)). Let us define

14
Ro:= [ follwg + 3 IF Ol -
j=1
We set f(q) := fo and assume that f(x) is already constructed (with associated force field F(x)), and is
such that for some Ty > 0, we have fx) € C(0, T:H;), and

Ity ll oo 0,754y = 2Ro- (3-5)
We define f(x 1) as the unique solution on [0, T ) to the equation
Ot fk+1) +a) - Vx fe+1) + Fy - Vo Se+1) =0, S+ le=0 = Jo, (3-6)

obtained by the method of characteristics.
Applying the operator 9% 8’3 to (3-6) for || + |B| < n yields

(3 +a() -V + Fy - Vo) 0%9% fir1)) +[0%05,a(v) - Vi + Firy - Vol fikr1) = 0.

We then take the L2 scalar product with (1 + [v|?)" 8%8’5]’(1{“) and sum for all |¢| + |B]| < n. By
using (2-3), we have

> [0 a0Vl iy 5508 S |1+ 1o dvd = fsn -
e +|B|<n

Thanks to (2-6) and estimate (3-3) in Lemma 3.1 with s =n, x(v) = (1 + |v|2)%’ and sq = n (recall that
n>d+ 1), we have forall j € {1,...,¢},

| X[0208., 4; (0) Flyy () Vol Sy | 2 S WFG Izl ey g
Therefore by Cauchy—Schwarz, we get

Do 9%, Faoy - Vol Sy 0595 faea |1+ 01 dvdx S I laz | fern 15
loe|+[Bl=<n

Recalling that V,, - F = 0, we deduce that for all ¢ € (0, Ty),
d o
PRGN OLTTERS (1 +y ||F(jk)||H§') IS te+1) (D |42
ji=1
so that

t
0

L
sl < 1 follg exp[c / (1 M IACIY ds] (37)
j=1
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We set
My, ot x) = /Rd Tyt x.v) i (v) do.

and by Cauchy-Schwarz and (2-7), we get, for r’ > %d such that r > ro + r/, which is possible thanks to
the assumption r > rg + %d, that

22
lmy, o llL20mm = D ‘(f %S Vi dv)
laf=n! /R L2(0,5;LL)
1
| : wilPdv |
< 192 fo (1 + o2yt dv)(/ il dv
|a|Z§n (/[Rd x /) rd (14 v[2)70%" [l 120,411
’ dv 2
< 10 fi 21+ [o]2) dv)( —)
lalzﬁn (/R o rt (L+ 07 20,21

S ol L20,650m)-

Therefore, by (2-9), denoting by C > 0 a generic constant that does not depend on ¢ or k, we obtain

1 fGe+1) O I3

- V4
< ol ex0| Co+ CVE Y I Iz
_ 2

_ V4 Y4
< ol exp| Ct+CVE ST (,, (Vs o Iz ossty izt e S I F (0)||Hg)]

Jj=1 j=1

_ Vi {
<ol exp| Cr+CVE Y F,S”(r, Vil o lzeosmany. S I F <0)||Hg)]
_ 2

j=1

We now observe that if we choose 7" > 0 small enough so that

Y4
Ry exp|:CT +CNVT Y TYNT. 23T R, RO)] <2R,, (3-8)
j=1
and Ty > T, then,
I fke+1) Ol Lo 0,1:27) = 2Ro. (3-9)

Therefore, by induction, we obtain that for all k¥ € N, we have f) € C(0,T;H}), and

I Sy Lo 0,7:27) = 2Ro. (3-10)

For k € N\ {0}, we set g := fk+1) — f(k), Which satisfies the equation

dthk +a() - Vxhg + F[fi]- Vohi + (F[ fuol = Flfe=)) - Vo fi = 0. (3-11)
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By weighted L? estimates, proceeding as before, we get

d
O

Jj=1 Jj=1

L {
< (1 +3 ||Ff'[f(k)1||Hg) V12 + o gz DI F faao) = F 1 femy 2 1 0o

Let # € (0, T'). Integrating in time, applying Cauchy—Schwarz and using the stability property (2-11) and
the uniform estimates (3-10) for (f()), we obtain

”hk ||L°°(0,t;7—(9)

t t . ¢ t . .
< /0 (1 + Y IF [ftk)]nH;g) i) lgo ds + 3 /0 IF7 [ fo) = FI [ fw—n)ll 2 ds
j=1 j=1

_ Y/
< VI (VT a2y e oo ssnty + 3 NE gy — F mk_n]uLZ(O,,;Lg)}

Jj=1

B r
S VA ey + 7 TR (e (V7
- i=1

/ o = faeor)Wiw) dv

.....

_ r
< VI Ul iy VY TEH0 N )

i=1

We can thus pick a small enough time 7" > 0, independently of k such that for all kK € N\ {0},

I fk+1) = Sy ||LC>O(0,T’;7-L9) = %”f(k) — Ji-1) ||L°°(0,T’;'H‘,’)‘

We can therefore pass to the limit in (3-6) and find that the limit ( f, F[ f]) satisfies (in the sense of
distributions)

0 f +a) -Vxf+ F[f]-Vof =0, (3-12)

with the initial conditions ( fo, F/(0)). We deduce from (3-12) that f € C°(0, T';H!) and 9, f €
Lz(O, T H’r’:i). Also, thanks to (2-10), we deduce F/ € L°(0, T’; H?). That the equation is satisfied
in a classical way follows from the smoothness of ( f, F[f)]). Uniqueness is also a consequence of the
contraction estimate. U

The main matter is now to obtain the higher regularity statement for the moments. To this end, we will
focus only on the task of obtaining a priori estimates for smooth solutions of (2-1); setting

2p L
M = follyzm—1 + Y Yo 1RO follyg + DO INF Ol grenin,  (3-13)
k=0 |e|+|Bl=2p—k j=1
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we look for some time 7y > 0 depending only on M such that given a smooth test function €

L>(0, Ty; E%Hp ):%%) "the following estimate holds:

H [ rewan

< CyA(Th, M), (3-14)

L2(0,To; HF ")
where A is a polynomial function which is nondecreasing with respect to each of its arguments, once the
others are fixed nonnegative numbers. In what follows, the function A may change from line to line but
will always refer to such a function.

Once a priori estimates such as (3-14) as are obtained, we apply them to the sequence of solutions
built in the iteration scheme proving the existence of solutions in the proof of Proposition 3.2. Passing to
the limit yields the higher regularity for the moments of the solution f(¢).

4. Differential operators

In this section, we introduce and study the second-order differential operators (with coefficients depending
on ¢ and x) that we use in order to apply derivatives in x on the Vlasov equation (2-1).

The basic operators are defined in (4-3) and the definition of the coefficients is provided in Lemma 4.1.
By definition these operators involve only derivatives in x at initial time. The key algebraic result
reflecting the good commutation properties of these operators with the transport operator is stated in
Lemma 4.2.

The composition of these operators is then studied:

e In Lemma 4.4, it is shown that they are indeed well suited to study the regularity of moments, as
after integration in v, they act like derivations in x only (plus remainders that we can control). The
proof is quite technical as one needs to be careful of the limited available smoothness on the coefficients
of the differential operators. Note that in the statement, one does assume some (limited) higher-order
smoothness for the moments: this is in prevision of a forthcoming induction argument.

e In Lemmas 4.5 and 4.6, the equations satisfied by the functions obtained after composition of these
operators is established. This is where the key algebraic Lemma 4.2 appears to be crucial. Whereas the
formal computation is straightforward, here again, the proof appears to be quite technical in order to
justify that remainders are indeed well controlled. One also needs to be careful in order to get some
Sobolev regularity for the coefficients involved in the equations.

» As the systems of equations in Lemmas 4.5 and 4.6 are not closed, this invites one to study the system
satisfied by a larger set of appropriate functions; this is the purpose of Lemmas 4.7 and 4.8 (whose proof
is similar to that of Lemmas 4.5 and 4.6).

4A. Second-order operators. As in the Introduction, we set 7 := d; +a(v)-Vyx + F -V, as the transport
operator to ease readability.

Lemma 4.1. Let n > d + 1. Assume that (F7) € L*(0, T'; H") with norm bounded by A(T', M). There
is T € (0, T') such that there exists a unique smooth solution ((p,l{’]l, ‘ﬂ;l;]l)i,j,k,le{l,...,d} on [0, T] of the
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system

i i K
T(pllc,jl = Z vk,a(U)k wk/l + Z 8vk/a(v)k wl Z avl,a(v)m (pllc/,Jl’(pk,lm
k’

k'\l'm o
+ 8. Oy Fr 4 81,0 Ox; F1 + Y 907 vy F1,
! (4-1)
Vit == 2 duam Vi "+ 0y O Fi+ Z Vil Fr + Z et

kl'm

i,j i,j
(Pk,11|t=0 = lﬁk,J]|t=0 =0,

where § denotes the Kronecker function and a(v); and Fy, stand for the k-th coordinates of a(v) and F.
Moreover we have the following estimates:

sup sup (¢ Vi Dllwpee S AT M) forall p<n—1-13d,

[0,T] i,j.k,/ (4-2)
sup sup [[(pg). VgD lyn=1 S AT M) forall F > 1d.
[0,T] i,j,k,l -

We will not reproduce the proof of Lemma 4.1, since it follows, mutatis mutandis, that of Lemma 4.2 of
[Han-Kwan and Rousset 2016]: System (4-1) is solved as a semilinear system of coupled kinetic transport
equations. Note that we use the assumptions (2-3) on a and (2-6) on A to control the contribution of the
additional linear and semilinear terms that appear compared to Lemma 4.2 of [Han-Kwan and Rousset
2016].

We introduce now the second-order operators

Lij:=0% 5 + Z (go,’/,ax,{av,w”aﬁk w) foralli,je{l,....d} (4-3)
1=<k,l<d

We observe that by uniqueness of the solution of (4-1) and a symmetry argument, L; ; = L;j ;.
One of the interests of the operators L; j comes from the following lemma.

Lemma 4.2. For all smooth functions f, we have the formula

LijT(f)=TLi(f)+ ( Xlaij+Z(p]€’jl axkavlF-i-wl/ aik v, ).va
k,l

+ Z U 02 0, a) Vi f + Y 0y, a)m ¢ Lim /. (4-4)
k,l.m

Remark 4.3. Formula (4-4) can also be written in a more synthetic form:

LijT(f)=TLij(/)+(LijF)-Vof +(Lija) Ve f + Y 0y,a@m ey} Licm
k,l,m
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Proof of Lemma 4.2. We have by direct computations
0%, (TS) =T@% ; /) + 0%, F- Vo +8x, F-Vodx; [ + 3, F - VO, f,

gok [ s Dy (T f) = T(<p,";§ O Oy f) — T(gai’j ), vy f
+(pkl(avla(v) VX xkf+axkF Vvavlf+avlF VU xkf+ axkavlF va)

VETO(TS) = T8 = TWEDS, )

+Wk’, ( v, a(V) - Vi 0y, [+ 9y, a(v) - Vx 8v;f+8vk u,a(v) Vo f
+ 0y F-Vyoy, [+ 0y, F-V,y 3,,kf+8vl U[F-va).

We can rewrite

goklav,a(v) Vilx, [ = <p Zav,a(v)m 0x,, 0xs |

j k, k,
=61 2 huatehn (Lk = S 000, Uk B2 v,,>f),
Kkl
which gives

LijT(f)=TLi,j(f)+0x;x; F-Vo f
+Z O8] O oy FVy [ YR 02 PV [y 02, a(v) Vi f)

+ Z 8v1a(v)m‘ﬂ;€’j[ Lk,mf
k,l.m

+y axkavlf[—Tw;;§+Z By @)W+ Y B a)¥y L,
k.l &

- Z 8vl/a(v)m§0k/ l/§0k ] +8k,j 8x,~ Fl+5k,i 8Xj FI+Z (p]l(:j]/ 81)1/ Fl]
k' l',m 4

+Zavk i [ Twllc’,Jl_ Z 81'l’a(v)m‘pk/l’wkl +(pk’jl E)xka

k'\l\m -
+Z W]l;/{l avk/ Fk+Z W}iijl/ av,/ Fl:|‘
k’ 4
We therefore deduce (4-4), because ((p,lcjl 1//,’(11) solves (4-1). |

4B. Composition of the second-order operators. Relying on Lemma 4.2, we shall use the L; j operators
in order to apply derivatives to the solution f of the Vlasov equation (2-1).
Setfor I,J €{l1,...,d},

LY = Liy gy - Ligjg- (4-5)
Let us also introduce the following useful notation. Given I = (iy,...,i;) and J = (Ji,..., jk), we set

a(l,J):= (i1, j1- ik Ji)s (4-6)
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and

§o1.d) — O;, Ox;, ++ Ox;, O, - 4-7)

Note that by construction,
1,J _ qa(l,J
LI |2 = 990D,

In what follows, f will systematically stand for the solution of (2-1), starting from fq satisfying the
assumptions of Theorem 2.1.

4C. Moments in v. We study in this section the moments in v of the L7/ f. Until the end of the section,
the times 7 > 0 will be such that the solution to (2-1) satisfies

”f”Loo(o,T;q.[,%m—l) =2Ro.

thanks to Proposition 3.2.

Lemmadd. o Letk =0,...,pand I,J € {1,...,d}" k. Assume that the force field satisfies F/ €

L?(0,T; H)%(”H_k)_l) with norm bounded by A(T, M). Assume that for alln =2m, ..., 2(m+ k) —1,

forall g € L®(0, T: WEEH" 72" such that ||g||, o (.T w2 in—2moey < A(T, M), and all || = n,
L 7}‘0

we have

= AT, M). (4-8)
L2(0,T;L3)

/Rd(a‘;f) @(t,x,v)dv

Let y € L®(0, T; Wiir+02+2k,°0) satisfy ||1ﬂ||LOO(O’T;Wii;|(-)2+2k,oo) <A(T,M). We have

/ LY £y, x,v)dv= / LD £y (e, x,v) dv+ Ry gy, (4-9)
R R4
where Ry, j  is a remainder satisfying the estimate

||mI,J,1// ”LZ(O,T;L%) = A(T, M) (4‘10)

o Letk=0,...,p—landI,J €{l,...,dY" Tk Assume the force field satisfies F/ € L2(0, T’ H)%(erk))
with norm bounded by A(T, M). Assume that for alln =2m, ...,2(m + k), forall |a| = n, and for all
pelL>®0,T; Wﬁi;;2+n_2m’°°) such that ||(p||Loo(0 Towdi2tn—2m.oo) = A(T, M), we have

& s —ro

< A(T, M). 4-11)
L2(0,T;L3)

| @ etr

Let ¢ € L%(0, T;Wil;l(_)3+2k’oo) satisfy ||1//||LOO(O’T;W£;|(-)3+2/¢,OO) < AT, M). Let 0 = 0y, or 0y, for
somei €{l,...,d}. We have

/ ALY fy(t, x,v)dv = / LD af (e, x,v) dv+ Ry 1y, 4-12)
Rd R4
where Ry j y is a remainder satisfying the estimate

192,79 20722 = AT, M). (4-13)
(0.7;L3)
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This result will allow us to set up an induction argument: indeed, with the assumption (4-8) (resp. (4-11))
that corresponds to regularity of the moments up to order 2(m + k) — 1 (resp. 2(m + k)), this will imply
that controlling the moments of the (L7 £) gives information on the regularity of the moments up to
order 2(m + k) (resp. 2(m + k) + 1).

Proof of Lemma 4.4. Let us focus only on the first item (the proof of the second one is completely similar).
Let ¢ € L*°(0, T; Wij;;2+2k °°). The beginning of the proof closely follows that of Lemma 4.3 of
[Han-Kwan and Rousset 2016]. At first, we can expand f7 j = L7 f in a more tractable form. Let us
set for readability

B
((pk/ wk/ )1<k’l<d 1<a,f<m+k-

=ALt =, 1l _U&X,Pp =

Then, by induction, we obtain

2(m+k)—2
frg =000y Z > Pk W) PELLOU) - PR L 0°U) 950 f
e,a, kg,....ks
2(m+k)—2
3a(11)f+ Z Z R’;oe,a’ , (4-14)

s=0 e,a,ko,....ks

where the sum is taken on indices such that

le|=1, |a|=2(m+k)—1-—s,
(4-15)
ko+hki+-+ks<m+k, ko>1, ki+2ky—+--+sks=s,

and for all 0 < p <, we have P!f 2. (X) is a polynomial of degree smaller than k, (we denote by kU
the vector made of all the partial derivatives of length k of all components of U). We can set

2(m+k)—2

Rigy = /Rd v(-.v) Z Yo R,

s=0 e, a,kg,....ks

.....

t €[0, T] and we shall dismiss the tlme parameter to ease readability.
We begin by estimating the terms for which s > 2k 4 1. Note that for all these terms the total number
of derivatives applied to f is at most 2m — 1.

e Whens <2(m+k)— %d — 2, we can use estimate (4-2) in Lemma 4.1 to obtain

(U) Pk

s,e,n

| PXo

s,e,x

OU) -+ Pfy (3 V)L, = AT M),
and hence using that

sup (1 + 02"y (-, )| < A(T, M),
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we obtain by Cauchy—Schwarz that since r > rg + r’ for some r’ > %d , we have

_1 ! 1 ’
. JIC+ ) 7200 Dy (1 [f2) 20T 9292 71 2|

x

dv
< A(T, M)(/Rd m) 1S 1l 32m—1
< A(T, M).

e Let us now consider s > 2(m+k)—2— %d. We start with the case where in the sequence (k1, ..., ky),
the largest index / such that k; # 0 and k,, = O for every p > [ is such that / > %s. In this case, since
lk; < s has to hold, we necessarily have k; = 1. Moreover, for the indices p < / such that k, # 0,
we must have p < pk, < %s. Thus, we can use estimate (4-2) in Lemma 4.1 to bound [|07U || ¢,
provided %s <2(m+k)— %d —2. Since s < 2(m + k) — 2, this is satisfied thanks to the assumption that
2m > 2+ d. We thus obtain

< A(T, M)H/ v o' U 960% f dv

L% L%

Next, we can use the fact that

H[wa’vaf,aaf .

X

1 1
SAT M|+ )72 ' U2l + )20 850% 1 2 12

< AT M)|U lyzm2 sup [ (1+ ]2 2" 860 1] 2.
X
By the Sobolev embedding in x, we have
1
sup [|(1+ [v|%)2" 850% 1l 12 < |1 f lyg2m—
X

assoonas2m—1> 1+ |o|+ %d =142m+k)—1—s+ %d, which is equivalent to s > 1 4+ 2k + %d.
Since we are in the case where s > 2(m+k)—2— %d , the condition is matched, thanks to the assumption
2m > 3 4 d. Consequently, by using estimate (4-2) in Lemma 4.1, we obtain again that

< A(T, M).
L%

Finally, it remains to handle the case where k; = 0 for every [ > %s. As above, we necessarily have
%s <2m+k)— %d — 2 and hence by using again estimate (4-2) in Lemma 4.1, we find

10'Ull Lo, < AT M), [=<1s.
We deduce

H/ngosyasks dU

It remains to treat the cases corresponding to s < 2k; that is to say, ng(’sa ks contains the maximal

< A(T, M)|| f |l 2m—1 < A(T, M).
2 r

X

number of derivatives applied to f. This means that |«| = 2m —1,...,2(m + k) — 1 so that at least
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2m derivatives of f are involved. We define for readability the associated coefficient

=y Pk (U) PR, 0U) - P L (3°U),

s,e,a

and we have to study the L2 norm of [ T'3%9% f dv.
First, assume that |«| < 2(m + k) — 2 (which corresponds to s > 1). We note that for all s’ =
0,...,2(m+k)—1—|a|, we have by Lemma 4.1 that

105Ul oo < AT, M) forall k <2(m+k)—2—1d -5

Since s’ <2(m + k) — 1 — |a|, we have 2(m+k)—2—%d—s’2 |oz|—%d—1 >d+24|a|+1—-2m
because 2m > %d + 4. Therefore

18Ul 42 +1at+1-2me0 < A(T. M),
”F”Wf;‘t(‘)z-i'\al-i-l—Zm.oo < A(T, M)

We can thus use the assumption (4-8) to obtain the bound
H/ L a50% f dv L <AT,M). (4-16)

Assume finally that |o| = 2(m 4 k)—1 (which corresponds to s = 0); that is to say, 2(m + k) derivatives

of f are involved. We can write, by integration by parts in v (relying on the fast decay of f and its
derivatives at infinity)

/ Faf)ao‘fdv:—/ 05T 0% f dv.
R4 R4
We have

”air”wii;i(;l—l—Zk.oo <AN(T,M),
and we can use again (4-8) to obtain

/agr O fdv|| < AT, M).

L%

In summary, we have proved
1R1,7,9 2 = AT, M). O
4D. The equation satisfied by LT>/ f. Using the algebraic identities of Lemma 4.2, we obtain:

Lemmad.5. Forallk =0, ..., p, the following holds. Assume that (F7) € L2(0, T; H2 071 with
norm bounded by A(T, M). Forall I,J € {1,...,d}Y"k we have

m+k
1,J
T+ 08P DFv, = Y > Y VkrapL®t %l S+ Ry,
r=m—k K,Le{l,...d}" |a|+|Bl=m+k—r 4-17)

where

1,J _ o
* YK .Lapdre coefficients satisfying

1,J

”)/K,L,Ot,ﬁ”LZ(O,T;W;{;’}'ZOO) SAT, M), (4-18)
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* Ry j is a remainder satisfying
IR7g Wl pooqo, 740 S AT M) forall F <7 —3d.

A version of this lemma was proved in [Han-Kwan and Rousset 2016] in the case k = 0.
Lemma 4.5 will be useful in the induction argument to treat the case of even integers. For odd integers,
we have the following result.

Lemma 4.6. Forallk =0, ..., p—1, the following holds. Assume that (F7) € L?(0, T; H)%(erk)) with
norm bounded by A(T, M). Forall I,J € {1,...,dY"t* andi =1,...,d, we have
T(LI’J dx; J) + Ox; 3‘;(1’])F Vo f =

m+k

i A,
> ) oo vl LKL 0%l f 4 Ry, 1y, (419)
r=m—k—1 K,L€{l,...d}" |a|+|Bl=m+k-+1-r

T 8y, 1) + 05,00 DF.V, f =
m+k
> ) > yurtd LKL 0B f 4 Ry 1.y, (420)
r=m—k—1 K,Le{l,....d} |a|+|B|l=m+k+1—r
where

xil,J v;il,J . . .
* VK Lop VK.Lapdre coefficients satisfying

xi,1,J v, 1,J
”)/K,L,a,ﬂ’ VK’L’a’ﬂ ”L2(0,T;dej)r2’OO) s A(T7 M), (4'21)

* Ry; 1,7, Ry; 1,7 are remainders satisfying
~ 1
”in’l,.] ||L°°(0,T;’Hg) + ”Rv,-,I,J ||L°°(0,T;’H(r~)) < A(T, M) for allv <r — Ed‘

4E. The equation satisfied by L1/ 8;‘535 f. Lemma 4.5 invites us to search for a closed equation on
L7 8‘)"685ff0rk €{0,...,p}, re{m—=k,....m+k}, I,Je€{l,...,d} andall |@|+|B|=m+k—r
(and similarly for Lemma 4.6). This is the purpose of the next two lemmas.

Lemmad.7. Letk =0,...,p. Letr =m—k,...,m~+k. Assume that (F7) € L?(0, T; H2™"T90=1)
with norm bounded by A(T, M). Forall I,J €{1,...,d} and all |a|+ |B| = m + k —r, we have

T 3308 f) +9%0Bax I PV, f =

.
I"I’ bl K,L 4 4

> > S vl L0 £+ Ry 4. (422)

r'=m—k K Le{l,..d} |&|+|p/|=m~+k—r'

.....

where

1,J,a, . P
* VK. Lap @r€ coefficients satisfying

i d,J i d,J
1k 2o p VK L pll 20,7200y S AT M), (4-23)

* Ry J,a,p is aremainder satisfying

IR,7.0,8ll oo o,7500) S AT M) forall F <r — 1d.
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Lemmad.8. Letk =0,..., p—1. Letr =m—k—1,...,m+k. Assume that (F/) e L*(0, T; H2"+0))
with norm bounded by A(T, M). Forall I,J €{1,...,d} ,and all |a|+|B| =m+k + 1 —r, we have
T 550l 1) + 050y O F v, f

r

1,J,a, K,L qo’ o’
= X ) > vy LEL 008 f 4 Ry yap. (4-24)

r’=m—k—1 K ,Le{l,...d} /| +|B|=m+k+1-r
where

I,J.0.8 . .
* VKL ap @T€ coefficients satisfying

x,-,I,J U,‘,I,J

1Yk L. V& Loapll20,0wd 200y S AT M), (4-25)

* Ry J,a,p is aremainder satisfying

IRr, a8l oo 0y S AT M) forall 7 <r — 1d.

We observe that as wanted, Lemmas 4.7 and 4.8 provide closed systems of equations.

To conclude this section, we shall give the proofs of Lemmas 4.5 and 4.7 (the proofs of the remaining
Lemmas 4.6 and 4.8 being very similar).

4F. Proofs of Lemmas 4.5 and 4.7.

Proof of Lemma 4.5. Leti <r — %d . Since r > d, we can assume, without loss of generality, that
P> %d . We can write, by an induction argument relying on Lemma 4.2, that

T f) = Fr g,

with the source term Fy j given by Fy j = — Z?=1 F;, where
m+k—1
Fl = Z Lilajl Tt Lim+k7£=]’m+k7€
{=1 5
X ( axim+kfz+l Xtk —041 F) ’ VvLim+lc—€+2,jm+k—£+2 e Lim+k,jm+k f)’ (4-26)

m+k—1
F, = Z Li,,j, "'Lim+k—e,jm+k—e
=1

Im+k—e+1sJm+k—e+1
X ) )
([Z Pl aX’m—i—k—Z—i—l 8“lm+k—e+1 F

k,l

imk—041sJm4k—e+1 52
+ 0. . F
wk’l Viptk—e4+1"Yim+k—t+1

' VULirn+kf€+25jm+kf€+2 Tt Lierk sIm+ik f) ’ (4_27)
m+k—1

Fi = § , Li.j "'Lim+k—e,jm+k—e
=1

Imtk—t+1sJm+k—e+1 2
X E a3, . a
([ ~ wk,l Vip g ke—e 41" Yimtk—e+1 j|

'VxLim+k—e+2,jm+k—z+z T Lim+k,jm+k f) . (4-28)
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m+k—1
Fq = E : Li,j, ”'Lim—i-k—bjm—l-k—i
=1

Im4k—041sJm4k—e+1 ) ] ) ) :
X Z Bvl,a(v)m/ P Lty Livy—ta,jmsn—et2 " Limgscsjmsr S (4-29)
k/’[/,m/

We shall focus on the contribution of F{. We have to estimate terms of the form
Fig=L""*"tG, G =0"E-V,L"", (4-30)

where we use the notation L" for the composition of 7 operators of type L; ; (the exact combination of
the operators involved in the composition does not matter here). Note that as in (4-14), we can write L”
in the form

2n—2

"=+ %" > Pk U)PE,OU) - P L(0°U) 020%, (4-31)

s=0 e,a,kg,....ks
where for all 0 < p <, we have Pslf 2.2 (X) is a polynomial of degree smaller than k,, the multi-index oy,
has length 27 and the sum is taken on indices such that

le|l=1, |a|=2n—1—s, ko+ki+--+ks<n, ko>1, ki+2ky+---+5sks=35. (4-32)

Let us first establish a general estimate, adapted from [Han-Kwan and Rousset 2016]. We set for any
function G(x, v),

LG x.v)= Y Jpspx(G). (4-33)
s,B,KeE
where K = (kyg, ..., ks) and
Jps.p.k (G)(x,v) = P (U) PELOU) - PRy (0°U) 9P G, (4-34)

where for all 0 <r <, we have Psk "B (X) is a polynomial of degree smaller than k, and the sum is taken
over indices belonging to the set £ defined by

Bl=p—s, ko+ki+-+ks<ip, ki+2ky+--+skg=s, 0<s<p-2. (435

Lemma4.9. For2m+k)—1>p>1,2m>d +3, ¥ > %d and s, p, K satisfying (4-35), we have
the estimate
5@l < AT M) (IGllyr + D0 10U 8*Glyeo). (4-36)
1=2(m+k)—3d—2
I+|a|<p, |a|=2
Proof of Lemma 4.9. For the terms in the sum such that s < 2(m + k) — %d — 2, we can use estimate (4-2)
in Lemma 4.1 to obtain

17p.5.8.k (G)ll30 = AT, M)[| Gl

When s > 2(m + k) — %d — 2, we first consider the terms for which in the sequence (kq,..., k) the
largest index / for which k; # 0 is such that / < 2(m + k) — %d — 2. Then again thanks to estimate (4-2)
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in Lemma 4.1, we obtain
108,50 = AT, M)[|Glygr.

When !/ >2(m+ k) — %d — 2, we first observe that we necessarily have k; = 1. Indeed if k; > 2, because
of (4-35), we must have [ < %s. This is possible only if 2(m + k) — %d —2< %p —2< %(2(m +k)—3),
which corresponds to m + k < %d + 1, and hence this is impossible. Consequently k; = 1. Moreover, we
note that for the other indices / for which kl~ # 0, because of (4-35), we must have / kl~ <s—I[kj, so that
[<s—1<s—2m+k)+3id+2=<Ltd-1,

and we observe that %d —1<2m— %d — 2. Consequently, by another use of estimate (4-2) in Lemma 4.1,

we obtain
1ps..k @y <AT.M) 37 U 8%Glly0.
1=2(m+k)—1d—2
I+|e|=p, |a|=2
The fact that |«| > 2 comes from (4-35). |

We shall now estimate F; ¢. Looking at the expansion of Lmtk—t given by (4-31), we have to estimate
terms of the form J,(Gy) with p <2(m 4 k —£). Using (4-31), we decompose Gy as
G =9 F-Vy L' f = 9*F-Vy(Hp 4 + He ) = Ge v+ Ge

where:

e In Hy,, we gather all terms of the form (4-34), with G = £, such that 2k 4+ 1 + |B| = 2{. These
terms may contribute to terms with at least 2m derivatives of f.

e On the other hand in H__, the terms that arise correspond to 2k + 1 + |B| < 2¢, which involve at
most 2m — 1 derivatives of f.

We first focus on the contribution of Gy _; we define
Fig_:=L""tgG,

Let us start with the case £ > %(m + k). We can use the decomposition (4-31), which means that we have
to estimate terms of the form J,(Gy ) with p <2(m+k—{) <2(m+k)—1, and apply Lemma 4.9 to get

1.6~ 220,720

<NMT.M )(llGe,—ll 20,20y + > 18'U 9%Gy | L2(0,T;H?))' (4-37)

I=z2(m+k)—1d—2
I+|a|<2(m+k—0), |a|=2

We observe that in the right-hand side of (4-37), we have [ <2(m +k —{) —2 < m + k —2; consequently,
since2m—1>d—1,wehavel <2(m+k)— %d — 2, and hence we can estimate |3’ U ||z by using
estimate (4-2) in Lemma 4.1. This yields

11t zingy < AT MG gy romsicin. €2 50 +8)
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Then we use estimate (3-2) in Lemma 3.1 with s = 2(m 4+ k —{) and 59 = d + 1, and the definition of
Gy — to estimate |Gy — IIHg(m+k—z>. Sinced+2<2m—1land2(m+k—£)+2 <2(m+k)—1 (because

> %(m + k) > 2), we obtain
1F1e~NL20,7:000) < AT M)(sup | FI 20,7y pra+n) I Vo He — oo (0, 75320m+4-0)

J .
+sup| F/ || 2o, 7 mr2em+k—0+2) | Vo He — | oo (g 7 720m+-0)))
j T2

< A(T, M)sup IF7 N L2 0.7 r2om+i0-1y | Vo He — 00 0. 723 20m+4=0)y (4-38)
] r

By using the regularity assumption on F/, this yields

||F1,€,—||L2(0,T;Hg) =< A(T, M)||VvH€,—||Loo(0’T;H§(m+k—1z))-

To estimate the above right-hand side, we need to estimate Bz,ng,_ with |y| <2(m+k —2¢) + 1.
Recalling the definition of Hy _, by taking derivatives using the expression (4-31), we see that we have to
estimate terms under the form J,(f) with p < 2m — 1. Using Lemma 4.9 one more time, we thus obtain

1Frelarme S AT M (1 o rgemn+ 20 10U s )-
I=2(m+k)—1d—2
I+|a|<2m—1,|a|=2

To estimate the right-hand side, we argue as follows. Let r’ > %d be such that 7 + " < r. Since |«| > 2
and || —2 4/ < 2m—3, we can use estimate (3-4) in Lemma 3.1 (taking x(v) = (1 + |v|2)%’/) to obtain

1z
16" U+ [v)27 8 fll 2, S 1T 132m-3 11 (1 + [01*)" 9 fllzoo + U ool /gam-1.  (4-39)

By using again estimate (4-2) in Lemma 4.1 and the Sobolev embedding, we finally obtain
1F1e N2ty < AT M S oo rapgm-ty S AT M), €2 50m+k). (4-40)

It remains to handle the case £ < %(m + k). Note that necessarily, for these cases to be meaningful,
we must have 2k + 1 < 2¢. Assume first £ > 2. We obtain again (4-37). We first need to estimate
|0 F - VyHy - ||L2(0 T 320m k-0, We thus have to study

18702 F - V00" Hy | 120, 75249)-

with |B|+|y| <2(m+k—{). Since £ > 2, we have |B|+2 <2(m+k—1). If |,3|+2<2(m—|—k)—1—%d,
then we get, by the Sobolev embedding, the bound

18702 F - V00" Hy | 120, 75340) < sup 18707 F7 | 20 7,152 1 V0" He—ll 120, 7300)
J

= sup [|F7 || L2 g 7, rzom+io—1y 1/ | L2 0, 7i2m-1y
; ;

SA(T, M),
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recalling the definition of Hy _. If |B| = 2(m+k)—3—3d, then |y| <2(m+k —0)—2(m+k)+3+1d
and thus the term V, 0¥ H; _ involves at most %d + 2 derivatives. Since 2m — 1 > %d + 2, we have

1992 F - V,8” Hy ||L2(0’T;Hg) < sup 9892 F/ I20.7:22) | He - ||L2(O,T;Wg/2+2,oo)
_] r

< Slj}P | F/ ||L2(O,T;Hx2(m+k)_] I/ 20,7221y
<AT,M).
We also have to estimate terms in (4-37) of the form
10'U 9892 F 0" Vo Hy 0.

with [ > 2(m —I—k)—%d—2 and / +|B|+|v| < 2(m+k—£). Note that this implies || <2(m+k—0)—I <
%d +2-2< %d since we have £ > 1. In particular this yields || +2 <2m—1— %d since 2m > 3+ %d,
and thus by using the Sobolev embedding and (2-9), we obtain

1'0 0597 F 87V Hy 0 S sup | 7| rzm1 0"V 0¥ Vo He 0
J
S (1 N1 +5up [ 7 O prgm-1)10°0 87 Vo Hy |0
J
= AT M)|0'U 8 Vo Hy 0.

Consequently, it remains to estimate ||/ U " VyHy |0 for I = 2(m + k) — %d —2and ! + |y| <
2(m+k —£). By using again (4-31) and the definition of Pfe’_, we can expand 07 V, Hy _ as terms of the
form J,(f), with p <2({—k)+|y|—1. Since we have 2({ —k) + |y|—1 = 1—|—%d < 2(m+k)—%d—2,
we can use estimate (4-2) in Lemma 4.1 again to estimate all the terms in the expression of J,(f)
involving U and its derivatives in L°. This yields

10°T 97V Hy ll0 < AT M) Y I18'U 87 /0.
Y

with |p| <|y| 4+ 2(£ — k) — 1. Consequently, arguing as for (4-39), we obtain
(2% 0"V Hy |30 < AT M)(IIU [l oo || fll32m-1 + 111 + Ivlz)’flng?v||U||Hz_7y,—1),

where we recall ' > %d and we conclude finally by invoking estimate (4-2) in Lemma 4.1 and the
Sobolev embedding that

1F1e~lL2e0,rs0) S AT M), 2L < 7(m +k). (4-41)
For the case £ = 1 to be meaningful, X must be equal to 0. We set aside the term B?C(I’J)F - Vy f, which

appears in the formula (4-17), and we thus have to study the term

Lil,jl '.'Lim—lajm—l(az Fva)—Bg‘C(I’J)Fij

Xim>Xjim
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We argue exactly as before to obtain a bound in L?(0, T’; ’H(r)) by A(T, M) (note indeed that at most
2m — 1 derivatives of f and F are involved). Gathering all pieces together, we have thus proven that

116~ 20, 7520) < AT M). (4-42)

Let us now treat the contribution of G ., which will give rise to terms involving 2m up to 2(m + k)
derivatives of f. Let j € {0,...,2k}. Let us describe the form of the terms involving derivatives of
order 2m + j of f. Wenote that 2m + j —1>2m—1>m+ p—1>m+ k — 1. This means that such
terms are necessarily of the form

0.0 k gk m+j—k . gm+i—k
(8(; 8‘3 Lilajl ”'Lik:jk 8% 3’3 "'Lim+j—k,jm+j—k 3‘; 8/3 )f’ (4-43)

with
m+j—k m+j—k
ool + 1K =2k—j. Y |BFI#0.
k=0 k=0

In order to have exactly 2m + j derivatives of f, this expression can be rewritten as L %> 0% 8'3 f, where
|K|=|L|=m+ j—k and |a| + |B| = 2k — j, |B| = 1. Indeed if derivatives fall on a coefficient of
one of the L;, j, , then there are less than 2m + j derivatives of f.

We denote by )/Il(ila 8 the coefficient associated to such terms. Note that for |y| < 2k — j — 1,
we have %02 F! € L%(0, T H,%mﬂ_z). Since we have 2m > %d + 4, we can bound this term in
L%(0,T; de+2’°°) by the Sobolev embedding. Likewise, for |y| <2k —j—1, since 2m+ j —1— %d >
d + 2 we have 9% ,U € L®(0, T; Wx‘{j 2:%) " All in all, we deduce

1,J,1
”VK,L,oe,ﬂ”LZ(O,T;W;{;“Z"X’) = A(T’ M)

It remains to treat the other terms that all involve at most 2m — 1 derivatives on f. If k > 1, we set aside the
term 8‘;(1’J)F -Vy f in (4-17), which corresponds to the case £ = 1 treated above (relevant when k = 0).
The other terms can be considered as remainders that are uniformly bounded in L2(0, T’; Hg), since
at most 2m — 1 derivatives are involved on f and at most 2(m + k) — 1 derivatives are involved on F’;
these terms can be treated exactly as we treated the remainders in Gy _.
The treatment of Fy, F3, F4 gives rise to similar terms and we omit it. O

Proof of Lemma 4.7. The proof is similar to the previous one. We shall only explain why the terms
involving at least 2m derivatives of f are indeed of the form appearing in (4-22).

Letk =0,....,p—1,andr =m+ j for j = -k —1,...,k. We look for the terms involving
2m + [ derivatives of f for / =0,...,k + 1+ j. Among the operators in L{>/ there are exactly
2m+Il—(m+k+1—r)=2m+ j+[—k—1 derivatives to be applied on f. Sincem > p >k + 1,
we have 2m + j +[ —k — 1 > m + j. This means that these derivatives must be of the form LX-L 9% 8‘3,
with |K|=|L|=m+!—k—1and |y|+|§| =j -]+ k + 1 (up to commutations between the
differential operators as in (4-43), which is treated as in the previous proof). In the end, the terms
involving 2m + [ derivatives of f are thus necessarily of the form L&-L % 8‘2 f, with

IK|=|Ll=m+1-k—1, |y|+18|=2k+2-1,

as appearing in (4-22). O
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Remark 4.10. An inspection of the proof reveals that the uniform regularity of the coefficients in (4-18),
(4-21), (4-23), (4-25) can be improved to L2(0, T; W,{y°) forall p <2m—2—1d.

5. Burgers’ equation and the semilagrangian approach

In this section, we explain the procedure to straighten the transport operator 7, which allows, loosely
speaking, to come down to the operator d; + a(v) - V,. This relies on several changes of variables in
velocity that we introduce now.

Let ®(z, x, v) satisfy the Burgers’ equation

{8,<I>+a(<1>)-Vx<D=F(t,x,<I>), 51)
®(0, x,v) =0.
The interest in introducing the vector field ® comes from the following algebraic identity.
Lemma 5.1. Given a smooth function g satisfying T g = R, the function
G(t,x,v):=g(t, x,d(, x,v))
solves the equation
;G +a(d(t, x,v))- VG = R(¢t, x, P(¢, x, v)). (5-2)

Proof of Lemma 5.1. We compute
0:G = (0;2)(t, x, P(t, x,v)) + 3:P- (Vy2) (2, x, (¢, X, v)),
a(®) - VxG = a(®)- (Vxg)(t, x, ®(1,x,v)) +[a(P) - VX P]- (V@) (1, x, D(7, X, ).
Since Tg = R, we have

(0:g)(1,x, P(1,x,0)) + a(®) - (Vxg)(#, x, (¢, x, v))
=—F(,x,®) - (Vyg)(t, x,®(t, x,v)) + R(, x, (¢, x,v)).

From (5-1), we deduce (5-2) as claimed. O

In other words, the change of variables in velocity v — ®(z, x, v) allows us to straighten the vector
field 7.
We now provide a lemma concerning the existence, uniqueness and regularity of solutions of (5-1).

Lemma 5.2. Assume that for all j = 1,...,¢, we have F/ e L0, T"; H?) with norm bounded by

AT, M). There is T € (0, T'] such that the following holds. There exists a unique solution ®(t, x,v) €
c%o,T; W)ﬁi 2°) of (5-1) and we have the following estimates:

sup sup Y [[9% ,(®—v)l| 2+ sup 1® = vllyw.c0 S AT, M), (5-3)
[O:T] v |oc|§n | [05T] -
sup sup Y [|9% ,(@(®) —a())l 12 + sup a(P) —a()llyr.co < AT, M) (5-4)
[OaT] v |a|§n ’ [OaT] '

1
forallk <n—5d.
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We shall not provide the proof of Lemma 5.2 as it follows closely the proof of Lemma 4.6 in [Han-
Kwan and Rousset 2016]. Here the source is semilinear, whereas there it is linear; however, the proof is
essentially the same (see also [Han-Kwan et al. 2017] for a similar issue).

We now introduce the characteristics associated to ®, defined as the solution to

{8,X(l,s,x,v) =a(d)(, X(t,s,x,v),v), (5-5)

X(s,s8,x,v) =X,

and study the deviation of X from the (modified) free transport flow.>

Lemma 5.3. Assume that for all j = 1,...,¢, we have F/ e L°(0,T'; H?) with norm bounded by
A(T', M). Thereis T € (0, T'] such that the following holds. For every 0 < s,t < T, we can write

X(t.5,x,0) = x + (t =) (@) + X(t,5.x,)), (5-6)
with X that satisfies the estimate

sup  sup Z ||3§‘C,U)2(z,s,x,v)||L)zc + sup ||)2(t,s,x,v)||W)§boo SANT, M) (5-7)

f,SE[O,T] v |a|5n f,SE[O,T]

forallk <n— %d. Moreover, the map x — x + (t — S))Ai(t, s, X, v) is a diffeomorphism, and there exists
W(t, s, x,v) such that the identity

X(t,s,x,¥(t,8,x,0)) =x + (t —5)a(v)

holds. Finally, we have the estimate

sup |:Sup Z ||8()xc,v(\lj(t9svx’v)_v)||L)2€ +||"I](Z’S,xvv)_v||W)g‘voo:| éA(T, M) (5_8)

t,SE[O,T] v |a|§n

1
forallk <n—5d.

Again, we will not reproduce the proof of Lemma 5.3 as it follows closely that of Lemma 5.1 in
[Han-Kwan and Rousset 2016].

In what follows, the procedure will consist in applying derivatives on (2-1) using multiple combinations
of the operators L>/ that were introduced and studied in the previous section. This yields systems of
Vlasov equations with sources, such as (4-22) in Lemma 4.7. It is on these equations that we will apply
the change of variables v — ®(¢, x, v) in order to straighten the transport operator 7. We then integrate
along characteristics, which is why the X(z, s, x, v) are useful, and average in velocity to obtain equations
bearing on moments. In these equations, it will be crucial to apply various changes of variables based on
the X and W introduced in Lemma 5.3.

This is what we refer to as the semilagrangian approach.

3Note that the X introduced here is not the same as the X previously defined in (1-7).



ON PROPAGATION OF HIGHER SPACE REGULARITY FOR NONLINEAR VLASOV EQUATIONS 219

6. Averaging operators

Fori € {l,...,d} and a smooth function U(¢, s, x, v), we define the following integral operator K g)
acting on scalar functions H (z, x):

X t
KD (H) (@, x) = / / (0x, H) (s, x — (t — 5)a(v)) U(t. s, x, v) dv ds. (6-1)
0 JRrd
The integral operator K can be seen as a modified version of the operator KS)

. ¢
KO (H) (. x) = / / (O, H) (s, x — (t —5)v) U(t, 5, X, v) dv ds
0 JR3
that was studied in [Han-Kwan and Rousset 2016].

6A. The smoothing estimate. We note that the operators K g) and Kg) seem to feature a loss of derivative
in x. It was nevertheless proved in [Han-Kwan and Rousset 2016, Proposition 5.1 and Remark 5.1]
that for the operators K(i), this loss is only apparent, provided that U is sufficiently smooth in x, v and
decaying in v: this is the content of the following theorem.

Theorem 6.1 [Han-Kwan and Rousset 2016]. Letk > 1 +d and o > %d. Forall H € L*(0,T;L2),
and foralli € {1,...,d}, we have

IKS Dl p20.7:22) < N LG L PRparsse (6-2)

<s,t<T

Based on this result, we deduce the following smoothing estimate* for the operators K g).

Proposition 6.2. Letk > 1+ d and o > %d. Forall H € L*(0,T; L%), and foralli € {1,...,d}, we
have

IK D 2002 S 500 N0 g 1 207,22, (6-3)
0

<s,t<T
withry =0 + (1 +A)(d + k).

Proof of Proposition 6.2. To ease readability we set dx = dx; and we forget about the subscript i. We
come down from the modified to the straight operator by using the change of variable w := a(v). We get

Ky(H)(t,x) = /:/(Rd)(axH)(s, x—(—s)w)U(t,s,x,a” " (w))|det Da(a™ (w))|~" dw ds

= Ky(H)(t. x),
with
U, s, x,w):=U(t,s,x,a” (w))|det Da(a™! (w))|™! 14(ra)-

Letk>14+dando > %d. By Theorem 6.1, we get

||KU(H)||L2([0,T];L§) = ”KU(H)”LZ([O,T];L,%) < sup UG, s, )”H’g ||H||L2([0,T];L§)'

0<s,t<T

4 A close version of this result is also stated in [Han-Kwan et al. 2017] for the special case a(v) = 9.
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By the assumption on a, we have

10%a (w)] < (1+]a™" (w)])! el

In particular, we deduce
|det Daa™" w)|™" < (1+|a~" @)@+,

As a consequence, we have, by the Faa di Bruno formula, and using the reverse change of variable
v =a"'(w) and (2-3), that

. < .
UG5, g S ISl

and hence the claimed estimate. O

6B. Intermission: a comparison to averaging lemmas. We end this section with a comparison of the
smoothing estimate we have just shown, in the simple case where a(v) = v, which corresponds to
Theorem 6.1, with kinetic averaging lemmas. Averaging lemmas were introduced in [Golse et al. 1985;
1988; Agoshkov 1984] and now generically stand for various smoothing effects in average for kinetic
transport-type equations.> They proved over the years to be fundamental in several contexts of kinetic
theory, as they provide compactness and regularity. There exist many versions of these, involving several
different assumptions on the functional spaces, on the number of derivatives in v or in x in the source etc.;
see, e.g., [DiPerna et al. 1991; Perthame and Souganidis 1998; Golse and Saint-Raymond 2002; Bouchut
2002; Jabin and Vega 2004; Jabin 2009; Arsénio and Saint-Raymond 2011; Arsénio and Masmoudi 2014]
for more recent advances. The closest (to Theorem 6.1) analogue of averaging lemmas is arguably the
following result.

Theorem 6.3 [Perthame and Souganidis 1998]. Let 1 < p <oo. Let f,g = (gj)j=1,...d € L{x,v satisfy
the transport equation

d
0 f+v-Vaf =) 0y0kg;. (6-4)
j=1
where k is an arbitrary multi-index. Let ¢(v) be a C°° compactly supported function and set

pott.0) = [ 1tz 00w .

Then we have, for all o € [0, min(%, #))

o o

1—
KIFT || || TIFT 6-5
0 el (©5)

logliLr = Ca,pagp

Let us focus especially on the case p = 2, |k| = 0, in which case (6-5) actually also holds for o = %

Theorem 6.1 can also be understood as a kind of averaging lemma for the moments in v of the kinetic

5 Actually this can be embedded in a more general framework; see in particular [Gérard 1990; Gérard and Golse 1992; Gérard
et al. 1996].
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equation (6-4), in the special case where the source has the form

d
> 0y, Hj(1.x) 95145 (¢, x, v), (6-6)
j=1
where U is smooth in x and v, and the initial condition is f|,—¢ = 0. Let ¢(¢, x, v) be a smooth and
decaying test function. Then by the method of characteristics,
¢ d
ft,x,v)= / Z Ox; Hj(s,x — (t = s)v) Bl,fuj (s,x—(t—s)v,v)ds,
0
j=1
and thus
/ d d .
polt.x) = [ [ 3 b,y v 1=50) 2804 (5.5 (=590, 0) ple.x.v) ds = K (H)0.).
0 JR4 = j=1 ’
setting Uj (s, 7, x,v) = 8]52/{]- (s,x —(t —s)v,v) @(¢, x, v). The regularity assumption of Theorem 6.1 can
be written as
Sup | Uj (2.5, <00
0<s,<T

fork>1+d, 0 > %d , and the consequence is

loul20pz2y S sup O MU Eose ) e 1 Hil L20.22)- (6-7)
0=s5,1<T
This estimate is not a consequence of Theorem 6.3. Indeed, note that it does not involve the L2 norm of
the solution f: somehow, this can be roughly seen as a version of Theorem 6.3 allowing @ = 1, whereas
Theorem 6.3 only allows o < %, at the expense of asking for the structure assumption (6-6) on the source g
and of considering a norm for the source that is more demanding than the L? norm of estimate (6-5).
Observe also that Theorem 6.1 does not require the test function in v to be decaying at infinity, as long
as for all j, we have U; in (6-6) is itself decaying sufficiently fast at infinity.

7. Proofs of Theorem 2.1 and Corollaries 2.2 and 2.5

We finally set up an induction argument, which relies on the machinery developed in the previous sections,
and will ultimately lead to the proof of Theorem 2.1. We summarize the procedure below:

By induction, we assume smoothness on the moments until order n’ — 1. We can first apply Lemma 4.1
to obtain the same smoothness for the coefficients of the operators L; ;.

e We apply Lemma 4.7 or 4.8 in order to get the system of equations satisfied by (LX-L 0% 8’3 /), which
is of the abstract form

T(J) +2AF = B,

where 2l is a matrix whose coefficients we control and B is the rest we need to control. Loosely speaking,
B consists either of remainders we can control thanks to the induction assumption, and terms of the form
—2ED p .y, ffor K, L e{l,...,d+k whose contribution is the main matter.
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e We then invert the operator 7 + 2{ in order to solve the equation. At this stage, after integration in
velocity (remember that we are interested in the regularity of moments), we use the changes of variables
introduced in Lemmas 5.1, 5.2 and 5.3.

e What is rather straightforward then is the study of the contribution of the initial data and of the remainder
terms in B. As already said, the contribution of the terms —az(K’L)F -V, f is more serious and involves
the study of integrals of the form

t
// (Bxia‘j‘c(K’L)F)(s,x—(l—s)a(v))U(t,s,x,v)dvds,
0 JRY

which seem to feature a loss of derivative in x. We recognize the integral operators introduced and studied
in Section 6. This is where the smoothing estimate of Proposition 6.2 proves to be crucial.

7A. End of the proof of Theorem 2.1. For n > 2m — 1, let P(n) be the following statement:

There is 7" > 0 such that for all test functions

Y(t,x,v) € L*°(0,T; Wd+2+n—2m,oo)’

o
setting for all |¢| = n,

My o(t,X) = /I;d 0¥ f(t,x,v)Y(t,x,v)dv,

there exists A for which

D Imyal2er.r2) S AT M). (7-1)
la|=n

By Proposition 3.2, it is clear that P(2m — 1) is verified.

Letn € {2m,...,2(m + p)}. Let us assume that n is even, of the form 2(m + k). We shall not
proceed with the case where n is odd, as it follows by completely similar arguments. Assume that
P(2m),...,P(n—1) are satisfied and let 7 > 0 be a time on which the estimates (7-1) (for 2m, ..., n—1)
are satisfied. We shall prove that P(n) is also verified. Once this is done, we deduce by induction that
P(2m),...,P(2(m+ p)) are satisfied; we then deduce the required estimates (3-14).

Thanks to the property P (n — 1) applied to the (¥)j=1,...,,, and (2-9), we first have

4

D N F N g przomto-1y < AT M). (7-2)
j=1
We can therefore apply Lemma 4.1 and obtain a possible smaller time, still denoted by 7', and operators
..... i(Ferk)_z) for all 7 > %d, with
uniform regularity

ij odsj
”((/)k,l’ 1//k,l)i,j,k,l ”L°°(0,T;H2_(rf”+k)_2) SAT,M).
Let us consider the vector (the precise ordering does not matter)

F=LELYPB ) comimiky, KLel o d)r . o]+ |Bl=mtk—r- (7-3)
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By Lemma 4.7, it follows that § satisfies the system

TE) +AZ =B+ R, (7-4)

where 2(z, x, v) is a matrix with coefficients in L2(0, T; ijz’oo

), satisfying
||2(||L2(0,T;ng2,m) SA(T, M). (7-5)

(The term 2(§ encodes the contribution of the leading-order terms in the triple sum of the right-hand side
of (4-22).) On the other hand, PR is a remainder satisfying the estimate

”m”LZ(O,T;H?) SAT, M) (7-6)

forall 7 <r— %d and B is defined as follows: all its components are equal to 0 except those corresponding
to the components associated to some K, L € {1,...,d }m+k, in which case it is equal to

—9e&Dp.v,f.

The next step consists in using the change of variables v — ®(¢, x, v), where ® solves (5-1), in order
to straighten the vector field 7; see Lemma 5.1. To this end, we use Lemma 5.2 (reduce again 7" > 0
if necessary) and use the notation o ® to denote the composition in v with ®. Setting F = § o ®, we
obtain

(0 +a(®)- Vi) F+ (RAoP)F =Bod+Ro . (7-7)

Let A(s, ¢, x, v) be the operator, whose existence is ensured by the Cauchy—Lipschitz theorem, as the
solution of the following linear ODE

A5 A(s, t, x,v) =A(s, x, D(s, x,v)) A(s, ¢, x,v), A, ¢, x,v)=1Id.
Thanks to (7-5), we also have
IIA(-, ¢, -)||LOO(O’T;W€;|-2,OO) + [|95A(-, ¢, ')”LZ(O,T;Wde'Z’OO) S AT, M). (7-8)

By the method of characteristics we get

F(t,x,v)=A(t,0,x,v) F(0,X(0,z,x,v),v)

t t
—I—/A(t,s,x,v)BodD(s,X(s,t,x,v),v)ds—l—/ A(t,s,x,0)RodD(s, X(s,2,x,v),v)ds. (7-9)
0 0

Suppose ¥ (¢, x,v) € L°°(0, T; Wf;;zﬂk ’*°). Then we multiply the representation formula (7-9) by
Yz, x, (¢, x,v))|det D, ®(z, x, v)| and integrate in v to obtain

/ Ft,x,v)¥(t, x, D, x,v))|det Dy D, x,v)|dv= 1o+ 11 + I, (7-10)
R4
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with

IO=/ A(t,0,x,v) F(0,X(0,1,x,v),v) ¢ o ®|det D, D(¢, x, v)| dv,

R4
t

11:// A(t,s,x,0) (Ro D) (s, X(s,7,x,v),v) ¥ o P|det D, d(z, x, v)| dv ds, (7-11)
0 JR4

t
I, =/ / A(t,s,x,v) (Bo®@)(s, X(s,2,x,v),v) ¥ o ®|det D, D(¢, x, v)| dv ds.
0 JR?
By the change of variables v > ®(¢, x, v), we have

/]-"(t,x,v)w(t,x,<I>(z,x,v))|detDvCI>(t,x,v)|dv:/ T, x,v) ¥ (t, x,v)dv.
R4 R4

Let us first study this term. Since P(2m), ..., P(2(m+k)—1) are satisfied, we can apply Lemma 4.4 (the
assumption (4-8) is indeed verified), which yields, see (4-9) and (4-10), that for all 7, J € {1,...,d }m+k,

/Rd LY fy(t,x,v)dv = /Rd %D (e, x,v) dv + Ry gy,
where Ry 7 y 1s a remainder satisfying the estimate
192,09l 200, 1:02) = AT, M).
Consequently, recalling the definition of § in (7-3), if we are able to obtain the bound
ol 20, 7:22) + M1l 200, 7:02) + 112l 200, 7:02) = AT, M),

then we deduce the bound

2

1,J

= AT, M);
L2(0,T;L%)

[ o0 pyan

that is, we obtain the sought bound (7-1) at rank #.

7A1. Study of 1. Let us begin by treating the contribution of the initial data, which corresponds to the
term I. First by using estimate (5-3) in Lemma 5.2, the L°° bound for A in (7-8), and the estimate

_1
11+ [v]?) "2y || e, <1, (7-12)

x,v

we have for all x € Td,

‘/ A(t,0, x,v) F(0,X(0,7, x,v),v)(1 + Ivlz)%’°|detDv<I>(t,x, v)| dv
R4

= AT, M)/ |F(0,X(0,2,x,v),v)|(1+ |v|2)%ro dv.

Therefore, we get that

1
”IO”LZ(O,T;L)ZC) = A(T, M)H/Rd ”.F(O,X(O,Z,-,U),U)HL)ZC(I + |U|2)2r0 dv

L2(0,T)
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By using the change of variable y = X(0,7, x, v) + ta(v) = x —tX(0, ¢, x, v) and Lemma 5.3, we obtain
”}—(07X(07 t,-, U), U)HL?Y = A(T’ M)”]:(O’ : _ta(v)7 U)”L)ZC = A(Tv M)”F(Ov T v)”L?\,

and hence, we deduce that since r > rg + %d , for some r’ > %d , it holds that

1
dv 2
ol 20,722y = AT, M)(/Rd m) 70 3,0-

By using the fact that at 1 = 0 we have ®(0, x,v) = v and L&D |,_ = 8§(K’L), we end up with
m+k _
IFO) 0 = IFO) 0 < A(M) > Yo 1878595 folle.

j=m—k |o|+|Bl=m+k—j
and hence we finally obtain

”I()”LZ(O,T;L%) = AT, M).

7A2. Study of I;. We treat the other remainder term /; in a similar fashion. Indeed, using again
estimate (5-3) in Lemma 5.2, (7-8) and (7-12), we first get

||11 ”LZ(O,T;L,%)

t
AT D] [ [ 196, X6010). 96, X00 10 000Dl + o) s
0 JRA x

L2(0,T)

Thanks to the change of variable x + X(s, ¢, x, v) and to the estimates of Lemma 5.3, it follows that

t
1
111 ||L2(0,T;L§) < A(T, M)H/O /Rd ||Eﬁ(s,-,<I>(s,.,v))||L)2€(1 + |v|2)2’0 dvds

L2(0,T)

t
=A@ )| [ 150 @)l s

L2(0,T)
< AT, M) T |%0 ] 120 730,

by choosing 7 > rg + %d , which is possible since r > ro + d. Using again the change of variables
v ®(¢, x,v), Lemma 5.2 and the estimate (7-6), we thus obtain

171 ”LZ(O,T;L)%) = AT, M).

7A3. Study of I,. The main matter thus concerns the contribution of the term 7, which features an
apparent loss of derivative in x. This is however not the case, thanks to Proposition 6.2. Let K, L €
{1,...,d}y"tk Writing Bﬁ(K’L) = axag{ with |o/| = |a(K, L)| — 1, we are led to study terms of the
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form (here Flj stands for the i -th coordinate of F/)

Z/ / (0x 8”‘ F’)(s X(s,t,x,v) ¥, X(s,t, x,v), (s, X(s, ¢, x,0),0))
xAKL(t s, , X(s,t,x,v), D(s, X(s,1,x,v), v)) Aj (P(s, X(s,1,x,0),v))
X Oy, f(s,X(s,t,x, v), O(s, X(s, 1, x,v), v))|det Dy ®(t, x,v)| dv ds,

1,J
where ||AK,L||LOO(O’T;W)£;|-2,OO) < AT, M). |
We use the change of variables v = W(s, ¢, x, w) to rewrite this expression as Zf=1 Ky, (8‘)"6/ Fij ),
with
Uj(s,t,x,v) = A4; (<1>(s, x—({t—s)a),¥(s,t,x, v)))
X Af(JL (t.s.x = (1 —s)a(v), ®(s,x — (t —s) a(v), ¥(s, 1, x,v)))
X w(t, x—(t—=s5)aw),d(s,x—(—s)av), ¥(s,t,x, v)))
X Oy, f(s, x—({t—s)a), P, x—(t—s)a(v), Y(s,t,x, v)))

X |det Dy ® (¢, x, Y (s, 1, x,v))||det DyW(s, 1, x,v)|, (7-13)
where we recall the operators K were introduced in Section 6. In order to apply Proposition 6.2, we have
to estimate, s, ¢ being fixed, U; in ’Hffd, with /' > %d +2(14+A)(1+d) and r > r’ +rgy, which is possible
since r > R as defined in (2-12). First, by (2-3), (2-6), (7-8), (5-3) in Lemma 5.2 and estimate (5-8) in

Lemma 5.3, we can uniformly bound in L all terms involving 4, ®, W and their derivatives (since

only at most 2 + d derivatives can be involved). For ¥, we use
(14 [0[2)"2708% Y oo <1 forall || <d +2.

Xov ™~

We are therefore led to estimate integrals of the form

I =

/ lg(x — (£ — ) a(v), D(s, x — (1 — s)v, W(s, 1, x, )2 (1 + [v]2)0F" dv dx|,
Td xRd

where g = 0% f, |a| < d + 3. To this end, we can use the change of variables v — w = W(s, ¢, x, v) and
rely on estimate (5-7) in Lemma 5.3 to obtain the bound

I <A(T,M) lg(X(s, 1, x, w), D(s, X(s. 1, x, w), w)|2(1 + |w|>)" dx dw.
Td xR

Next, arguing as for /;, we can use successively the change of variable x — y = X(s, ¢, x, w) with

the estimates of Lemma 5.3, and the change of variable w > u = ®(s, y, w) with estimate (5-3) in

Lemma 5.2, to finally obtain

ISA(T,M)IIgIIZ = A(T, M)IIfIIHZm 1
since 2m —1>d + 3 and r > R. As a result we obtain the bound

sup |Uj ll, 240 < AT, M) 17 om—1 < AT, M). (7-14)
8,1 r/ r
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We can therefore apply Proposition 6.2 to get the bound
1Ky, (sz)||L2(0,T;L}C) < Ssutp |Uj ||Hf/+d ||F,~j ||L2(0,T;H‘3(m+k)71)
< AT, M) F |29 7, 2ot
<ANT,M), (7-15)
thanks to estimate (7-2). We deduce
121l 20,7;22) = AT, M)

and gathering all pieces together, we therefore obtain (7-1) at rank n, and the induction argument is
complete. Theorem 2.1 follows.

7B. Proof of Corollary 2.2. In order to prove the higher-order regularity for the characteristics, we
proceed as in [Han-Kwan and Rousset 2016, Lemma 5.1].
By Theorem 2.1 and the assumption (2-9), we have forall j = 1,...,%,

FJ e L*(0,T; H")
and thus by Sobolev embedding, we deduce that for k <n’ — %d ,

Fi e L0, T; wk>). (7-16)
We set
Z=Y,W)y=X—-tv—x,V —v).

Let us first prove that Z € L*°(0, T'; Wf °) for k <n' — %d . Note that by the definition of (X, V'), we
know Z satisfies the equation

t r ¢
Z = (/ (Y 4+ v)ds, / ZA,-(W+v)F!(Y+x+zv)ds).
0 e
By (2-6) and (7-16), we obtain by induction (on the number of applied derivatives) that for # < T,
t
sup sup [, Zlgs, < [ A1+ sup  sup o2, Z] 1) ds.
|a|<n’—%d [0,7] 0 |a|<n’—%d [0,s]

where A is a nonnegative function belonging to L2(0, T'), with norm bounded by A(T, M). We deduce
our claim thanks to the Gronwall inequality, which yields
sup  sup 9%, Z 5, < VIA(T, M). (7-17)
|o¢|<n’—%d [0,7] '
We deduce in particular from this estimate that for 7”7 € (0, 7] small enough, for all v € R, the map
X+ X(T',0,x,v) is a C! diffeomorphism.
Next, let us turn to the L L3 L2 estimate. We set

N(2) := sup sup ||8(;xc,vZHLgOL)2€-
la|<n’ [0,7]
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By an application of the Faa di Bruno formula, we obtain

j
N@) = Z / L N L

O ki ko, /31 ----- Bicy +icy
with

T derbroty oy, = PG A 0 V(DI FT) 0 X ()| 08, (X, V)] -+ 02382 (X V) | o 2

and where the sum is taken only on indices such that k1 + ky =: k <|a| <n’, By + -+ Bx = || with
for every j, [Bj| = 1 and [B1] =< |B2| =--- = |Bkl.

Let us observe that in the sum, if k1 + k, = k > 2, we necessarily have |B;_;| <n’ — %d. Indeed,
otherwise, we would have |B81| + -+ |Bx| = 2n’ —d and thus n’ > 2n’ — d, which means n’ < d. This
is impossible by assumption on n’. Next:

o Ifky <n — %d and k1 + ko = k = 2, we obtain thanks to the above observation and (7-17) that for
i=1,....k—1,

105, (X. V)ILge, S 1+ T + 1102 ,(2) | Lge, S AT, M). (7-18)
Moreover, using (2-6), (7-16) we get
k—1
Tty oy = 1D Al |1 D2 F7 e, | T 085, (X. V) - 1054, (X, V)l Lo 2

i=1
< AT M) D*2 FY |50, (14 N (5)).

If k = 1, the above estimate is clearly also valid.

o Ifky>n'— ld we observe that for every i, we have |B;| < |Bx| <n'— (k—1) < %d. In particular

|Bil <n'— —d by assumption on n’ and we have that (7-18) holds for all i = 1,..., k. This yields

Tvdenropi ey SIS AD OV llpgo 2 |(DRFT) 0 X | e 2 AT, M)
SIDE Ajllse | (D2 FI) 0 Xl oo 2 AT, M)
S AT, M)|(DRF))| 2.

To get the last estimate, we restrict to 77 < T small enough so that we can use the change of variable
y = X(¢,0,x,v) when computing the L2 norm of (D,lﬁvaj) oX.

By combining the above estimates, we obtain that for 1 < 77,
t
N(@) < VINT, M)+ / A(T, M) sup || F7 (s)|| N (s) ds.
0 j *
By using again (7-16) and the Gronwall inequality, we thus obtain that for ¢ < 77,

N(t) S VINT, M),

which concludes the proof of Corollary 2.2.
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7C. Proof of Corollary 2.5. The idea, as in [Gérard 1990, Proposition 5.2], consists in applying Theorem 2.1
with the test function

Yp(v)y=e""e W)?:;)oo,

where 1 € R? has to be seen as the Fourier variable in velocity. A close inspection of the proofs reveals
that the conclusion of Theorem 2.1 can be refined into

forall n € RY, ”/ Syndv

, = A(TO’ M? ”WTI”W”/»OO)’ (7'19)
L2(0,To; HY') v

where A is a polynomial function. Moreover, HW"HW""“’ < A’(|n|), where A’ is also a polynomial

v

function (of degree n’). Since
1
(2m)2¢

[ romdv=7. 5.5
we deduce from (7-19) that for some p > 0 taken large enough,
N 1.,/ _1
”f(tv k, 77)(1 + |k|2)2n (1 + |77|2) ZPHLZ(O,TO;LZ(ZdXIRd)) < 00,

which means that f € L2(0, Tp; H;’:’v_p)-

8. Application to classical models from physics

The goal of this section is to briefly explain why both Vlasov—Poisson and relativistic Vlasov—Maxwell
systems enter the abstract framework, and thus why Theorem 2.1 (and its corollaries) apply to these
classical models.

8A. Vlasov-Poisson. The Cauchy problem for the Vlasov—Poisson system (1-2) was studied (among
many other references)

e for (global) weak solutions in [Arsen’ev 1975],

e for local strong solutions in [Ukai and Okabe 1978], and for global strong solutions in [Bardos and
Degond 1985; Lions and Perthame 1991; Pfaffelmoser 1992; Schaeffer 1991; Glassey 1996; Batt
and Rein 1991; Horst 1993].

Let us check the following structural assumptions for (1-2).

e Assumptions on the advection field. In this model, a(v) = v, so that all required assumptions on « are
straightforward properties. One can take A = 0 in (2-4).

o Assumptions on the force field. For the force field F, we can write £ = 1, A; = 1 and F! = —V,¢,
where ¢ is computed thanks to the moment of order 0 of f only; that is, ¥; = 1 (thus ro = 0) and

My = de
R4
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The assumption (2-9) follows straightforwardly from the Poisson equation, as for all #» € N, it holds that
forall 1> 0. [|F' )l < lmy, Ol g

We however do not need the smoothing effect due to the Poisson equation. It follows directly that both
estimates (2-9) and (2-10) hold. The stability estimate (2-11) holds because of the same estimate, by
linearity of the Poisson equation. It turns out that using the smoothing estimate, we can obtain a stronger
version of Theorem 2.1: we embed this situation in what we refer to as transport/elliptic systems, and
refer to Theorem 9.1 in Section 9.

Note also that the Vlasov—Poisson system with dynamics constrained on geodesics introduced in the
context of stellar dynamics in [Diacu et al. 2016] enters the abstract framework as well (and in this model
there is no smoothing of the force field).

8B. Relativistic Vlasov—-Maxwell. The Cauchy problem for the relativistic Vlasov—-Maxwell system (1-3)
was studied (among many other references)
e for (global) weak solutions in [DiPerna and Lions 1989],

e for (local) strong solutions in [Wollman 1984; 1987; Degond 1986; Asano 1986; Glassey and Strauss
1986; 1987; Glassey 1996; Schaeffer 2004; Bouchut et al. 2003; Klainerman and Staffilani 2002;
Pallard 2015; Luk and Strain 2016].

Let us check the following structural assumptions for (1-3).

e Assumptions on the advection field. In this model, a(v) = 0, and one can check by a straightforward
induction that
105 D]l zge < Cy  for all a.

We have a(R9) = B(0, ¢) and the explicit formula
w

forall w € B(0,¢), a '(w)= W
It follows that one can take A = 2 in (2-4).
o Assumptions on the force field. For the force field F, we observe that we can take £ = 4 and write
A;=1, F'=E, (8-1)
and setting B = (By, B;, B3) in an orthonormal basis (ey, €3, €3),
Ay =190y, F?= Byes;— Bjey,
A3 =1y, F?= Bse;— Bjes, (8-2)

A4 2133, F4 2316’2—3281.

The electromagnetic field (£, B) is computed only from initial data (£¢, Bg) and the moments of order 0
and 1, which correspond to 1 = 1, ¥, = 0 (so that rg = 0) and

My, = fdv, my, =/ fodv.
R R4
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The assumption (2-9) follows from classical energy estimates for Maxwell equations: we have for all
neNandallt >0,

2
3
ICE. B)l12(0,6;1) = Cnt2 D Iy, |20,y + 1 (EL BYO) [ L2(0,4; rpy:
i=1
see, e.g., [Han-Kwan et al. 2017, Lemma 3.2]. The estimate (2-10) is proved similarly. The stability
estimate (2-11) holds because of the same energy estimate, by linearity of the Maxwell equations.

8C. Remarks. Some remarks about possible generalizations of the abstract framework are in order:

e It is possible to add a smooth force, of C k regularity with k large enough, and still adapt the results
of Theorem 2.1, without significantly modifying the analysis. This allows one for instance to consider
Vlasov—Poisson systems with a smooth external magnetic field.

» The so-called relativistic gravitational Vlasov—Poisson system (which may be relevant for galactic
dynamics) enters the abstract framework as well, by a combination of the estimates of Section 8A and 8B
(see, e.g., [Glassey and Schaeffer 1985; Hadzi¢ and Rein 2007; Kiessling and Tahvildar-Zadeh 2008;
Lemou et al. 2008] for some references about this system).

e The divergence-free (in v) condition for F is not an absolute requirement for the analysis. It may be
dropped, but would sometimes necessitate introducing more complicated formulas. In particular, it is
likely that fluid/kinetic systems for sprays such as Vlasov—Stokes or Vlasov—Navier—Stokes in dimension
d = 2 enter this framework (or a slightly modified version of it) as well. We refer, e.g., to [Jabin 2000;
Boudin et al. 2009; 2015; Desvillettes 2010] for some references about these equations. See also [Baranger
and Desvillettes 2006; Moussa and Sueur 2013] for other fluid/kinetic systems.

¢ Note that the so-called nonrelativistic Vlasov—Maxwell system (that is system (1-3) with v replacing
all occurrences of v) does not enter the abstract framework. Indeed the assumption (2-6) is not satisfied.
However, we claim that (2-6) is crucial only for having a good local well-posedness theory in # spaces.
This means that without (2-6), we can still obtain a result similar to that of Theorem 2.1, except that we
have to assume the existence of a solution of (2-1) with the required regularity. For the nonrelativistic
Vlasov—Maxwell system, such solutions do exist, following [Asano 1986], which requires the introduction
of Sobolev spaces with loss of integrability in velocity.

9. The case of transport/elliptic-type Vlasov equations

9A. An improvement of Theorem 2.1. Let us assume in this section that the following strengthened
version of (2-9) is satisfied:
L

IF7 N 220,520y < TN (t, g |20 pemn—1y - - - 1 2o grn—1ys D I1F7 <o>||H;g). (9-1)

j=1

In other words, the force is smoothed out and gains one derivative compared to the distribution function.
We refer to such a situation as the transport/elliptic-type case. This includes in particular the Vlasov—
Poisson system. We then have the following version of Theorem 2.1. This is an improved version in the
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sense that the higher regularity we ask for is only regularity in x and not at all in v (compare (9-2) below
to (2-13) in Theorem 2.1).

Theorem 9.1. Let n > N and r > R. Let n’ > n be an integer such that n > L%n’J +d + 1. Assume that
fo € H" and F7 (0) € H)’g/ forall j € {l,...,L}. Assume furthermore that the initial data [y satisfies the
following higher space regularity:

% fo e MY forall la|=n'. (9-2)
Then there is T > 0 such that the following holds. There exists a unique solution ( f(t), F(t)) with initial
data (fo, F(0)) to (2-1) such that f(t) € C(0, T; H}).
Moreover, for all test functions ¥ € L>(0, T; WZ;5°), we have
/ fwdveL*0,T; H"). (9-3)
As in Corollary 2.5, we may deduce as well under the assumptions of Theorem 9.1 that
feL?0,T; HI ™). (9-4)

Proof of Theorem 9.1. The beginning of the proof is the same as for Theorem 2.1 (of which we keep the
notations). Let us set in this context

2p V4
M= follpgmr+ D Y 185 folle + D IF Ol g2ontn. (9-5)
k=0 |a|=2m+k j=1

We proceed with the same induction argument, treating all terms similarly except for® the treatment of
the term Iy, for which the following is an improvement of Section 7. The idea will be to use integration
by parts in v to trade derivatives in v against derivatives in x, allowing us to obtain estimates depending
on (9-5) (compared to (3-13) for Theorem 2.1).

First note using the smoothing estimate (9-1) that we improve (7-2) to

4
Z | F ||L2(0,T;H3(m+k)) <ANT,M). (9-6)
j=1

We can use this improved estimate with Remark 4.10 to deduce that the coefficients of 2, as appearing
in (7-4), satisfy the improved form of (7-5)

120 20,7300y S AT, M) forall p<2m—3d—1. (9-7)
Therefore we deduce the improved form of (7-8):

IAC . 2. ) | oogo.msmreey S AT. M) forall p<2m—5d —1. (9-8)

SWe also remark that in order to treat the term 75, we do not absolutely need to use Proposition 6.2; we can indeed rely on
the smoothing estimate (9-6) on the force instead and argue as we did for /. This observation will be useful later in order to
treat other Vlasov models.
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The treatment of [ then leads to the study of terms of the general form
=/Rd(azaff)(O,X(O,t,x,v),v)m(t,x,v) dv,
where, for j =m—k,...,m+k, we have |a|+ |B| =m +k + j, |a| > 2/, and
||m ”LOO(O’T;Hfr’—rO) < A(T, M)

forall N <2m — %d —1 and all ' > %d . If |B| = 0, there is nothing special to do, as only derivatives in
x are involved, so let us assume that || > 1. We write 85 = 8‘5 dy. We have

/ 3u[(8%05 F)(0,X(0, 1, x,v), v)] m(t, x, v) dv
[ (0% g)(avX(O,l,x,v)-fo)(O,X(O,t,x,v),v)m(t,x,v) dv,
and thus by integration by parts in v, we get
——Ad[(agaf’f)(o,X(o,t,x v),v)] dym(t, x,v) dv
/ (80‘8’3 )(0,X(0, ¢, x,v) - Vx F)(0,X(0,2, x,v),v) m(t, x,v) dv.

We therefore observe that this procedure allows us to trade derivatives in v for derivatives in x.
Assume now that one can write, for some / € {1,...,|B|},

J=> > / [(3% 98 F)(0,X(0, 1, x,v), V)] My, g (t, x,v) dv + Ry,
B/I<l || <lal+IBI—1
where

lme: f””LOO(o T, ro) = AMT. M) ©-9)

for all Ny <2m — %d —1—|B|+!andall ' > %d, and R; is a remainder satisfying
||Rl||L2(o,T;L§) = AT, M).

Let us show that this property holds as well for at rank / — 1. Following the same integration-by-parts
argument as above, we may write
J—R;=J1+Jr+ J3,

where

i= > / [(0% F)(0,X(0, 2, x,v), v)] mao(t, x, v) dv,

o’ | < e +|BI—1

- > > f [(8% 88" F)(0,X(0, 1, x, v), v)] B, Mg pr (1, X, V) dv,
BI<l B=(B")) lo’|<lal+|Bl~1

-y > > / (0% 387)(8,,X(0,1,x,v) - V4 F)(0,X(0, 1, X, v), v)

1B1=l B'=(B")) |o/|=<l|ee|+I|Bl-1 XMy g (t, x,v)dv.



234 DANIEL HAN-KWAN

The terms J; and J, have good forms already. For J3, by using the Leibniz rule, we observe that we
need to study terms of the form

.7=/ 9% ,X(0,¢,x,v) 311972 F(0,X(0,¢,x,v),v) mg,g(t, x,v) dv,
RS ’

with [no| < |B"|=1—1, 1 < |m|=le/| + 1, and [y| = || + " = Im| = Ina2| + 2.
Assume first that || + |n2| < 2m — 1. If |n1| + |n2| < 2m — 1 —d, then by the Sobolev embedding
we have the bound

11+ o) 2" (@872 F) (0. X(0. 1. x.v). v) | .35, < 1 follyzm—1 = AM).

xX,v —

Since 0 < |y| < 2(m + k), we use (9-6) and Lemma 5.2 to get
||8VX||L°°(0,T;L$°L)ZC) = A(T’ M)

(This is where the elliptic estimate (9-1) is crucially used.) Furthermore, since 2m — %d —1-2p>d,
we have the bound

||ma/,ﬂ/ ”LOO(O:T;WE;%,.O) S A(T, M)

for r’ > %d such that r > r" 4 ro + d. Therefore such terms satisfy the bound
10L20.1:13,,) = AT M),

and thus can be put into the remainder R;_q. If ||+ |n2| = 2m —1—d, then |y| <2k +d + 1. Since
2m—d—1> %d, we can use |07 X[ oo (0,1;150,) < A(T, M) and again, arguing as in the treatment of
I in the proof of Theorem 2.1, such terms are remainders.

Otherwise |n1| + |n2| = 2m. Then we have |y| < 2k and thus 2(m + k) — || = 2m. We set in this
case My, p, -= Bz,vX mgy gr. In order to show that BZ,UX mgy, g has the required regularity, we are led to
study terms of the form

x,0Yx,v

J = 0%,,0% X8§,vmrx’,ﬂ’||L<>°(0,T;%9,/,r0)’ lal +1b] = Nj-1.

for all Ny <2m — %d —1—|B|+!—1andall r' > %d. Assume first that |a| < 2m — %d; then we have
la| + |y| <2(m+k)— %d and we use estimate (5-7) in Lemma 5.2 to get ||a)acjv8;’vX”Loo(0’T;Lg?u) <
A(T, M), and apply (9-9) to obtain the bound

||a)bc,vma’,ﬂ/||L00(0,T;H0 ) <ANT,M).
—r'=rgp

Otherwise, |a| > 2m — %d. Since we have 2(m + k) — |y| = N;_q forall Nj_; <2m—=2—|B|+ [, we
can use estimate (5-7) in Lemma 5.2 to get

Z ||ai,vaiﬁ,uXIILoo(o,T;LgoLgc) = AT, M).

la|l<Nj—1
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Since |b| = Nj—y —|a| < Nj—y —2m + 1d, we have Ny — |b| = 2m + 1 —1d > d. As aresult, by (9-9)
and the Sobolev embedding we get

”az,vma’,ﬂ/ ”LOO(O,T;WO'O/O ) < A(T, M)
—r'=rp

In all cases, we have obtained
J < A(T, M).

Therefore the corresponding terms of J3 can be written in the form

‘/I‘Qd (071972 F)(0,X(0,7, x,v),v) my, n, (t,x,v) dv,
with
”mﬂl,nzllLoo(O T.,Hlel ) S A(T’ M)
bl ) _r/_ro
forall Nj_y <2m—1—|B|+ (I —1)and r’ > 1d.
We conclude by induction that we can write at rank / = 0

J= > / [(0% F)(0,X(0, 2, x,v), v)] mao(t, x,v) dv + R,
| <mk+j B
with

||ma/”3/ ”LOO(O’T;Hfr’—rO) < A(T, M)

forall N <2m—1—|B] and r’ > %d, and ||R||L2(0 7:02) = A(T, M) is a remainder.
We then note that 2m — 2 — 2k > d, so that

”ma/’ﬂf ||LOO(0’T;WE!VC;O—VO) < A(T, M)

Arguing as in the previous treatment of / in the proof of Theorem 2.1, we finally conclude that
m+k
”IOHLZ(O,T;Li) =NT. M) Z Z ||3§f0||q{9 (9-10)
j=m—k |a|=m+k—j
This allows us to conclude the proof. O

As already noted in the proof of Theorem 9.1, we actually do not need to use Proposition 6.2 to treat
the term /5 in view of Theorem 9.1; we can indeed rely on the smoothing estimate (9-1) on the force
instead. Furthermore, one can obtain L% estimates instead of the L? theory that we have developed.
This observation implies the following fact: replacing (9-1) by the slightly weaker estimate (in the sense
that it is implied by (9-1))

4
”Fj ||L2(0,t;H;’) = F,Sj) (t’ ”ml/f[ ||Loo(o,t;Hg—1)» SRR ||mw,~ ||Loo(o,t;Hg—l)7 Z ||Fj (O)HH}?)’ (9-11)

j=1
together with an associated stability estimate replacing (2-11) with L% norms instead of L? for the

moments on the right-hand side, Theorem 9.1 still holds. It suffices to estimate all terms (that is to say, the
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moments, Iy, I1, I,...)in L*°(0,T; Lfc) instead of L2(0, T; L)ZC) as previously done. This remark is
useful in particular to treat the so-called Vlasov—Darwin model from plasma physics, which we introduce
in the following section.

9B. Vlasov-Darwin. The Vlasov—Darwin system is another model that allows one to describe the
dynamics of charged particles in a plasma, which lies between Vlasov—Poisson and relativistic Vlasov
Maxwell systems. Like Vlasov—Poisson, it can be derived from the Vlasov—Maxwell system in the
nonrelativistic regime, that is to say, in the limit ¢ — oco. The difference is that the Vlasov—Darwin system
happens to be a higher-order approximation than the Vlasov—Poisson, see [Bauer and Kunze 2005]; in
particular it retains self-induced magnetic effects that have disappeared completely in the Vlasov—Poisson
dynamics. It is given by

3tf+ﬁ-fo+(E+%ﬁ><B)-va=0,
E=-— x¢—%8;A, B=V,xA,

— x¢=[ fdv—[ fdvdx,
R3 T3xR3

—AXA=1P/ 5/ dv, Vi A=0,
C R3

(9-12)

where ¢ > 0 is the speed of light and P denotes the Leray projection. The Cauchy problem for the
Vlasov—Darwin system (1-3) was studied (among many other references)

» for (global) weak solutions in [Pallard 2006],
e for strong solutions in [Pallard 2006; Seehafer 2008; Sospedra-Alfonso et al. 2012].

To embed this system into the abstract framework, we need to make the additional assumption that
all initial conditions fj that are considered are a.e. nonnegative. By a standard property of the Vlasov
equation, any associated solution f(¢) is also a.e. nonnegative.

» Assumptions on the advection field. In this model a(v) = 0, which is already treated for the relativistic
Vlasov—Maxwell case.

o Assumptions on the force field. We have the decomposition (8-1)—(8-2) as well. Let us set

E=Er+Er, EL=Vxo, ET=—%atA

and introduce
VRV

Vvi=1 Yr=10, ¥3=—e—,
V1+1v|2/c?

lﬂ3 = Id—m%

(so that ro = 0) and

My, = Vi f dv,
R4
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where my,, and m.,, are symmetric matrices. Since £y, and E7 derive from potentials solving a Poisson
equation, we have

2
forall # >0, [[(EL, BYO gz S Y Imy, )l gp-1,
i=1
and thus

2
ICEL. B)l|ooqo,smy S Y 17 (Ol oo o.p: 1)
i=1
For E7, this is a little more subtle; this is where we need that f(¢) > 0 a.e. As in [Pallard 2006,
Lemma 2.10], we obtain that E7 satisfies the inhomogeneous elliptic equation

1 1
—AET+ZI’YZ¢4ET =—Z(mw4EL—mw2XB—mew3) (9-13)

We fix the time ¢ > 0, which is a parameter here (we take the L$° norm in the end). Let n > d. By
[Pallard 2006, Lemma 2.10], which relies on the fact that m.;, is actually a semidefinite symmetric matrix,
it follows that (9-13) has a unique solution E7 in H)g, with the bound

VEzll g1 < Iy ELll s+ lmy, Bl + 19 2 my gy
< llmyyErll g2 + lmy, x Bll g2 + lmy, 2

Slimy ez | ELlan + lmy, gz | Bl as + 17y || 22
2

< (1 + ) llmy, (z)an)(anan + g, e + o || 2.

i=1

Then assume by induction that we have a bound of the form

forallk=1,..., N, ”ET”Hfg S Urlmy, lan, ... lmy, lan) (9-14)
for N < n, where I'}, is a polynomial function. Assume first that N <n — %d . Let || = N. We note that
0% ET satisfies

1 1
—Aa‘;ET + Emw a(;ET = —Zag‘c(meL —mwz X B — Vx . m%) — [8?(, m1/,4]ET.

We have by standard tame Sobolev estimates

|05 gy EL =y, x B= Vs :my) | s
2
< (1 + Z |72, (l)||H;l)(||mw4||H;g + My, |7 + lmy; | g2). (9-15)

i=1
Since N <n — %d , we can use the Sobolev embedding to obtain
0% my JETl -1 S Imy |y | ETll g

Slimy N anTellmy lan. ... llmy, llEe).
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We apply again the H,! estimate of [Pallard 2006, Lemma 2.10] to obtain a bound of the form
IET | g+t S Tvailimy lazs - imy la2)-
We deduce by induction that for all N <n — %d ,

IET | g+t S Tvaillimy, lazs - imy lE2)-

In particular, since n > d, we deduce

IETlLee < Tlimy, gz .- lmy lm2)- (9-16)
Now assume we have (9-14) for some N < n. We have the tame Sobolev estimate
0% my JETll g1 < Imy L (1ET | gy + 1 ETllLge)
S lmy e U (lmy, ans - Iy, a2,
by (9-14) at rank N and (9-16). Thus using the H)l estimate of [Pallard 2006, Lemma 2.10], we
obtain (9-14) at rank N + 1. By induction, we conclude that
VET N pooo. 7. mrn+1y S Tnt1 (g llLooo,r; 2y, - - - 170y | oo 0,15 )

which is an estimate of the requested form (9-11). A stability estimate of the same form also holds
because of similar considerations.

10. On the regularity assumptions of Theorem 2.1
The goal of this short last section is to discuss the type of regularity assumptions which could be
conceivable for proving propagation of higher regularity.

Example 1. Consider the free transport equation

0 f+vixf =0, (10-1)
set in R x R to simplify the discussion. Let ¢(v) be a C*° function, with compact support in [—% %] and
such that [, ¢ dv = 0. Let g be the piecewise continuous function defined by g(x) = 1 for x € [-1, 1]
and 0 elsewhere. Observe that in the sense of distributions, we have g’(x) = §x—_1 —6x=_1, where §
stands for the Dirac measure. We consider the initial condition

[li=o = g(x) p(v) € LY,
and the solution to (10-1) can be written as

St x,v) =g(x—1v) ¢(v).
It follows by explicit computations that p(¢, x) := fR f dv satisfies

dxp(t, X) =<p(x7+l) —w(xt_ 1),

1 1 —1
81;,0(t,x) = tk—_l(go(k_l)(%) —ga(k_l)(xT)) for all k € N*.
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2 1\ 2
)
L2 t L2

2 _
185001172 = = le“ Iz

We have for t < 4,

1 x+1
k 2 (k—1)
||ax/0(t)||L§ - tZ(k—l) (HQO ( t )

since ¢ is compactly supported in [—%, %], and thus

We deduce that for any T > 0, we have p ¢ L2(0, T; H2). However, p(0,x) =0 € H)’f for all k£ € N.
This example shows that regularity of moments at initial time may not be propagated, and more precise
information such as (2-13) is somehow required to obtain higher regularity for moments.

Example 2. Consider the equation

0t f+vix f+F(t,x)dyf =0 (10-2)
on T x R, with

F(Z,x)=/Rw(v)f(t,x,v)dv,

where ¢ € C° ([R?d ) with compact support in [—% %] It is clear that (10-2) enters the abstract framework
of this work.
We consider the initial condition

(1 (2
Slizo = 1V + 12,

where fo(z) is a smooth nonnegative function, with support in T x [—% %] and fo(l) is a smooth nonnegative
function, with support in T x [1, 2].

Consider /() the solution of (10-2) associated to the initial condition fo(l), and assume that it is
defined on an interval [0, 7] for 7 > 0 small enough. Now define /? as the solution on [0, 7] of the
linear kinetic transport equation

90 S +vixf + (/ Y () fO dv) 9of =0,
R

with initial condition f,>.
Because of the form of the force F, notably because v is localised in [—% %] we observe that up to
reducing 7' > 0, the solution f on [0, T'] of (10-2) can be written as

f= f(l) + f(2),
since 7' > 0 can be chosen small enough so that the support in velocity of f @) is disjoint from that

of i, and thus
[ v s dv=o,
Now let k£ € N and assume that there is (xg,vg) € T x (1,2) such that f|;—(xg, Vo) is not zero and

is locally H k around this point. Because of the assumptions on the supports, this is equivalent to
asking that j;)(z) (x0,vg) is not zero and is locally H k around this point. However, we can choose
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(independently of fo(z)) fo(l) so that [, ¥ (v) f (M gy is not H, in such a way that /®)(¢) (and thus
f(¢)) is not locally H* around points of the form (X (0, ¢, xq, vg), V (0,1, xg, vg)), where (X, V') denotes
the characteristics associated to F, as defined in (1-7).

This example shows that local regularity may not be propagated (along characteristics), contrary to
what happens for the class of PDEs considered in [Bony 1981]. This is due to the “nonlocality” in velocity.
Therefore a global regularity assumption is required in order to obtain propagation of higher regularity.

This example can (also) be slightly modified, in order to prove that a local version of (2-13) cannot

either be propagated into higher local regularity of moments; see the next (and last) example.

Example 3. Consider the equation
O f+voxf+F(t,x+1)d,f=0 (10-3)

on T X R (here we identify T with [0, 1) with periodic boundary conditions). Let us consider as in the
previous example

F(t,x) =/I;W(v) f(t, x,v)dv.

We consider the initial condition
(1 2
flimo = fO + 12,

where fo(l) is a nonnegative function, with compact support in [0, %] x R, and fo(z) is a nonnegative

function, with compact support in [% %] x R.

Observe that because of the shift in the argument of the force, by looking at the supports in x, the
solution ' associated to the initial condition fo(z) is equal to fo(z) (t,x—tv,v)on[0,T]for T >0
small enough. Moreover, we have

(/ W(v)f(z)(z,x +1.v) dv) 3y @ =o0.
R
Now define /(1) as the solution on [0, T'] of the linear kinetic transport equation

8tf—|—v8xf+(/Rl//(v)fo(z)(x—i-i—tv,v)dv) dvf =0,

with initial condition f,%.

We observe that up to reducing 7" > 0, the solution f on [0, 7] of (10-2) can be written as
= f(l) + f(2)'

Indeed, by looking at the supports in x, we can impose 7" > 0 small enough so that

(/ y() SO x+ §.v) dv) 3, f® =0,

R

(/ () fD(e,x+ 1) dv) 3y fD = 0.
R

Now let k € N and assume that there is xg € (0, %) such that [, /];—0(x0,v) dv# 0 and f|,—o is locally
H)]f around this point. This is equivalent to asking that [ fo(l)(xo, v)dv # 0 and fo(l) is locally H)’f
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around this point. This corresponds to a local analogue of (2-13). However, we can choose (independently
of fo(l)) 0(2) so that [, ¥(v) fo(z) (x — tv,v) dv is not locally H, in such a way that the moments in
velocity of £ (¢) (and thus of f(¢)) are not locally H)]CC around points of the form X (0, ¢, xq, vg), for
some v € R.
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