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Propagation of velocity moments and uniqueness for the
magnetized Vlasov—Poisson system

Alexandre Rege*

12th May 2021

Abstract

In this paper we present two results regarding the three-dimensional Vlasov—Poisson
system in the full space with a general bounded magnetic field. First, we study the
propagation of velocity moments for solutions to the system. We rely on Pallard’s optimal
result regarding the unmagnetized Vlasov—Poisson system and we combine it with an
induction procedure depending on the cyclotron frequency T, = m. This induction

procedure, similar to the one used by the author in the case of a constant magnetic field, is
necessary because we can only get satisfactory estimates on a small time scale compared
to the cyclotron frequency. Second, we manage to extend a result by Miot regarding
uniqueness for Vlasov—Poisson to the magnetized case. This result relied heavily on the
second-order structure of the Cauchy problem for the characteristics. The main difficulty
in the magnetized case is that we lose this second-order structure.

1 Introduction

We study the Cauchy problem for the three-dimensional Vlasov—Poisson system with a general
bounded magnetic field (which we will call magnetized Vlasov—Poisson system for the rest of
the paper), given by the following set of equations:

{8tf+v-vxf+(E+v/\B)-va:O, an

f0,z,v) = fm(x,v) > 0.

where f is a positive measurable function and f := f(¢,z,v) is the distribution function of
particles at time ¢t € R, position 2 € R? and velocity v € R3. The self-consistent electric
field E := E(t,x) is given by:

E=-V,Gsxp, (1.2)
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with G3 = 47r IZ’\ the Green function for the Laplacian and p(t,z) := ng, f(t,x,v)dv the
macroscopic particle density.
B := B(t, z) is an magnetic field which will be considered bounded and lipschitz through-
out this work:
B e WHe(R, x R3). (1.3)

This system models the evolution of a set of charged particles that interact through the
Coulomb force, and thus it is relevant for the study of various physical systems, most notably
plasmas.

The mathematical theory for the unmagnetized (B = 0) Vlasov—Poisson system has been
studied and developed in a great number of different works. In the three-dimensional frame-
work, Arsenev [1] was the first to prove the existence of global weak solutions through a
regularization procedure that preserves the main a priori estimates. The existence of global
classical solutions for general initial data was established at the beginning of nineties in two
separate works by Pfaffelmoser [18] and Lions, Perthame [12]. The first approach, extended
and developed in [11, 21], relies on a very sharp study of the characteristics of the Vlasov—
Poisson system while the latter approach, extended and developed in [1, 8, 16, 17, 20], is
based upon the propagation of velocity moments. Even if these two approaches differ greatly,
in both cases a key condition is to limit the influence of high velocities on the dynamics, by
either considering initial data with compact support [18] or having a finite velocity moment
of sufficiently high order (k > 3) [12] . More recently, Pallard combined the two approaches
in [15], where he showed how to exploit the first approach by Pfaffelmoser to prove propaga-
tion of velocity moments, extending the main result of [12] by showing that this propagation
property is true for moments of order 2 < k < 3.

Going back to the magnetized Vlasov—Poisson system (1.1), the propagation of velocity
moments for (1.1) with constant magnetic field B = (0,0,w) (with w > 0 the cyclotron
frequency) was proven by the author in [19] by extending the method of propagation of
velocity moments from [12] and adapting the uniqueness condition explicated in [12]. In order
to extend the moment method, an important point in [19] was to establish a representation
formula for the macroscopic density p. This was carried out by explicitly computing the
characteristics of the transport equation

Of+v-Vof +vAB-V,f =0 (1.4)

and then using the Duhamel formula, which just meant considering the Vlasov equation as a
transport equation with the non-linear term E - V, f seen as a source term. Furthermore, in
this analysis singularities at times t = 0, %r, %, ..., which are just multiples of the cyclotron
period T, = %’r, appeared in the velocity moment estimates because of the added magnetic
field. This was remedied by the fact that all the estimates depended only on quantities
conserved for all time and on the initial velocity moment, allowing for an induction argument
to prove propagation of moments for all time. Unfortunately, in our configuration with a
general magnetic field, this analysis breaks down at the first hurdle, simply because we can’t

explicitly compute the characteristics of (1.4), even with a smooth B.



The first main result of this paper, which is the continuation of [19], is to prove the
propagation of velocity moments for (1.1) with a general magnetic field B. We manage
to obtain this result by combining Pallard’s method [15] with an induction argument using
the cyclotron period similar to the one in [19]. However, in this paper we don’t obtain
explicit singularities like in [19] because we use the ”Lagrangian” point of view (study of
the characteristics) from [18] instead of using the ”Eulerian” point of view (study of the
distribution function) from [12, 19]. This means we need to work on a small time scale
compared to the cyclotron period T; = m to obtain estimates analogous to those in [15].
This is due to the fact that on time scales comparable to T, or greater than T, the variations
of the characteristics are large and so the method in [15] fails. The second difficulty is to show
that the estimates from [15] are also valid in our framework up to a certain time depending
on T,, and that these estimates depend only on quantities that don’t prevent us from using
the induction argument. Finally, propagation of velocity moments also implies propagation of
the regularity of the initial data which means we have existence of classical solutions to (1.1).
This result is detailed in [19] (theorem 2.5) for a constant magnetic field under additional
conditions on f™ (f™ decays faster in velocity) but can be easily extended to the case of a
general B.

Now we turn to results regarding uniqueness. First let’s mention the major contribution
by Loeper [13] who proved, for the unmagnetized Vlasov—Poisson system, that the set of
solutions with bounded microscopic density was a uniqueness class. This result was also
extended to (1.1) for a constant B in [19] and we discuss how to prove a similar result for a
general B below. Then in [14], Miot improved the result by showing uniqueness under the
condition that the LP norms of the macroscopic density grow at most linearly with respect
to p. This allows for solutions with unbounded macroscopic density, more precisely with
logarithmic blow-up.

This paper’s second main result is to prove that this uniqueness condition is also valid for
(1.1), but only with added assumptions on the velocity moments of the initial data. In [14],
a key point was exploiting the second-order structure of the characteristics of the Vlasov—
Poisson system. This explains why the uniqueness condition from [!41] doesn’t apply to the
two-dimensional Euler model for incompressible fluids, which presents many similarities with
Vlasov—Poisson, whereas the condition from [13] works for both models. It is simply due to
the fact that the characteristics of the Euler model only verify a first-order ODE. In our case,
the main difficulty is that the added magnetic field breaks the second-order structure of the
Cauchy problem for the characteristics. We manage to get around this by proving that the
characteristics in the magnetized case can be controlled by assuming more regularity on B and
with the additional assumptions on the moments of the initial data mentioned above. With
these additional assumptions, we deduce a new uniqueness condition which is actually the
same as the sufficient condition imposed on the initial data to verify the uniqueness criterion
in [14, theorem 1.2]

Outline of the paper: This paper will be organized as follows. We will finish this section
by giving some notations and the classical a priori estimates satisfied by (1.1). In section 2



the main results of the paper will be presented. Then section 3 will be devoted to the proof of
propagation of velocity moments (1.1). More precisely, we will explain how we find estimates
that are equivalent to those in [15] up to a time Tp depending on the cyclotron frequency
and show how we can then use the same induction argument as in [19] to conclude. We finish
with section 4 where we detail our proof of uniqueness for solutions to (1.1), highlighting how
additional assumptions on the moments of the initial data allow us to control the added terms
due to the added magnetic field in the analysis.

1.1 Preliminaries

Let’s first detail the two main a priori bounds that we can deduce from system (1.1). The first
bound is a direct consequence of the Vlasov equation where the coeflicients are divergence-free.

1O, = 17, (1.5)

for all time ¢ and exponents p € [0, +00].
The second bound is the conservation of the energy £(t) of the system, with

E(t) = ;//RSXRB (o2 f(t, 2, v)dzdo + ;/Rg E(t,2)[2dz = £(0) < 400, (1.6)

Furthermore, thanks to the conservation of the energy £(t), we have the following bounds.

LEMMA 1.1. For all t > 0, we have Ms(t) < C; and Hp(t)H% < Cy with the constants
Cy,Cy depending only on £(0), Hfi"H1 , HmeOO

We also present the standard notation for velocity moments: for any k£ > 2 and ¢t > 0 we

define:

My.(t) = sup / | f(s,z,v)dvdz. (1.7)
0<s<t
As said before we will use the Lagrangian formulation detailed in [18], so we define the

characteristics (X, V) of (1.1) which are solutions to the following Cauchy problem:

%X(s; t,z,v) =V(s;t,x,v),

(1.8)
LV (sit,,0) = Bls, X(s1,,0)) + V(5it,,0) A Bls, X(s:1,,0)),
s
with
(X (t;t,z,v), V(t;t,z,v)) = (z,v). (1.9)
Then like in [15], we define for any ¢ > 0 and § € |0, ¢[.
t
Q(t,9) :=sup {/ |E(s, X (5;0,2,v))|ds, (z,v) € R x R?’} . (1.10)
t—4&



For the unmagnetized Vlasov—Poisson system, Q(¢,d) quantifies the evolution of the charac-
teristics on the interval [t — ¢ ,t]. However, in our context with the added magnetic field,
Q(t,0) will only quantify a part of the characteristic evolution.

2 Results

We now give the first main result of this section, which is the propagation of velocity moments
of order k > 2, extending theorem 1 in [15] to the magnetized Vlasov—Poisson system.

THEOREM 2.1 (Propagation of moments). Let kg > 2,7 > 0, f* = f"(z,v) > 0 a.e.
with f* € L' N L2 (R3 x R3) and assume that

// lw[*o fPdzdy < oo. (2.11)
R3xR3

Then there exists a weak solution
f € CRy; LP(R? x R?)) N L®(Ry; LP(R? x R?)) (2.12)

(1 < p < +400) to the Cauchy problem for the Viasov—Poisson system with magnetic field (1.1)
in R3 x R3 such that

sup // lv|® f(t, z,v)dvde < C (2.13)
R3xR3

0<t<T

with C that depends only on

T7k07||BHoo’ HflnHl’

me // v ko fdado. (2.14)

REMARK 2.2. If f'" satisfies the assumptions of the previous theorem, then all the mo-
ments of order k such that 0 < k < ko are also propagated for the solution f, simply because
of the following Hélder inequality

/ w|® f(t,z, v)dvdw<||f||1k° (/ lw[Fo £ ( tmv)dvdm) ’ (2.15)

—k

where we use the decomposition ]v\k f= f(’)fT ]v\k f% and the exponents p = %,q = k—ko

Like in [12, 19], we assume we have smooth solutions to conduct the proof in section 3, and
since the a priori estimates depend only on (2.14) we can pass to the limit in the approximate
Vlasov—Poisson system first introduced in [1]. In fact, theorem 2.1 will be a consequence
of the main estimate in this paper which will only hold for these smooth solutions because
it is an estimate on @ (given in (1.10)), which isn’t necessarily well-defined for functions in
Lebesgue spaces. We now give this estimate on Q).



Main estimate on Q:
For all T' > 0 we have

N(T) := sup Q(t,t) < C, (2.16)
0<t<T

with C that depends on the constants in (2.14). In the following remark, we explain how
theorem 2.1 is a consequence of (3.31).

REMARK 2.3. The estimate on propagation of velocity moments (2.13) in theorem 2.1
follows from the estimate on N(T') (2.16) because we have:

g = . k rin
//R3><R3 |U‘ f(t,x,’l))d’l)dx - //1;3><R3 ’V(t707$7v)’ f (x,’U)d’UdCL'
5./yﬁngsﬁvl*-fV<70>kexp<ktHfﬂhm>f“«a;v)dvdx

< 2" Vexp(kt|| B, (// ¥ " (x,v)dvdz + N (T)* Hmel

N———

The first inequality above is obtained through a Grénwall inequality on |V (t;0,x,v)|, indeed
thanks to (1.8) we can write

t t
V(t;0,2,0) = v —I—/ E(s,X(s;0,2,v))ds +/ V(s;0,2,v) A B(s, X(s;0,2,v))ds (2.17)
0 0
which implies
t
V(60.2.0)| < [ol + Q(t.0) + Bl | V(s:0.2.0)lds
0
t
<ol + N(D) + Bl [ V(s:0.2.0)|ds
0

This is the classical Gronwall inequality which allows us to conclude that
[V(£0,z,v)] < (o] + N(T)) exp(t || Bl| . )- (2.18)
The second inequality is just due to the fact that 28~ 1(1 4 z¥) > (1 + z)* for z > 0.

We finish this section by mentioning that, contrary to what is done in [15], we don’t state
any results on to the periodic case. This is simply explained by the fact that there are no
results related to the existence of weak solutions to (1.1) in the periodic case. One possibility
would be to adapt [2] to the magnetized case, and then combine the results from [15] for the
periodic case and the proof of theorem 2.1 to show propagation of moments in the periodic
case.



2.1 Uniqueness

For all the uniqueness results and so also in section 4, we assume the same regularity on B
(1.3).

We first mention a very important result by Loeper [13] where it was shown that the
boundedness of the macroscopic density p was a sufficient condition for uniqueness in the
Vlasov—Poisson system. This result was extended to the Vlasov—Poisson system with constant
magnetic field in [19] and the proof can be adapted to the case of a general magnetic field
verifying (1.3). However, in the magnetized case, we require extra conditions on the velocity
moments and space moments of the initial data f”", as shown in the following theorem:

THEOREM 2.4. Let B verify (1.3), let f™ = fi"(x,v) > 0 a.e. with f* € L'NL>®(R3*xR3)
and assume that

// 0] frdedv < co and // lz|* fPdady < . (2.19)
R3 xR3 R3xR3

Assume further that the weak solution f to (1.1) provided by theorem 2.1 satisfies
p € L>([0,T] x R3) (2.20)

for all T > 0.
Then the weak solution f is unique.

However, to exploit this result, one needs to build solutions to (1.1) with bounded macro-
scopic density. Hence, in the next proposition, we give an explicit condition that guarantees
the existence of solutions to (1.1) with a bounded p.

PROPOSITION 2.5. Let B verify (1.3) and let fi satisfy the assumptions of theorem 2.1
with ky > 6. We also assume that ™ is such that for all R >0 and T > 0

gr(t,x,v) € L=([0,T] x RS, L'(R})), (2.21)
where ‘
gr(t,r,v) = sup  f"(y+vt,w) (2.22)
(y7w)est,z,u,R
with

Staw,R = {(.%w): ly — 2| < (R+[|Bl o [0])#%el Pl=t [ — o] < (R+ B, \vl)te“B”“t} :
(2.23)
Then the weak solution f of (1.1) provided by theorem 2.1 verifies

peL([0,T] x R})

for all'T > 0.



This proposition was shown in [19, proposition 2.7] in the case of a constant magnetic
field and remains unchanged when we take a general B.

Now we present a theorem which is the second main result of this paper, where we show
that the uniqueness criterion proved in [14] (theorems 1.1 and 1.2) also applies to (1.1) with
B verifying (1.3), improving theorem 2.4 because it allows for solutions with unbounded
macroscopic density.

THEOREM 2.6. Let T > 0 and B verify (1.3). Furthermore, let f™ > 0 a.e. with
fme LY N L®(R3 x R3) and such that

// Iz, v)dazdy < oo, (2.24)
R3><R3

for some m > 6.
Now let f € L>=([0,T], LN L>®(R3 x R3)) be a weak solution provided by theorem 2.1 with
initial data f. If f' satisfies

k> 1, // ol £ (@, v)dado < (Cok)%, (2.95)
R3xR3

for some constant Cy independent of k, then f the solution to the Cauchy problem for the
magnetized Viasov—Poisson system is unique and verifies

IIp( )y
[0,T] p>1 p

REMARK 2.7. In our framework, an important difference with [1/] is that the uniqueness
criterion isn’t given by the inequality on the macroscopic density (2.26) but rather the stronger
assumption on the moments of the solution (2.25).

(2.26)

As mentioned above, the assumptions of theorem 2.6 are less restrictive than the condition
(2.20) and thus allow us to consider initial data with unbounded macroscopic density. This
result is illustrated by the following theorem ([, theorem 1.3)):

THEOREM 2.8 (Miot, [14]). There exists f™ >0 a.e. such that f™ € L' N L>®(R3 x R3)
satisfying the assumptions of theorem 2.6 and such that

4
pol(z) = g In_(|z[), VzeR?, (2.27)

where In_ = max(—In(x),0) is the negative part of the function In.

In section 4, we will detail the proof of theorem 2.6 first because it is the main result of
this section. Then we will present the proof of theorem 2.4 where ingredients from the proof
of theorem 2.6 are used, notably the boundedness of the velocity characteristic. However in
theorem 2.4 we require a condition on the space moment of the initial data (2.19) which isn’t
the case in theorem 2.6.

Finally, with regards to uniqueness for Vlasov—Poisson, a major open problem is finding
a uniqueness condition in the periodic case. Indeed, it would be very interesting to see if the
conditions found in [13, 11] could be adapted to the periodic case.



3 Proofs regarding propagation of velocity moments

In this section, we shall denote by C' a constant that can change from one line to another but
that only depends on

0), 17711 5 117"l (3.28)

As mentioned above, the whole proof is conducted using smooth solutions.

We consider k > 2 and € > 0 small enough, say € € |0,eg] with g9 < (k 2) As said in
the introduction, the main difference with the analysis in [15] is that we re gomg to show
propagation of moments for all time by using an induction argument using the cyclotron
period T, = m. We begin with the initialization, so we’re first going consider 7" > 0 with

1 )

T < Tpg, where Tg is the unique real number such that
Tp € R and B Trexp(Tr||B| ) = a, (3.29)

with @ > 0. In our method, since we can only obtain estimates on @ for T < T, we just
need a small enough so we set ¢ = 2710
Thus, we show propagation of velocity moments on [0, 7] using the following result.

PROPOSITION 3.1. For all T > 0 such that T < Tp, (2.16) is verified. More precisely
we have the following estimate on Q(t,t)

2
5

Q(t,1) < Cexp(T'|| B )5 (T2 + 1) (3.30)

with C' that only depends on

REMARK 3.2. This estimate is the analogous of the estimate (13) in [15]. In our magne-
tized framework, we only manage to generalize this result up to the time Tg.

The following section will be devoted to the proof of this proposition, and just like in
[15] the proof is done in three steps which correspond to proposition 3.3, proposition 3.6 and
proposition 3.7.

3.1 ThecaseT <Tg

PROPOSITION 3.3. For any 0 < <t <T <Tp we have:

=

Q(t,0) < C(0Q(t,8)5 + 02 (1 + My (T))?) (3.31)

Proof. Let (t,z4,v:) € [0,T] x R3 x R3 and set (X,, Vi)(s) = (X,V)(s;t,24,vs). For any
0 € [0,t] we have by definition of E

¢
/ |E(s, X (s;t, T4, vx)) ds</ / S:de 5ds
t—6 =5 ) Am |z — X (s)?




Our objective in the rest of this section will be to estimate the integral:

(,0) /té/’xs:vd:r /té//fsxvdvdxs (3.32)

Now we will use a procedure that is inspired from [21] which consists in splitting [t — J,¢] X
R3 x R? into three parts. Here the partition is slightly different because, following [15], we
introduce € > 0.

G = {(s,z,v) : min(|v|, |[v — Vi(s)]) < P},

B ={(s,z,v) : |[x — X\(s)| < Ac(s,v)}\G,

U=1[t—-0,1] xR3>xR3(GUDB),
with

P =20Q(t,6) exp(d || B|l,) and A(s,v) = L(1 4 |[v|*") 7 ju — Vi(s)| ™ (3.33)

and L > 0 to be fixed later. The main difference here with [15] is the definition of P,
because the added magnetic modifies the evolution of the characteristic in velocity V(s).
Furthermore, we take the same numerical constant 2!° in the definition of P as in [17] is

(in truth this constant just needs to be large enough). Using obvious notations, we write
I, = I + IB + IU. The first two integrals will be more straightforward to estimate than IV,
which involves the set U considered as the ”ugly set” according to [9].

The first two contributions I&, IZ are treated the same in both magnetized and unmag-
netized cases, simply because the modifications made to the sets G, B to take into account
the added magnetic field don’t change the computations required to estimate I& and I”. We
succinctly present how to control both integrals following the calculations from [15]. The first
bound is obtained by usmg a standard functional inequality.

For k € L™®(R3) N L3 (R3) we have

5 4
e 72| < el el (3.34)

with ¢ a numerical constant.
We apply (3.34) to the quantity:

pasia) = [ Fls.2.0)dv < p(s. ), (3.35)
B(0,P)UB(Va(s),P)
which implies the following control on I¢(t,§):
19(t,5) < C(6P3). (3.36)

10



To estimate the contribution on B, we first integrate in the space variable using a spherical
change of variable.

15(t,5) / / / Sz g,
16 Jv S|z X (s)|<Ac(s0) |2 — Xi(8)]
Ac(s,v) n
S/ / 47?/ Mrzdr dvds,
t—9§ Ju 0 r
t
L
_C'/ / G dvds,
t—6 Ju (1+ [0]777) Jv = Vi(s)]|
L

t L
<C / . A +/ dv | ds,
( ol <o v*<s> (14 [u**9) [o] ol>lo—Va(s)l (1+ [0 = Va(s)[**9) Jo = Vi(s)] )
————duvds,
/t5/ 14—]1}2+€ ) |v]
< " _ard
_C/t_6/ﬂg3(l+r2+€)7n57

< CéL.

The last contribution IV (¢, §) can be written

7 fsxlesx” 1y (s, X (s),V(s))
I/ (t,9) /t 6/ X )’ dvdxds = ///t s X (s) *(s)\z dsf(t,x,v)(dvdw)
3.37

where we have the obvious notation (X, V)(s) = (X, V)(s;t,x,v). Estimating this quantity
is difficult and will occupy us for the rest of the proof of proposition 3.3.

The following lemma is very important in our proof because it highlights why we need
to use the induction procedure mentioned above. In the unmagnetized case , we estimate
IV by noticing that because of the definition of U, the characteristic V(s) stays close to v
on [t — ¢ ,t] because v is large compared to P and P is much larger Q(t,d) which quantifies
the total variation of V(s) on [t — d,t]. However in the magnetized case, this stays true only
under the condition (3.29) because if the magnetic field is large than the variations of V(s)
on [t —§,t] can also be very large compared to P.

LEMMA 3.4. Let s1 € [t — §,t] such that (s1,X(s1),V(s1)) € U, then for all s € [t — 9§ ,1]
we have

27 ] < |V (s)] < 2], (3.38)

and
27w — | < |V (s) = Vals)| < 2|v — v (3.39)

Proof. First, because of the definition of U, we can write

min(|V(s1)],|V(s1) — Vi(s1)]) > P. (3.40)

11



Let’s start by proving the first bound (3.38), thanks to (1.8) we have for all s € [t — J , ]
S
Vi(s) —V(s1) / E(r, X dT—l—/ V(T) A B(r, X(7))dr
51

Furthermore, one of the properties of the characteristics is that we have for all (x,v) € R? xR3
and 7,t € Ry
X(r;t,x,v) = X(1;0, X(0;¢,7,0),V(0; ¢, 2,0))

and also that the function (x,v) — X(7;t,x,v) is a Cl-diffeomorphism which means that
t ¢
sup {/ |E(s, X (s;t,x,v))|ds, (z,v) € R x R3} = sup {/ |E(s, X (s5;0,2,v))|ds, (x,v) € R x R3}
t—0 t—0
= Q(t,9).

Thus we can write

[V(s) = V(s1)| < Q(¢,0) + [ Bll o (5 IV (s)ll +

— V(Sl)’ dr

)

V(&) = [V(s)ll <V(s) = V(s1)| < (Q(,0) + [ Bll o 6 [V(s1)) exp(0 | Bl ). (3:41)

which is a Gronwall inequality, so we finally have for all s € [t — §, ]

This last inequality highlights the main difference with the unmagnetized case, indeed when
we use V(1) as a reference point to quantity the variation of V'(s), we see that the added term
| Bl 0 |V (s1)| exp(d || Bl ), which is just the added variation of the velocity characteristic
resulting from the magnetic field, is potentially unbounded. This is due to the fact that even
if 0 <60 <T, |BJ, is potentially large. This is the reason we introduce the time 7p which
depends on the cyclotron frequency || B|

Now using this last inequality, thanks to the relation between P and Q(t,0) given in (3.33),
0 (3.40), and to (3.29) (because t < Tp) we have

V()] < V()| (14 [[Blloe 0 exp(8 || Bll)) +271°P
< V(s (1427042719 = [V(s1)| (1 +27°)
and using the same relations but this time for — |V (s1)| we can write

Vi(s1)] (1—2717=271%) < |V (s)
< ’V 81)
< [V(s)]

(1= Bl §exp(3 || B]l ) — 271°P

|
| (1= [|Bllo d exp(8 [|Bll o)) — Q(¢,0) exp(d || Bl )

These inequalities are valid for all s € [t — ¢, ¢] and so in particular for s = ¢. And so we can

write
1—279 14279

27 WV (s) < [V(s) 5= S Il < V(9 < 2[V(s)] (3.42)

—279 —
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which is equivalent to (3.38).
Now let’s look at the inequality (3.39). Like for (3.38), we try to write a Gronwall
inequality but this time on Z(s) = [(V(s) — Vi(s)) — (V(s1) — Vi(s1))|

(V(s) = Va(s)) — (V(s1) — Va(s1)) = / E(r, X(r))dr + / V(r) A B(r, X(7))dr
— /S E(1, X\ (7))dr — /S Vi(T) A B(1, X (7))dT.
This allows us to write

Z(s) <2Q(t,0) +

/S (V(r) ANB(1,X(1)) = V(1) A B(1, Xi(7))) dT

S1

< 2Q(t,0) + /S V() A (B(7, X(7)) = B(7, Xu()))| + [(Vi(7) = V(7)) A B(7, Xi(7)) | dT
< 2Q(t,0) +20 || Bl 2 [V (s1)]

1B (6\<v*<sl> VDI + [ V) = V) - (Vis1) — Vils) dT)

where in the second term in the last inequality we used the bound |V (s)| < |V (s1)] (1+279) <
2|V (s1)| that we established just before.
Thus we have our Gronwall inequality on Z(s) which gives us

Z(s) < (2Q(t,0) + 49 | Bllo [V (s1)| + [ Blloo 0 |(Vi(s1) = V(s1))) exp(d [ Bllo)-  (3.43)

We notice the term 46 || B|| [V (s1)| in the inequality that will make the analysis a bit more
complicated compared to what was done to obtain (3.38), because we will have to compare
|V (s) — Vi(s)| to both |V (s1) — Vi(s1)| and |V (s1)|. To do this we distinguish between the
two cases |V (s1) — Vi(s1)| > |V (s1)] and |V (s1) — Vi(s1)| < [V (s1)]-

o First case |V (s1) — Vi(s1)| > |V (s1)]:
From (3.43), we deduce

Z(s) < (2Q(¢,0) + 5Bl 6 [(Vi(s1) = V(s1))]) exp(d [ Bl o) (3.44)

and so by following exactly the same method as above to obtain (3.38), namely using
(3.33), (3.40), and (3.29), from the last inequality we can write

[V(s) = Va()| < [V(s1) = Va(s1)| (14 5Bl 6 exp(3 | Bl..)) +27°P
< |V (s1) = Valsn)] (145270 427%) < [Vi(s1) — V(o) (1 +27°)

and
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V(s1) = Va(sp)| (1 =277 = 277)

< |V(s1) = Va(s1)| (1 —5-2710 —279)

<V (s1) = Va(s1)| (1 = 5Bl dexp(8 || Bl| ) — 27°P
< |V (s1) = Va(s1)| (1 = 5| Bl o, dexp(d || Bl .)) — 2Q(t,6) exp(d || B/ )
< V(s) = Vi(s)|

Now we look at the other case.

o Second case |V (s1) — Vi(s1)| < |V (s1)]:
From (3.43), we deduce

Z(s) < (2Q(t,0) + 5| Bllog 0 [V (s1)]) exp(d || Bl )- (3.45)

We once again use (3.33), (3.40), and (3.29) to bound |V (s) — Vi(s)| but now we also
use the hypothesis |V (s1) — Vi(s1)] < |V (s1)|. Thanks to the last inequality this allows
us to write

[V (s) = Vi(s)| <[V (s1) = Va(s1)| + [V(s1)| 5| Bll o S exp(8 | Bl| o) + 277 P
< V(s (1452704279 < [V(sy)| (1+279).

We use exactly the same inequalities to get a lower bound on |V (s) — Vi(s)|, but this
time the hypothesis is used in the form — |V (s1) — Vi(s1)| > — |V (s1)|

V(s1) = Va(s)| (1 —277 = 277)
< |V(s1) = Va(s1)| (1 —5-2710 —279)
<V (s1) = Va(s)| = [V(s1)| (5-2710 +277)
< |V(s1) = Va(s1)| (1 = 5|B| o dexp(6 || Bll,)) — 2P
<[V (s1) = Vi(s1)| (1 = 5| B, d exp(d || B|.)) — 2Q(t,6) exp(d || B/ )
< [V(s) — Vi(s)|

LEMMA 3.5. For any (x,v) € R® we have

" luls X(s), V(s) 14 ol
lléﬁ@&@P“SC<L>' (3.46)
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Proof. 1f (s,X(s),V(s)) ¢ U for all s € [t — d,t] then the estimate (3.46) is verified. Now
we assume that there exists s; € [t — 0 ,¢] such that (s1,X(s1),V(s1)) € U, then thanks to
lemma 3.4 we can write

Ac(s,V(s)) > L(1+ (2 \v|)2+8)_1(2 v — v>.<|)_1 > 2_3_5A5(t,v) (3.47)
and hence

1y (s, X (), V(5)) _ LE\B(X.(5)2-3-A (1) (X(s))
X (s) = Xu(s)? ~ | X (5) = Xu(s)[

< h([Y (s))), (3.48)

where Y'(s) = X (s)—X.(s) and h(u) = min(|u| ™%, 43¢ A (¢, v)~2). Since h is a non-increasing
function, we look for a lower bound on |Y (s)].
For any sg € [t — §,t] we have, thanks to (3.39)

Y (3)| > |Y (s0) + (5 = 50)Y"(s0)| =

/ (5 — )Y (u)du

S0

> [Y(s0) + (s — 50)Y"(s0)| = 215 — s0l (Q(t,8) + 5 [ Bll o [ — w])-

Now we consider s = sy that minimizes |V (s)|> when s € [t — d,¢], then this implies (s —
50)Y (s0) - Y'(sp) > 0 and so

Y (s0) + (s — 50)Y"(50)|> > [Y"(50)|* |5 — 50| (3.49)

and thanks to (3.39) we get |Y'(sg)| > 27! |v — vi| and when we evaluate (3.39) in s; this
also yields Q(¢,6) < 279 |v — v.| exp(—§ || B|| ) so we have

‘Y’(so)‘ —2(Q(t,0) + 6 || Bl o [v — vs]) > v — vs] (2_1 — 978 v — vi| exp(—0 || Bl o) — 26 || Bl|)
> -] (270 - 275~ 25 Bl

We need the quantity (271 —278—24§ || B|| ) to be strictly positive and so once again we need

the condition (3.29) for ¢ || B||,, to be small and this inequality to be verified. Now we have

Y (s)] > a|v—wvi||s — so| with @ > 0. Just as in [15], we bring this inequality into (3.48),
integrate with respect to the time variable and estimate the integral as follows to obtain

15



(3.46):
t t
/ WY (s))ds < / h(alo — va |5 — so|)ds,
t—6 t—o
—+00
< / h(a|v — vi| r)dr,
0
+o0
= (a]v— ’U*|)_1 / h(r)dr,
0
2737€A5(t,1}) +oo 1
= (a|v—v,|) ! /0 43+5A5(t,v)_2dr+/2 —dr |,

—3—cA, (t,v) T
= (ol — v )N 0) T+ 22T 0) Y,

1—|—]v|2+€
< _ 1.
o[t

Now integrating in x,v and using the mass conservation, we finally obtain
IY(t,6) < CL7 (1 + Moy (T)). (3.50)
We gather all the above estimates to conclude
L(t,6) < C(6 (Q(t,6) exp(8 || Bllop))7 + 6L + L™H(1 + May(T)))
< C(6Q(t,6)3 + 6L+ L™ (1 + Myy(T)))

where the last inequality is justified by the fact that thanks to (3.29) we have exp(d || B|| ) <
exp(g(271%)) where g is the inverse of the function x +— xexp(x) on R;. We conclude in the
same way as in [15], firstly by optimizing the parameter L and then by noticing that the pair
(4, vy) is arbitrary so that we have

sup {L(t,8), (x4, vs) € R3 x RS} > Q(t,9). (3.51)
Finally, we obtain (3.31). O

The next two propositions allow us to conclude. The proof of proposition 3.6 is identical
to the one in [15] because it doesn’t rely on the characteristics of the system, but rather on
real analysis arguments. In an effort of clarity, and also because some arguments of the proof
are more detailed in this paper than in [15], we place the proof of proposition 3.6 in the
appendix.

PROPOSITION 3.6. For any t € [0,T] with T < Tp, we have

Qt,t) < C(t2 + t)(1 + Moye(T))7. (3.52)
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Now we state the last result necessary in the proof of proposition 3.1.

PROPOSITION 3.7. There exists 7(e,k) > 0 such that for any t € [0,T] we have
Q(t.1) < C(1+ My(0)) M exp(T | Bll.o)* (T + T5). (3.53)

REMARK 3.8. We notice that we obtain the same estimate (3.53) as in [15] when the
magnetic field B is zero.

Proof. Using the same argument as in (2.3), we can write
My(t) < 20~ exp(t | Bll.o) (Mi(0) + N(T)* |57, ) (3.54)

with N(T') defined in theorem 2.1.
Now to obtain the desired estimate we have to bound M. (t), which we manage with

the Holder inequality. Thus for any ¢ € [0, 7] we have
=
(/ Blk f(t,:r,v)dxdv) .

24e—k
—k

/ 0]2%E f(t, @, v)dadv < </ |v)? f(t,:v,v)dmdv) ’

(3.55)
With the conservation of the energy E(t), this Holder inequality implies that
Mo o(T) < CMy(T) 72 (3.56)
and bringing this inequality into (3.54) it yields
ke k in =
Mae(T) < Cexp(-=5 T |1Blle) (Me(0) + N(DF ||, ). (3.57)
Now thanks to (3.52) we can deduce
ke intl \ T2
Myso(T) < Coxp(=5T | Bll) (Mi(0) + N (D [ £7]],)
ke 1 4k in =
< Cexp(; 5T 1Bl0) (Mu(0) + (T3 + T+ Moo ¥ [77],) 7
ke =1 ke S Ake
< Cexp(—5T || Blloo) (1 + Myp(0)) 52 (T2 + T)5=2 (1 + M2+(T)) 72
Like in [15], we write o(e, k) = 7&""_52) and notice that if we take ¢ small enough we have

o(e k) €]0,1[. More precisely, if £ < o then o(e, k) < 2, 25 < 1 and 55 < & and we find
1 1 1 2
Mayo(T) < O+ My(0)F exp(T |1 B )F(1+ TV (1 + Mape(T)F, (3.58)

where we used T2 + T < 2(1+T). Now since the right term in the last inequality is larger
than 1 up to a constant C, we deduce that

(1+ Mao(T))7 < C(1+ My (0))3F exp(T || Blloo)2 (1 +T)2 (3.59)
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which finally yields

T

1+ Mao(T) < C(1+ My(0)WF exp(T || B ,.) % (1 + T). (3.60)

Then, using (3.52) again we deduce

Q(t,t) < C(T? +T)(1 + My(0))% exp(T ||B||..)% (1 + T)7
< C(1 4 My(0))5 exp(T ||B|| )5 (T2 + T%).

This concludes the proof of proposition 3.7 and proposition 3.1. ]

3.2 ThecaseT >1Tg
We conclude the proof of (2.16) by showing that Q(t,t) is bounded for all time.
PROPOSITION 3.9. The inequality (2.16) is valid for all T > Tp.

Proof. For allt € [0,T], we write t = nTp+t, withn € Nand ¢, € [0,Tg]. Since the constant
C' in proposition 3.1 depends only on Tk, ||B|| ., , Hme1 , HmeOO ,€(0) and My (0), we can
reiterate the procedure on any time interval I, = [pTp, (p+ 1)Tg]. Indeed, T,k and || B||
are constants || f(t)||; and |/ f(t)||,, are conserved in time and the energy FE(t) is bounded.
This means we can write

n—1

Q1) <> Qp+ 1)Ts, Tp) + Q(t, t,)
p=0
" 5 s 1 7
<CY (1+ My(pTp)) 5 exp(Tp ||Bllo)5 (T4 + T5).
p=0

Furthermore, we can show by an immediate induction that for all p € N with p < n, My(pTg)
is bounded such that

My (pT5) < Co(k, || Bl , £O), || £7]], -

™| Mi(0)). (3.61)

This is just because My(pTp) < C1 = Q((p+ 1)Tp,T) < Cy = Mi((p+ 1)TB) < Cs with
C4,Cq,C3 depending on (2.14). This concludes the proof of proposition 3.9 and theorem 2.1.
O

4 Proofs regarding uniqueness

The subsections 4.1, 4.2 and 4.3 will be devoted to the proof of theorem 2.6 and subsection 4.4
will be devoted to the proof of theorem 2.4. In this section, we shall denote by C' a constant
that can change from one line to another but that only depends on

£(0),

1 )

fi"HOO,T,/ lo|™ fim. (4.62)
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4.1 Proof of the estimate on the L” norms of p (2.26)

We consider f™ that satisfies the assumptions of theorem 2.6 and let f be the solution given
by theorem 2.1 with initial data f. By construction, we have propagation of moments:

sup // [o]™ f(t,z,v)dzdv < 400. (4.63)
tef0, 1] JR3xR?

Now thanks to a classical velocity moment inequality, we show how to control the LP norms
of the macroscopic density with velocity moments, this inequality is given by

e 3
lp@)llegs < Clf(@)llo® My(E)5. (4.64)
with C independent of k. Since we want p to verify (2.26), this means that we need to prove

_k_
Vk > 1, sup (|f(8))5° My(t)5+3) < Ck. (4.65)
te[0,T

Since the solution f € L°°([0,T], L=°(R3 x R?)), we finally need to show

Vk > 1, sup My(t)75 < Ck. (4.66)
tel0,T)

First, we recall that thanks to (4.63) where m > 6 we can infer that p € L°([0, T], LP(R?))
with p = 22 > 3 and following (4.86) we have E € L>([0,T], L°(R?)). Then we write

k—1 V(t>$av) : V(t,[L‘, U)
V(t,z,v)]

d
o V(t,z,0)" = k|V(t z,0)|

and thanks to the bound on E and the definition of the characteristics (1.8) we can infer that
for all k > m

E(s,X(s,z,v)) + V(s,z,v) AN B(s,X(s,z,v)))-V(s,z,0v)

¢
V(t,z,v k< vk—i-k/ Vs, x,v k-1
Vit <ol +k [ V(s w1

t
<Pl 4 kBl [ V(s ds
0

Since the contribution of magnetic field B vanishes, the following computations are the same
as in the unmagnetized case [14]. In an effort to be clear, we explicit these computations
nonetheless.

Integrating this last inequality with respect to f™(x,v)dxdv we get

ML0) < 040) + KBl [ Mica(5)ds (167

19
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Thus by induction we deduce that sup My(¢) is finite for all k& > m. furthermore, by another
te[0,T]
classical velocity moment inequality we obtain that

1 -
Mia(s) < IF () Mi(s) % (4.68)
Since || f(t)||; is conserved, we get
t
My (t) < My(0) + Ck / My (s)"F ds, . (4.69)
0

Differentiating this inequality allows us to write

= d
M(t) < CRMy(0)'F & Z(M()F) < C = sup My(t)F < My(0)F +C.
tel0,7)

By assumption on M} (0) we find for all ¢t € [0, 7]

Mi(t)k < (Cok)s +C < (Ck)s < (CR)3*E, (4.70)
which finally implies that

3

sup My (t)F3 < Ck. (4.71)

4.2 Estimate on the characteristics

We consider two solutions f1, fo € L>=([0,T], L' N L>®(R3 x R3)) such that p1, pa verify
P1,p2 € LOO([OaT]7Lp(R3)) (472)

for some p > 3. This regularity on p; 2 is guaranteed by the condition (2.24) thanks to
the estimate (4.64). Then we write Y7 = (X1, V1) and Yy = (X2, Va) for the corresponding
characteristics, which are both solutions to (1.8) with ¢ = 0. This means we can simplify the
notation and will write Y;(¢;0,z,v) = Y;(¢,z,v), i = 1,2. Regarding the existence of such
characteristics, the condition (4.72) yields sufficient regularity on the electric field E;, i = 1, 2,
so that with the added regularity assumption on the magnetic field (1.3) we can define weak
characteristics thanks to theorem II1.2 (section III.2) in [6].
Now we introduce the distance

D(#) = / / X1 (8,2, 0) — Xo(t, 2, 0)| F™ (@, v)dadv. (4.73)
R3xR3
From (1.8) we can infer that

Xl(t,x,v)—Xg(t,x,v):/O /OsEl(T,Xl(T,x,v))—E2(T,X2(T,x,o))

+ Vi(r,z,v) A B(T, X1(1,2,0)) — Va(7,2,v) A B(T, Xo(T, 2,v))dTds

(4.74)
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which yields that

t s
D(t) §/0 /0 ” | By (1, X1 (7, 2,v)) — Eo(1, Xo(7, 2,0))|

+ |Vi(r,z,v) A B(1, X1(7,2,0)) — Va(T,2,0) A B(T, Xo(T, 22,0))| fi"(x,v)dxdvdes

t s -
< / / Br(r, X1 (7,2, 0)) — Ba(r, Xo(r,2,0))| f(z, v)dadvdrds
0 JO R6
t s )
+ ||B|oo/ / / \Vi(r,z,v) = Va(r, z,v)| f"(z,v)dzdvdTds
0 JO R6

+/0 /0 /RG |V2(7',$,'U)| |B(T, Xl(T,x,U)) — B(7-7 X2(7,$,U))| fzn(x,v)dl'dUdes
= I(t) + J(t) + K(t)

The term I(t) is the quantity estimated thanks to the method in [I4]. As for the other two
terms J(t) and K (t), since we want to use the same method as in [14] which is to exploit
the fact that the characteristics of the Vlasov equation verify an ODE of order 2, we need

3
them to be controlled by fg IN D(7)' " »drds. This is true and the estimates are given in the
following proposition.

PROPOSITION 4.1. For allt € [0,T] and for all p > 3, we have the following estimates:

t S .
I(t) < Cpcpl,pz/ / D(T)lingdS (4_75)
0 0
t s
K(t) < (CpKp + Kg,) / / D(T)“%dm (4.76)
0 0

t s T 3
J(t) < ||B|oo/ / / (CpChy py + (CpKp + Kpp)) D(uw)'"rdudrds
0o Jo Jo

t s T u 3
B ewT1Bl) [ [ [ [ (CoCh g+ (CoRn+ Kiy) Dlw)' P dududrds.
0 JO 0 0
(4.77)
with

Cpy,pp = max (1 + [lprll zoo o 29,0y » 1+ o2l Lo 0 ,T],LP)> ;
Kpp =2|Bllyre [[E2llo exp(T || Bl o)
Kp = 2||Blly1.0c exp(T || Bl| )

and where C' denotes a constant that depends only on T, Hmeoo , Hmel

Proof of proposition 4.1. As said above, the term I(t) is the quantity estimated thanks to the
method in [11], so we treat it identically to find the estimate (4.75).
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Let’s first look at the term K(t). Since B € W1 (R, x R3) then for all ¢ € [0,T] and
a€1]0,1]
B(t) € C¥*(R?) (4.78)
with Holder coefficient Cpyy verifying Cpy < max(2|(| Bl , IVBlly) < 2| Blly1,00-
Then we simply have for all p > 3

t s
K(t) < QHBHWLOO/ / / [Va(r,z,v)| | X1 (T, 2,v) — XQ(T,ac,v)\l_% f™(z,v)drdvdrds
0o Jo Jre
(4.79)

Now we need to estimate the velocity characteristic V5, and using (1.8) we can write once
again

t t
V(t,2,0)| < o] + / E(s, X (s,2,v))| ds + | B|l / 1V (s,2,0)|ds
0 0

t
<ol + T Bl + 1Bl | [V(s..0)]ds.
This classical Gronwall inequality yields for all ¢ € [0, T
[V (t,z,0)] < (Jol + T'|Ell ) exp(t || Bl )- (4.80)

So that we can write

K(t) < 2[|Bllyro exp(T | B.).
t s )
/ / / (o] + T | Ball ) |X1(r, 2, 0) — Xa(r,2,0)['5 fi7 (2, v)dadvdrds,  (481)
0 0 R6
:Kl(t)—l-KQ(t).

3
By applying Jensen’s inequality for concave functions to z — 277 we obtain

t s
Ks(t) < K, / / D(r)" P drds. (4.82)
0 JO

Then we estimate Kj(t) by writing f'* = (f”‘)%(fm)P’ where % + 1% 1, so that with
. L
the Holder inequality applied to |v] (fm)% and |X1(7,z,v) — Xo(7,2z,0)|' "7 (f)¥ with the

exponents p and p’ we have

sies

=

P

) 1 t s ;.
Ki(t) < Kp </ lvf? fm(a:,v)dxdv> ’ / / (/ | X1 (7, z,v) — X2(T,x,v)\(1—%)1@ fZ"(x,U)dxdv> drds.
R6 0 Jo \Jms

, 1
Using (2.25) we have ([g [v|” [ (@, v)dzdv)? < (Cop 3 < Cp. Furthermore, we can once

_ p_3 . .
o = o1 < 1, which gives us

t s

Ki(t) < CpKp D(r)" v drds. (4.83)



This concludes the proof of (4.77).
To estimate the last term J(f), we also use (1.8) to obtain a Gronwall inequality on

|Vi(t) — Va(t)|, and since the computations are complicated we write V; 2(s), X12(s) for the

characteristics. First we write
t

Vi (t) = Va(t)] S/O El(saXl(S))—Ez(stz(S))ldSJrHBHOO/O [Vi(s) = Va(s)| ds
+/0 [Va(s)|[B(s, X1(s)) — B(s, Xa(s))| ds.

Now using (4.78) and (4.80) we deduce

Va(t) — Va()] S/O El(saXl(S))—E2(87X2(8))|d8+HBHoo/O [Vi(s) — Va(s)| ds

t 3
(Kol + Kay) [ 13009 = Xa(s)]' 7 ds
0
which is just the Gronwall inequality on |Vi(t) — Va(t)| we were looking for and which yields

Vi(t) = Va(t)] < /O |Bi(s, X1(s)) — Ea(s, Xa(s))| + (K |v] + Kpp) | Xi(s) — Xo(s)[ 7 ds

+ /Ot </OS |Er (1, X1(7)) — Eo(1, X2(7))| + (KB |v| + KB jp) | X1(T) — Xo(T )|1_5 dT)

X 1Bl exp((t = ) | Bl| 0 )ds

Now we insert this inequality in the definition of J(t) to obtain

sy <181 [ [ [ (180 X0 — Bt X+ (5 bl + g | 0) = Xata0] ')

x fi(x, v)dzdvdudrds
+ || Bll3 exp(T || Bl o) %

/ / / / /RG By (w, X1 (w)) — Ea(w, Xo(w))| + (Kp |v] + Kpp) [ X1(w) — X2(w)‘17%)

x fi(x, v)dzdvdwdudrds.
(4.84)

3
Like previously, we can use the Jensen inequality to bound the terms Kp, | X — X2|1_P, the
relation (4.75) to bound the terms |Ey — Eo| and the Holder inequality used to estimate K (t)

to bound Kp |v| | X1 — Xg\ T
This gives the desired estimate (4.76) on J(t):

t S T 3
IO 1Bl [ [ | (€oCom+ (Cokn+ Kny) D) dudras
0 JO 0

t prs 7T oru 3
1B e IBL [ [ [ [ (CoC -+ (CoK + Kiny)) Dlw)' P dududras.
0 Jo JOo JO
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4.3 A second order inequality on D(t)

We begin by looking at the dependence of Kp ), with respect to p. The only term in Kp )
which depends on p is ||Es],., and since po € L®([0,T], LP(R3)) with p > 3, then we can
deduce the desired L bound on E» because for all t € [0, T]

1B2()]l oo < [[11a121VGs | 102(O)1l1 + [|1124<2 VG| [lp2(0)1], (4.85)

with % + % =1.
From this last inequality we can finally deduce

1E2lloe < C+ llp2ll Lo (0 77,20)): (4.86)

where C' depends only on H mel.

Now we consider that the solutions fi, fo verify the assumptions of theorem 2.6. This
means that max([|p1(| e (o 7720y + 1920l Lo (0 77,10)) < Cp for all p > 1, and so thanks to (4.86)
and proposition 4.1 we have for all p > 3

t s
D(t) < C’lpz/ / D(T)l_%deS
0 J0O

t s T
+ Co(p® + p) / / / D(u)'"» dudrds (4.87)
0o Jo JO

t s T u
+ C3(p® + p) / / / / D(w)l_%dwdudes,
0 Jo JO 0

F ™o M7l M Bllog - IV Bl
3
Let F(t) = f(f IN D(7)" #drds. Since F is increasing by construction and since p > 3 we
can finally conclude that

where C7, Co, C3 are constants that depend on T,

t s
piy<c [ [ D) Fards (4.88)
0o Jo

with C that depends on T, Hmeoo , Hmel Bl > IVB| oo -

Finally, we obtain the same second order differential inequality as in [11], for all t € [0, T]
we have:

F'(t) < Cp*F(t). (4.89)
From this inequality, we use the same method as in [14] to conclude that for all ¢ € [0, T

we have f1(t) = fa(t) a.e. on R3 x R3. This concludes the proof of theorem 2.6.
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4.4 Proof of theorem 2.4

We finish this section with the proof of theorem 2.4, which is the extension of Loeper’s result
[13] to the magnetized Vlasov—Poisson system. As said above, this proof was already done for
B constant in [19]. In fact in [19], it was already proved that under the assumptions (2.21),
(2.22), and (2.23), the macroscopic density p is bounded (2.20), and this proof doesn’t change
in the case of a general magnetic field.

Like in the theorem 2.6, we require additional assumptions on the moments of f to
obtain uniqueness (compared to the unmagnetized case). However, these assumptions on the
moments aren’t as strong as in theorem 2.6 because the boundedness of p is already a strong
assumption.

To prove our theorem, we only need to adapt subsection 3.2 from [I3]. Thus we consider
two solutions of (1.1) f1, f> with initial datum f* that verifies the assumptions of theorem 2.4.
Like in the previous proof, we write the corresponding densities, electric fields, and characteris-
tics p1, p2, E1, Eo, and Yi(t,x,v), Ya(t,z,v) = (X1(t,z,v), Vi(t, z,v)), (Xa(t, x,v), Va(t,z,v)).
To simplify the presentation, we will write Y;(¢) for the characteristics. We define the following
quantity Q:

Q(t) = % /R F ) Vi)~ Yalt, @, 0) P dedy. (4.90)

Now we differentiate ) (which we couldn’t do with the distance D (4.73)) splitting the
magnetic part of the Lorentz force V' A B like in the previous section:

Q) = [ 17 (@) (i) = Va(0) - 0 (D) = Ya(t)dad,
= [ 17 @) (X00) = Xa(t) - (Va(t) = V() dodo
+ [ £ o) (A0 = Valt) - (Bt X2(0) = Eatt. Xa(®)dodo
+ [ £ o) (A0 = Valt) - [Va(0) A (Bt Xa(0) = Bft, Xa(t))] dad

+ /R6 f (o) (Vi(t) = Va(®)) - [(Va(t) = Va(t)) A B(t, X1 (1))] dwdo.

First, we notice that the last term is null, which means we only need to control the second to
last term (due to the added magnetic field) which we denote P(t). The first term is bounded
by Q(t) and the second term can be estimated using the analysis from [13] and is bounded

by Q(t) In( %) To control P(t) we first use the bound on the velocity characteristic (4.80).

P(t) < [IBlly1.e /R6 F (,0) [Vi(t) = Va(t)] [Va ()] | X1 (1) — Xa(t)] dadv,
< [ Bl /RG £, 0) [Vi(t) = Va(@)] (Jo] + T || Ballo ) 1Pl | X1 () — Xa(t)| dado,

= R(t) + S(t).
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We recall that since ||p12]|,, < 400 we can bound || £y 2||  thanks to (4.86) and the interpo-
lation inequality:
1Eillo < C(llplly s llolloe) == Cop, (4.91)
with i = 1,2.
This means we can simply estimate S(¢) with the Cauchy—Schwarz inequality applied on
the functions (f7)2 |Vi(t) — Va(t)| and (f)2 |X1(t) — Xa(t)].

50 < 7C,Cor ([ @0 Wi -10R) ([ e ixo - xor)’
< TCpCB,TQ(t)a

with CB,T = HBHWloo eTllBllo .

To control R(t) we first use the Cauchy—Schwarz inequality and then the bound on the
velocity characteristic (4.80), which also gives us a bound on the position characteristic.

R()< Car [ 17,0 ol [Ya(t) = Ya(o) dado
R
1
< C'B,T/6 [ (x,v) o] [Yi(t) — Ya(t)] <|V1|2 + |V2|2 + ]X1]2 + \XQ\Q) * dzdv
R
< CprQ(t) /6 F™ () ol (\Vll2 + Vel + X0+ |X2|2> dadv
R

. 2
< QM) [ 77, 0) o2 (1l + TC P 4 (1] + 71l 4 7C, )12 ) dac,
R

=1

Thanks to the assumption (2.19) of theorem 2.4, I is bounded because we have

I<cC </ fin v|6,/fm |x|4) . (4.92)

From these estimates, we conclude that

d 1
Q1) < CQ() (1 +1In Q(t)) (4.93)

with C = C (.1 Bllysoe ol lolloo - | £ 0 J £ [of*).
With this inequality we can show, using standard Gronwall type arguments, that Q(0) =
0= Q(t) =0 for all t > 0, which concludes the proof of theorem 2.4.

Appendix

As said above, we present a slightly more detailed version of the proof of proposition 3.6
compared to the one found in [15].
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Proof of proposition 3.6. Let t € [0,T]. We note here H = 1+ My, .(T') and for any ¢ € [0, t]
we define Ny(t,0) = 5Q(t,5)%and Ny(t,0) = ((5H)% as in the left hand side of inequality
(3.31). We set:

I={6€[0,t]: Ni(t,8) > Na(t,d)}. (4.94)
First let’s suppose that I is empty. Then Q(t,0) < Na(t,0) thanks to (3.31) for any § € [0, ¢],
which means that ) ) .

Q(t75) SJ (5H)§ < t§(1 + M2+5(T))7, (4'95)

so that (3.52) is automatically verified. Now we suppose that there exists d.(t) € ]0,¢] such
that Ni(t,0.(t)) = Na(t,04(t)). It comes:

Q(t.5,() = (8.(t) " H)3. (4.96)

Then we use the inequality (3.31) again so Q(t, 0. (t)) < N1(t,04(t))+Na(t, 0x(t)) = 2Na(t, 6. (t)) <
(6H)z, which implies that

=

H™7 < 6.(t) (4.97)
and again using (4.96) we obtain
Q(t,6,(1)) S H7.

Now let c; ! be the implicit constant in (4.97), which depends only on the constants in (3.28),
thanks to (4.97) we can write for any t € [C*H_% T

Q(t,c.H 7)< H? (4.98)

Then for any such ¢, we can write t = nc*H*% +7r withn € N* and r < C*Hi% and thanks
to the last inequality we obtain

n
QU1 < Q(rr) + Y Qpe H 7 +r,c.HT)
p=1
1 3
S(rH)2 +nH7
< c*(rH)% tne,H TH?
1 1 4
<ctzH? +tH?
So that finally for all ¢ € [c, H -7 , T| we have
Qt,t) < (t2 + ) H7. (4.99)
Lastly, if t < ¢, H™7 then thanks to (4.95) and (4.97) we can write
1
2.

Qt,t) < (tH)

This concludes the proof of proposition 3.6 because H > 1. O

(4.100)
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