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Abstract

We study the asymptotic regime for the relativistic Vlasov-Maxwell-Fokker-
Planck system which corresponds to a mean free path small compared to the
Debye length, chosen as an observation length scale, combined to a large
thermal velocity assumption. We are led to a convection-diffusion equation,
where the convection velocity is obtained by solving a Poisson equation. The
analysis is performed in the one and one half dimensional case and the proof
combines dissipation mechanisms and finite speed of propagation properties.

Keywords: Vlasov-Maxwell-Fokker-Planck system, Asymptotic behavior, Diffu-
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1 Introduction

This paper is devoted to the asymptotic analysis of a system of PDEs describing the
evolution of charged particles. The unknown is the distribution function of particles,
which depends on time t, space x and momentum p. The particles are subject to
collisional mechanisms and to the action of electro-magnetic forces. The latter
are defined in a self-consistent way by the Maxwell equations. We are interested in
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hydrodynamic limits where the relaxation effects induced by the collisional processes
are strong enough and force the distribution function to tend towards an equilibrium
state. Hence, in such a regime the behavior of the particles can be described by
means of a finite set of macroscopic quantities, that is certain averages with respect
to p of the distribution function, see e.g. [23, 24, 37]. We distinguish two asymptotic
regimes:

- the high-field regime corresponds to a situation where the force field has the
same order as the collision term,

- the low-field regime corresponds to a situation where the convection and the

force field are also singular terms within the equations, but at lower order than the
leading contribution of the collisions.
Roughly speaking, the latter regime leads to convection-diffusion limit equations,
while the former yields a purely hyperbolic model. The question has been pointed
out by Poupaud [33], see also [16], motivated by the modeling of semi-conductors
devices; we also refer to the modeling discussions and numerical studies in [1].

In this paper, we assume that the evolution of the particles is governed by the
relativistic Vlasov-Maxwell-Fokker-Planck (VMFP) equations. We write the equa-
tions in dimensionless form, detailing in the Appendix the discussion on the scaling.
The system depends on three dimensionless parameters: § > 0,0 < < 1and e > 0
which is intended to tend to 0. For a momentum p € R3, we define the energy

5(p)=%<\/1+%—1> (1)

and the velocity is given by

op) = V() = L )
\/1 L4l
52(1/62 — 1)?

As a matter of fact, notice that the velocity remains dominated by

)] < SN )

We are concerned with the following equations

O+ 20) - Vo + (TE () + 8200) A B (1)),

0 (4)
— ?divp(vpfa +v(p)f9), (t,x,p) €]0, T[xR?® x R?,

JE

O — cwrl,B* = —L +J,  £2520,B° + curl B = 0, (t,7) €]0, T[xR?, (5)
5
div,E® = p° — D, div,B® = 0, (t,x) €]0, T[xR?, (6)
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where p° = [os f€dp and j° =[5 v(p)[©dp are the charge and current densities
associated to the distribution f¢, respectively while D > 0 and J € R3? are the
(given) charge and current densities of a background particle distribution of opposite
charge. Throughout the paper we suppose that the global neutrality condition

/ fe(t,x,p) dp dx = D(t,x) du, te0,T],e>0
R3 JR3 R3

holds. We are interested in the asymptotic regime 0 < ¢ < 1, with 0 < § < 1 and
0 = O(1) kept fixed.

In plasma physics or semiconductors theory, one often uses a simplified model
where on the one hand relativistic corrections are neglected (which means replacing
v(p) by p), and on the other hand, the full set of Maxwell equations is replaced by
assuming that the force derives from a potential ®, which itself obeys the Poisson
equation with a right hand side depending on the density of particles. Namely, one
considers the Vlasov-Poisson-Fokker-Planck (VPFP) system

1 1 0 .. ey fe
8tf6 + gp : vxfe - gvmq)e ’ foe = ?dlvp(vpf +pf >’ (7)

coupled to
—A, P =p° = D. (8)

The asymptotic behavior of the system (7), (8) when ¢ goes to 0 has been studied in
[34], where mathematical difficulties depending on the space dimension are clearly
pointed out. It was shown that the limit (p, ®) := lim.\ o(p°, ®°) solves the following
drift-diffusion system

1
Ohp = Gdive(Vap +pVa®) =0, =A@ = p(t,z) = D(t, ). (9)

The convergence statement is proven in full generality in dimension one, and two (we
refer to [26] for this case) but with restriction on initial data and on a small enough
time interval in higher dimension. We also mention the tricky analysis recently
performed in [29] for the Boltzmann-Poisson system in a bounded domain which
leads to quite general results. The high field regime relies on the analysis of the
behavior for e — 0 of

1 (9 : e e
Of" + - Vo f? = SV, Vyf* = Zdivy (V,f* + pf°), (10)
where now the non linear force term V,®° -V, f¢ is of the same order of magnitude

that the diffusion Fokker-Planck term. The high-field limit of the VPFP system has
been studied in [31], [25] and leads to

1
Oip — gdivm(pvxfb) =0, —A,P = p(t,z) — D(t, ). (11)



This is a pure transport equation, where the velocity field depends on the density
p through the Poisson equation. We refer to [31] for comments on this problem
which shares some features with the pressureless gases model. Therefore, high field
combines with hydrodynamic limits and yields interesting phenomena. We also
mention in this direction the recent developments in [7] and [5]. Of course, another
natural question consists in investigating a vanishing viscosity limit of (9) so that we
recover (11); this has been analyzed in [30]. Clearly, in these asymptotic problems
the mathematical difficulty relies on the treatment of the non linear term V,®° f¢.
When analyzing the behavior for small €’s in (7) (or (10)) with (8) we appeal to the
very specific form of the coupling with the Poisson equation: it allows us to make
use of nice convolution formulae to write the force field by means of the density
(that also makes the role of the space dimension clear). Hence the motivation of the
questions we address is two-fold. First, on a modeling viewpoint, the coupling with
the Maxwell equations takes into account more details of the physics. Second, on a
mathematical viewpoint, we investigate how robust the derivation of low and high
field limits is or if it cucially depends on the original coupling. In [10], we deal with
the high field asymptotics for the (non relativistic) VMFP equations

Ofe+p-Vafe+ (%Ef(t, x) +p AB(t, x)) SV, ff = %divp(pfa +V,f9), (12)

O,E° — curl,B® = J(t,x) — j°(t,x), €0,B° + curl,E° = 0, (t,x) €]0, T[xR?, (13)
div,E* = p°(t,x) — D(t, ), div,Bs =0, (t,2)€]0,T[xR>. (14)

It yields the following limit system

Op + div,(pE) =0, (t,x) €]0, T[xR?,

div,E = p(t,z) — D(t,x), cur, E =0, (t,r) €]0, T[xR?,

OE — curl,B = J(t,z) — p(t, 2)E(t, ), div,B =0, (t,x) €]0, T[xR>.

(15)

We analyze here the low field regime taking into account relativistic corrections.
Furthermore, we restrict ourselves to the one and one half dimensional framework
which means that f = f(t,z,p1,p2), E = (E1(t,x), E2(t,2),0),B = (0,0, B(t,x))
for any (¢,x,p1,p2) € [0,T] x R3. Precisely, we deal with the equations

Ouf L0 f + (LB + a5 ) 0+ (25 - P 0
= gdivp(vpfa +v(p) f9), (t,x,p) €]0, T[xR x R?, (16)
0,5 — —%ji(t,x} FItE),  (ta) €0, TIxR, (17)
5 + 0,8 — —é Eta),  (tx) €0, T|xR, (18)
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e26%0,B° + 0,5 = 0, (t,x) €0, T[xR, (19)
O, EY = p*(t,z) — D(t, x), (t,z) € [0,T] x R, (20)

where D, J : [0,7] x R — R are given functions satisfying D > 0 and the continuity
equation
oD + 0,J =0, (t,z) €]0, T[xR. (21)

We prescribe initial conditions for the particle distribution and the electro-magnetic
field

f20,2,p) = f5(x,p), (z,p) € R x R?, (22)
E®(0,z) = E5(x), B®(0,z) = Bg(x), z € R, (23)

satisfying
s A | fiwp do=D0.0).  aeR (24)

After integration of (16) with respect to p € R? we deduce that the charge and the
current densities verify the continuity equation

1
0" + 20,57 =0, (t.2) €0, T[xE.

By using the continuity equations for positive/negative charges and by taking the
derivative of (17) with respect to z we deduce that (20) is a consequence of (21) and
(24). Notice that if initially the neutrality condition is satisfied i.e., [; [po f§ dpdx =
Jz D(0,z) dx, then we have [p [o. f*(t,2,p) dpdx = [, D(t,z) dx for any t €]0, T].
In what follows we consider only smooth solutions. Unfortunately, to our knowl-
edge, there are no mathematical results concerning the existence and uniqueness of
strong solution for the VMFP system. For the VPFP system the situation is better :
results concerning the existence of weak solutions can be found in [14], [36] while for
existence and uniqueness results of strong solution we refer to [11], [12], [18], [32].
The existence of classical solutions in the collisionless case has been investigated by
different approaches, see [22], [13], [27]. Recently global existence and uniqueness
results have been obtained for reduced model for laser-plasma interaction, cf. [15],
[9]. In this paper, we restrict our purpose to the asymptotic problem. As e — 0,
we derive a limit system very similar to (9), which was obtained when analyzing
the VPFP system. Our proofs rely on compactness arguments. One of the crucial
point is to obtain L bounds for the electro-magnetic field, uniformly with respect
to the small parameter ¢ > 0. This is why we restrict our analysis to solutions
depending on one space variable only. Besides, the relativistic framework provides
better estimates, related to the bound (3) on the velocity.

The paper is organized as follows. In Section 2, we set up the working assump-
tions and state precisely our convergence result. In Section 3 we establish a priori
estimates, uniformly with respect to the small parameter £ > 0. These bounds are
obtained by performing classical computations involving the energy and the entropy
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of the VMFP system and by using also the hyperbolic structure of the Maxwell
equations. We combine the dissipation properties induced by the collisional term —
in the spirit of [34] — to the specific use of the finite speed of propagation that is
reminiscent to [21]. In Section 4 we detail the passage to the limit, while Section 5 is
devoted to some comments and precisions. The dimensional analysis can be found
in the Appendix.

2 Assumptions and Main Result

Throughout the paper, we make use of the following hypotheses

H1) f5>0, D >0, / fo(z,p) dpdx:/D(O,x) dx, Ve >0 ;
RJR? R

2y sup ([ [ (0 g1+ el + £ dp

e>0
1
+§/ (|E§|2+6252\BS\2) dx) < 00 ;
R

H3) D, J are given integrable smooth functions satisfying
oD+ 0,J =0, (t,z) €]0, T[xR ;

H4) J e L'(]0,T[; L*(R)) N L' (J0,T[; L*(R)) ;
H5) 5w (| Bl + €] Billieqwy) < +00 ;
>

H6) There is r > 1 such that

sup / (2, p)) D50 dp < oo,
e>0 JRJR2

We introduce the notations

Mg = / fe(z,p) dpda,
RJR2

Wi = [ [ E@)iten) dodet g [UB@E + 8B @) do.
R2

i o= [ [ sl S dpde

Ly = // |lz| f§ (2, p) dpdz,
RJR2

Ry = ||EGlleew®) + &6 Bgll o),
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which are thus uniformly bounded with respect to . Our main result states as
follows.

Theorem 2.1 Let (f¢, E°, B%).~o be smooth solutions of (16) — (23). Assume that
H1-HG hold. Then, there exists a sequence (e)ken decreasing to 0 such that

poE(t,x) = / [t z,p)dp — p >0  weakly in L*(]0, T[xR),
R2
(E*, E5k, depB*) — (FE1,0,0) weakly in L*(]0, T[xR)3
and weakly = in L>°(]0, T[xR)3,
E{* — Ey, strongly in Li ([0, T] x R).

The limits p, By satisfy in the distribution sense

00,Fy + p(t,x)E(t,z) — O*Ey = 0,D + 0J(t, ), (t,z) €0, T[XR,
OBy = p(t,x) — D(t, x), (t,z) € [0,T] x R,
E1(0, ) = limy— o0 £ 1 (2), uniformly on compact sets of R.

The limit equation is nothing but the convection-diffusion model (9) obtained
when dealing with the low field regime of the VPFP system. Indeed, taking the
derivative with respect to x of the evolution equation for F; and using H3 yield

Let @ verify 0, = —Fy; since 0,F; = p — D = —92®, we recover (9). This is
not so surprising since our scaling hypothesis assume that the speed of light is large
compared to the reference unit of velocity, see the Appendix; it is well known that in
such a regime relativistic Vlasov-Maxwell and Vlasov-Poisson systems are connected,
see [3, 19, 38]. Here we are coupling the classical limit to the hydrodynamic and low
field regime.

3 A Priori Estimates

In this section we establish a priori estimates for smooth solutions (f¢, £¢, B?) of the
relativistic VMFP system in one and one half dimension. We split the discussion into
three steps: first, we describe the usual energy and entropy dissipation estimates,
second, we obtain a refined dissipation property and finally we justify a uniform L*>°
estimate on the electro-magnetic field.



3.1 Moments and Entropy Dissipation

Our analysis is based on the moment equations associated to (16). Integrating (16))
with respect to p € R? yields the continuity equation

1
O | ffdp+ -0, | wvi(p)f®dp=0. (25)
R2 g R2
Multiplying now by p = (p1, p2) and integrating with respect to p € R? yield
&?ék/ p1f° dp+ (936/ vi(p)pLf© dp — E5p° — e6°B%j5 = 0(0,E5 — J), (26)
R2 R2

gat/ pof© dp + 8:,;/ vi(p)pof© dp — ESp° + 652B€jf =—0 ];2 (27)
R2 R2

We aim at passing to the limit ¢ — 0 in these relations. In order to obtain useful
estimates, it is also convenient to multiply (16) by 1 +1In f¢ 4 |z| + £(p). We are led
to

8t/RQ(1nf€ + |z + E(p)) fodp + éam Rgl(p)(lnf5+ lz| + E(p)) fodp
N 9/ v(p)V/FE + 2V, /fF
R2 9

_ ! E*-u(p) f© dp+§ Zvi(p) 7 dp. (28)

v
€ JRr2 R2 ‘$|

2
dp

This is completed by looking at the evolution of the electro-magnetic energy
1 1
§0t(|EE|2 + 26%| B|?) + 0,(E5B°) = —EE‘f(t, x)-j°(t,x) + Ef(t,x)J(t,x). (29)

Proposition 3.1 Let (f¢, E¢, B%) be a smooth solution of the problem (16) — (23).
Let us set

W) = VT + 29,7/,
5
cta) = [ (Lo el +£0) Pt dy
LB + 2B (0P,
1/6% — 1 °

T (t,x) = /Rg)l(p) <T +1In f© + |2| + S(p)) fedp + eE5(t, ) B (t, x),
(ta) = [ ) s B .a)

_ %/R VTR dp + Ei(t,2)J(t, @),

Then, we have
B + Lo,1° 46 / |he(t, 2, p)Pdp = r°(t,x),  (t,x) €0, T[xR. (30)
g R2



As a consequence of these local properties, we can justify uniform estimates on
the total energy and entropy. To this end, we make use of the following classical
claim.

Lemma 3.1 Assume that f = f(x,p) satisfies f > 0, (|z| + E(p) + |Inf])f €
L' (R x R?), where E(p) is given by (1). Then for all k > 0 we have

fllnf| < fln f+2k(|z|+E(p))f + 4 e 3 el+E®)
e

and

// flIn f| dpdx < // fInf dpdx—i—Qk// (lz| + Ep)) f dpdx + Ch,
RJR? RJR2 RJR?
with Cy, = (4/e) [g [ e~ 22 HE®) dp .

Proof. Since f|In f| = fIn f+2f(In f)_, it is sufficient to estimate f(ln f)_. Take
k > 0 and remark that 2/e = supy.,,{—/yIny}. For any (z,p) € R x R?, we have

fnf) (z,p) = —fInf Lo peertaireony — FINf - Tertoiremn<pany

2
< Z e EEHER) | k(] + E(p)) .
(&

Therefore, we get

/ fn f). dpdxgk// (2] + )/ dpdx+3// oSO g g
RJR? RJR? € JrRJR?

and the conclusion follows easily. O

Then, the starting point of our analysis relies on the following statement.

Proposition 3.2 Let (f, E¢, B%) be a smooth solution of the problem (16) — (23).
Assume that the initial conditions satisfy H1, H2 and that H3, H4 hold. Then we
have for any t € [0,T]

i) / ot 2, p) dpde — / Fe(p) dpd < oo,
RJR2 RJR2

i b+ ) dpdo

+3 JIB P + 28 Bt ) do
R

T £ 5 £ £
<4 (—Mo + Lo+ W5+ H, + 01/4) + 2||JH%1(}0,T[;L2(]R))’

20
r T
i) 9/0 /R [ et )P dpdedt <4 (2—91\43 LW HE + 01/4)
o 20 N%s gorsrz )
. J©
iv) - < Mg Hh6||2L2(]o,T[xRxR2)'
L2(0TLL(R)




Proof. Integrating (16) with respect to (x,p) € R x R? yields the charge conserva-
tion

i/ [t p)dpde =0, ¢ €]0,T],
dt JrJr2

which implies that
/ f(t,x,p) dpdx =/ folz,p) dpdx = Mg, t€0,T].
RJR2 RJR2

Similarly by H3 one gets fR (t,z) de = fR (0,x) dx. Integration with respect to
the space variable of the local property (30) leads to

d 1 d
_// (1 f* + o] + EQ) S dpda+ 55 [(E () + 20 B (1))
. 5 di

+«9/ |he|? dp dw = /JEg dr + - / ‘93| vi(p) fe(t, x, p) dpdx.
R? R?

(31)
The last term in the right hand side can be rewritten as follows

1
S ] @ oy dpar < [ [ VG ) dpde

1/2 1/2
< (/ fe dpdx) (/ |he|? dpdx)
rJR? rJR?
1 0
< €12 .
< 2‘9]\40 /R R2|h| dp dx

Integrating (31) with respect to time and using Lemma 3.1 with & = 1/4 yield for
any t € [0,7]

// (£ + |2] + E@)) F (2, p) dpda + ~ /(|E5(t D)2+ 2262 B (1, 2)[2) da

+ 9/// |he|? dp dx ds
R2

< //‘mﬁwwﬂ+e<»QQMx+ /@TP+¥¥Bﬂ)

+ —// (] + E@) (¢, 2, p) dpdx+—//42\h€|2dpdxds

b M5+ Cunt [ 16l (6 o ds, (32)
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which implies

/R/RQ“ In f*[ + %(W + &) fe(t, z,p) dpdzx

t
+1/(|Ef(t,x)|2+5252\Bf(t,x)\2) dx+g// WP dp da ds (33)
2 ' 2 0JR R2

R

T
< MG L+ Wi H o Oyt / 17 () 2 1 B ()1 2x .

Hence ii)-iii) follow easily by using Bellman’s lemma. For proving iv), we write

T i (t 2 T 2
e | (/ / \/ff<t,x,p>hf<t,x,p>dp‘ das) i,
0 € ) 0 R |JR?
and we apply the Cauchy-Schwartz inequality. O

This statement shows that we can expect a relaxation effect since the estimate

. . -& .
on h® indicates that fe(t,z,p) =~ p(t, z)¢ K(p) where K = [, e~¢®) dp. For the time
being, let us focus on the discussion of further useful estimates. In particular, for

the macroscopic density we get

Corollary 3.1 Under the hypotheses of Proposition 3.2 we have for any t € [0, T
/Ps(ta 2)|Inp°| do < Cr(1+ Mg + L§ + W5 + H + |71 22 go 2wy
R

for some constant Cr depending on T but not on €.
The proof is an immediate consequence of the following standard result.

Lemma 3.2 Assume that f is a non negative function satisfying

[+ sl + el + € fGap) dpdo <+

and denote by p(x) = [, f(x,p) dp, x € R. Then we have

4 [ _lal
/Runmx)\p(x) dxS/R/RQ(anHlanHxl+5(p))f(:c,p) dpdmg/Re dr,

where K = [, e @) dp.

Proof. Consider the convex function ¢ : [0,4+o00[— R, ¢(s) = slns for s > 0,

e}g{(p) dp. By applying the Jensen inequality

o ([Loww) < [ v

11

©(0) = 0 and the measure dv =



with the function g(-) = K f(z,-)ef") one gets

o) Inp(z) < / (0K +1n f(z,p) + E())(x.p) dp.

R2
As in the proof of Lemma 3.1 one has

klz]

(@) 0 p(a)| < pl) n ) + 2Klalo(e) + = =5

and therefore, by taking k = 1/2 one deduces

/Rp(a:)\lnp(a:)\da: < /Rglnp(x)—l—m)p(x) dx—l—% /Re_% dx
4 E]
n In & dpdx + — T4 dx.
< [ LK+ S dpdat 2 [

(|

3.2 Further Dissipation Properties

Another way of estimating the solutions of the Fokker-Planck equation can be
obtained by adapting the strategy of Poupaud-Soler [34]: we multiply (16) by
H'(fef®), where H is a convex function.

Proposition 3.3 Assume that E¢, B¢ are bounded smooth functions and that f€ is
a smooth solution of (16), (22) with a non negative initial condition f§ satisfying

/ H(feef®)e 0 dpdx < +oo,
RJR?
for some convex non negative function H. Then we have for any t € [0,T]
- 8 ! g 13 13
[ JE Qe byt o [ [ T, o T dpdsds
RJR? 0 JRJR?
< / H(f2eE®)eE®) dp da
RJR2
1 5] 13 15
+ g (1Bl + 1B5 [l + 2261 B[ =)”
t
< [ [ e e ) dpas s
0 JRJR2
Proof. We have

O,H(feefP)e=¢® 4 %%H(faeg(p))e_g(p) + 0p, { (% + 520235) fa} H'(feef®)
+ 0O, { (% — 5%136) ff} H'(f7e®))
0 : € € / €
= ;dlvp(vpf +u(p)f)H'(feef®). (34)
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After integration with respect to (z,p) € R x R? we get

/ ?) dp dx — / f H"(fef®)) (E? 52v2BE) Dy, (e°P) £°) dp da
_/ faH//(feeg(p)) (& . 62 Bs) ( E(p) fE) dpdx
RJR2 g

:—%//eg(p)H”(faeg(p))\foe+Uf€\2 dpdz. (35)
g RJR2

We introduce the notation R*(t) = || E{(t)|| ooy + || E5(1)]| Loo ) + 260 || B (1) || Lo (m)
and

//‘ ({250, £ + v(p) £ dpd.

By the Cauchy—Schwartz inequality and by taking into account that |v(p)| < 1/ we
obtain

/ fEH"(feef®) {(% +52v235) Dy, (5P f2) 4 (% —5%138) Dy, (5@ fg)} dp dx
RJR2

< B[ [ FEORGEED o) dpda

3

1/2
5 € 1/2 € 268(17) 1" aeg(p) T )
< w0 GO ([ [ e e i) (36)
Combining (35), (36) yields

/ H(Fe )0 dpde + 0 65,(1) < B(1) (65, (1) (37)

1/2
eN2 E(p) 7 ( re E(p)
) </R/R2(f JerH e )dpdx)

€ € 2
< HQH(t> + R (t) //(f8)26€(p)H//(fae€(p)) dpd.T
2 20 RJR2

Finally one gets for any ¢t € [0, 7]
9 t
/ H fe 5(17 5(1’) dpdx + 2/ qH( dS </ H fe 5(1’) dpdx
2

R
||RE||L°°// [ (PO H (") dpda s

(|

Corollary 3.2 Assume that E¢, B¢ are bounded smooth functions and that f€ is a
smooth solution of (16), (22) wzth a non negative initial condition f§ satisfying

/ (f5)e (r=1)&(p) dp dx < 400,
R2
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for some r > 1. Then for any t € [0, T] we have

| [y pis <0 [ [ (ggyet e dpa
RJR2 RJR2

and

_///]R2 f5r2 r— 1€(p|Vf5—|—v( )f8\2dpdxdt <

2eC°(T)

r(r—1)
/ f&r (r—1)& dpda:,
R2

where C*(t) = M(T 1) (HE | 2o qo,r(xr) + | E5] Looqo,rix®) + 268|| B| Lo qo,71xR))*-

T
Y

Proof. By applying the previous proposition with the convex function H(s) = s
s > 0 we obtain

0 t
| a0 apan + [ as< [ [ g5re e dps
RJR2 R2
+ ’f’( |R HL°° // fa r (r 1)€ dpd$d8
R2

We conclude by applying the Gronwall lemma. O

3.3 L™ Estimates on the Electro-Magnetic Field

We are looking now for L> bounds of the electro-magnetic field. We exploit the
hyperbolic structure of the Maxwell equations and the entropy dissipation of the
Fokker-Planck collision operator. We adapt the method used by Glassey-Schaeffer
[21], who obtained L* bounds of the electro-magnetic field for the collisionless re-
lativistic Vlasov-Maxwell system in one and one half dimension. Here, we wish to
justify the following statement.

Proposition 3.4 Let (f¢, E¢, B®) be a smooth solution of the problem (16) — (23)
and assume that H1-H6 hold. Then we have

| ET ]|z qo,rixr) < 1 EG 1) + Mg + ([T L1 go.rpzeo®)),
and

max (|| E5|| e qo,7x®), €0 || B¥|| oo qo,7[xR))

2 1/6° =1 5T
< R§ M
s Hfot e << > 29) +6C4

5
+5(W5 + Lg + Hg) + §H<]||2L1(10,T[;L2(R))) :
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Notice that the Maxwell equations (17), (18), (19) can be written in the following
diagonal form, for (¢, z) €]0, T[xR,

atEa: _.]l(tvx) +J(t .23)
O(E5 + e65°) + 56 (ES +e6B°) = — 22 (’;’ 2
e _spe _i e Jalt,x)
Oy(E5 — e0B%) 658 (E5 —edB) = -
Therefore the electro-magnetic field is given by
t
Ei(t,x) = E5,(z) — Us(t, v) +/ J(s,x) ds, (t,x) € [0,T] x R, (38)
0
€ 1 € 15 t 1 € € t
E5(tz) = §(E0,2 +edBg)(z — 6_5> + §(E02 g6 B;)(z + 5_5>
;6@@—%W@@, (t,2) € 0,T] x R, (39)
€ 1 15 15 1 € € t
edB(t,r) = §(E072+€5BO)(£E— 5) §(E02 edBg)(x + 5)
1 1
- LVE(La)+aVE(LE),  (La) € [0,T] xR, (40)

2 2

where

E INYA E 1/ t—s
Us(t,x) = - [ ji(s,x) ds, Vi(t,z) = Js(s,x F ) ds.
e Jo e Jo )
Finally, the question reduces to estimate in L* norm the functions U®, V. This can

be done by using the local energy conservation and entropy dissipation, namely, we
go back to Proposition 3.1. The proof makes use of the following claims.

Lemma 3.3 Let u,z,w: [0,7] x R — R be smooth functions satisfying
1
Oru + g(‘?xz = w(t,z), (t,z) €]0, T[xR. (41)

Then for any 6 > 0 and (t,x) € [0,T] x R we have

t t
1/(5—1”@(, té)dsil/ (s,
& Jo . (42)
:l:/ Oydyi// w(s,y) dy ds,

6
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and

1 /! t—s 1 [
6/0((5 u—z)(sx— gé)ds—i— /(5 u+z)<sx—|— 55)d8
m—i—
:/ u(0,y) dy+// w(s,y) dyds.  (43)

ed

Lemma 3.4 For any p € R?, the following inequality holds

(e + 2570 (5 - o) = L2 Tt

These results allow us to prove the following statement which in turn, coming
back to (38), (39), (40) justifies Proposition 3.4.

Proposition 3.5 Let (f¢, E¢, B%) be a smooth solution of the problem (16) — (23),
assume that the initial conditions satisfy H1, H2 and that H3, Hj hold. Then we
have

US(t,z)| < Mg, (t,z) € [0,T] xR,

o 4 621 5T S T
Vil+|VE] < T SRR ME+5(WE+ L +HO)+§||JHL%(L%)+6(JI/4 ,

Proof Let us start by estimating V. Combining Proposition 3.1, and Lemma 3.3,
) we obtain

L s

2 1)

x—;'%—g(p)—l—&) fa(s,x—t_s,p) dp ds

1 €12 2521 Re|2 € DE _t—S
+—2€5 (|E\ +e°0°| B — 2e0E5B%) (s, x = ) ds
1/6%2 -1 t—
/ (6t +vy) (lnf + x+—'+5() / )fa(s,x—i-—s,p) dp ds
R2 2 55
€12 22| pe|2 e — S
+2€6 (\E| + &°6°| B°|* + 220 E5 B (s, x—l— = ) ds

—i—@// /\hasyp\dpdyds

vt 1/6% — 1 1
-/ /(1nf5+\y\+e<p>+—/2 )fodpdy+2/ s+ 55 dy
T R2 r—-t

5 // 25

</ L fe(s,y,p) hi(s,y,p) dp + E(s,y)J (s, y)) dy ds
R2 P
W I z+i=2 —

2 _

_ 1t
=7

+||E8||L°°(O,T;L2 W zrgorize@y-  (44)
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Then, we can reproduce the tricks of Lemma 3.1 so that for any fixed (¢,z) €
[0,7] x R and s € [0, t] we get

fg“nfa(ijit;_és?p)\ < (mff ( t;as (p)))ff(s,xit—és,p)

I ) (45)
(&

Reminding (3), we obtain the inequalities

14‘425 oy (p)|In FL (s, 5,pﬁ@ds (46)

™

IN
[

/ (6 £ ui(p (lnf)f(sxi- ,p)dpds
RQ

= [ [ £ nenies!

where the crucial fact consists in remarking that the last term can actually be
bounded uniformly with respect to €, > 0 since

t
C.s = i/ / e~ (£ HE@/B gy g5 < é// e (WHE@N/S gy gy — Cha.
66(5 0 JR2 e Jr JRr2

Combining (44), (46) yields

<>>ff<sxit5 p)dp ds + Cus

L[ (5 . t—s & 62-1y .. s
_//<5 o) (| £+ g - 55\+§+ ) s = ) dp s
(|E5]? + | E5 — 26 B ) (s, )d
%55/0 t o s .
— S
1 i i bl e
+- O/Rt26 +v1) |nf\+| €5|+2 5 )f(sa:+ 5,p)dpds
t—
E'52 Ea SBE VTS s
28(5/0(| | +| + ¢ ‘)(S.T—}— 55)
0
T3 / /Ihfsyp)l dp dy ds
0 Jx—
P M . X
< M; +Wo + Lo+ Hi + =0 0 +2C) )4+ = HE ||Loo(0T[Lz) §||JH%1(}O,T[;L2)
62—1 5T
S( 5 +29)M6—|—5(L€+Wo+H6)+601/4+5||JH woriee) = C-

Since 0 < § < 11is kept fixed, notice that H1-H5 guarantees that Cjj remains bounded
with respect to € > 0. We deduce that

1 1 t . 5—2_1 8 t— s -
22—/ 57 ) (0)+ 5 ) s+ (DM ) dpds < G,

17



and finally by Lemma 3.4 we get

MO~ L v+ v
2 _
g”‘s L [ (= S+ fsn+ ) d s
> -
<! //a <€<p>+”2—1>ff<s,x—t—5,p>dpds
/ 1/62 =1, .. t—
5 +v1(p)(E(p) + 5 —— ) f(s,x + 6,p)dpds
R2
§205

The estimate of U® follows by applying Lemma 3.3 to the continuity equation (25).
Indeed, by (42) we have for any (¢, x) 0,7] xR

1 t
—/ (0 tFul)fi(s,r F ,p dp ds &+ — / / v1(p)fe(s,x,p) dp ds
g 0 R2 6 R2

i/ fo(y, p) dp dy,
x:FE% R2

and thus we deduce that £U°(t,x) < M. -
We can end the proof of Proposition 3.4. By (38) and Proposition 3.5 we get
IET ]| e go.rpxmy < N1EGa [l @) + Mg + ||| Lrgorzoewy) -
Similarly, combining (39), (40), Proposition 3.5 implies
max (|| E5|| e qo,7xR), €| B oo q0,7[xR))

2 1/52—1 5T
< N EG2ll ooy + €01 BG [l Lo ) 1/52_1[< SRR,

5
+5(W5 + Lg + Hg) + §||JH%1(]O,T[;L2(]R))} :

)]\4‘E + 601/4

It remains to justify Lemma 3.3 and Lemma 3.4.

Proof of Lemma 3.3. For any (¢,2) € [0,7] x R consider the sets AS given by

t_
AL ={(s,y) €]0,T[xR : x—g—(; <y <u},
t_
AS = {(s,y) €J0,T[xR : z <y <+ 658}.

Integrating (41) with respect to (s,y) € A% yields

/g:t (u(t—€5(a?—y),y) —u(O,y)) dy + 1/t <Z(3 r) — (5,1 — t;58)> ds

5

w(s,y) dy ds,

18



and therefore we obtain

é/ot(a—lu—z) (s,x—t;é,s) ds—i—%/otz(s,x) ds = /it u(0,y) dy (47)

Similarly, integrating (41) over A® implies

1 [t t—s 1/t vt
—/ (6 tu+2) <s,x + 5 ) ds — —/ z(s,x)ds = / u(0,y) dy (48)
0 0 T

9 £ £

The equality (43) follows by adding (47), (48). ]
Proof of Lemma 3.4. For any p € R?, we set

o = (e0+ L) (5 1w
2

Lt O U1 S ¥ O s =1
2 02(1/92—-1)2 6 4 [p|?

52(1/52 — 1)2

152 -1 1 |pf? ;
% <\/1 PR —1e s = 1)'“')

However, for any ¢ € R? (= 2p/(6(1/6% — 1))), we have

TP - o) = 12l 2|
VIl + ol — 1+ g?

1+

It follows that
1 |p2] 1/t -1

R o2
it \/1+ 1P >
52(1/52 — 1)
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4 Asymptotic Analysis

We are now in position to perform the asymptotic analysis when € goes to zero. The
uniform estimates obtained in the previous section allow us to extract converging
sequences as follows.

Proposition 4.1 Assume that H1-H5 hold. Suppose that for any e > 0 (f¢, E¢, B)
is a smooth solution of (16) — (23). Then there is a sequence (€;)gen decreasing to
zero such that the sequences

(f(?7E(l)€7B(I)€>k€N = (fgk7E8k7ng)k€N7 (fkaEk7Bk>k€N = (fakaEEkaBak)k€N7

satisfy
f¥ —~ fo weakly in L'(R?), (49)

P = /RQ f5 dp — po = /RQ fo dp weakly in L' (R), (50)
E§, — Eoy uniformly on compact sets of R, (51)

Eéi2 — Eyo weakly in L*(R), (52)

¥ — f weakly in L'(J0, T[xR x R?), (53)

. /R fEdp— pi= /szdp weakly in L1(]0, T[xR), (54)

E¥ — B strongly in Li. ([0, T]xR), weakly in L*()0, T[xR), weakly  in L>°, (55)

loc

(EY er6BF) — (0,0) weakly in L*(]0, T[xR)?, weakly % in L=(]0, T[xR)?.  (56)

Proof. We split the proof into three steps.

Step 1. Proof of (49), (50), (53), (54). By Proposition 3.2 i) and ii) and hypotheses
H1-H5, we can apply the Dunford-Pettis theorem, see e. g. [20] (Th. 4.21.2, p. 274),
which justifies (49) and (53). Moreover the limit f is non negative and satisfies

sup /R/RQ(l—HxH—E(p))f(t,x,p) dpdz < +o0.

0<t<T
Similarly by Corollary 3.1 we deduce
sup /(1 + |z| + |In p])p°(t, x) dx < 400,
e>0,t€[0,T] JR
which implies (50), (54).
Step 2. Proof of (51) and (52). Since sup,.q [ | Inp§|p§(x) dz < +oo we deduce
that for any n > 0 there is h = h(n) > 0 such that ffrh p5(y) dy < n for any € > 0

and x € R. Taking h small enough, since D(0,-) belongs to L'(R), we also have
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fzﬁh D(0,y) dy < n for any x € R. Therefore, by (24) we have for any ¢ > 0 and
reR

z+h
Byl ) = By(a)l = | [ {6is) ~ DO.w)} dy| < 20
and since (E ). is bounded in L>*(R), by using the Arzela-Ascoli theorem we de-
duce (51). The convergence (52) is a direct consequence of H2. Moreover we check
easily that Ey1, Egs € L®(R) and L Ey; = py — D(0, ).

Step 3. Proof of (55) and (56). We claim that (E%).so is bounded in 2! ([0, T] xR).
Indeed, (E%).~o is bounded in L>*(]0, T[xR) and thus in L ([0, 7] x R). Moreover,
(0:E)es0 = (p° — D). is bounded in L'(]0, T[xR) and (8,E%)-50 = (— 2145 4+ J)e>0
is bounded in L; ([0, 7] x R) by Proposition 3.2-iv). We deduce that (Ef).q is
relatively compact in L. ([0, 7] x R).

Observe also that (Ef, E5, edB).~q is weakly relatively compact in (L*(]0, T[xR))?
and weakly x relatively compact in (L>(]0,T[xR))?. Thus we obtain (55) and
(E%, exdB*) — (FEy, B) weakly in L?*(]0, T[xR)?, weakly * in L>(]0, T[xR)?. More-
over the limits F, Ey, B belong to L>(]0, T[; L*(R)) and we have 0,F; = p — D.
Let us now prove that (E,, B) = (0,0).

By (19) we have for any p € C1(]0, T[xR)

//B‘f@tap dxdt'

< =6|eoB HLOO(OTX[R//W da .

T
Egazwdxdt' = %2
R

Since sup,~||ed B?|| Lo, 71xr) < +00 we obtain 0, F, = 0. Taking into account that
FEy € L>=(]0,T[; L*(R)) we deduce that E; = 0. Similarly for any ¢ € C1(]0, T[xR)
we have by (18)

0 B0, p dx dt‘ =

T jg
(—230 — Egatgo) dx dt'
R\ €

b
0
T
&6 [ lgloo || 2 B / / Ol dedt ) .
L1(J0,T[xR) 0 JR

By using the uniform bounds in Proposition 3.2-iv) and Proposition 3.4, we obtain
9, B = 0 and since we know that B € L>(]0,T[; L*(R)) we conclude that B = 0. —

IA

We focus our attention to the moment equations of (16); namely, let us go back
o (25), (26) and (27). As mentioned above, we guess from the entropy estimate

that fe(t,z,p) =~ p(t,x) K( where K = [, e7¥®) dp. In this case we obtain

t,x _
/ v1(p)p1 f° dp =~ —'O(K ) / P10y (e 5P dp = p(t, 2),
R2 R2
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and

t,x _
/ Ul(p)pzfe dp ~ _p(K ) / p28p1 (6 5(1’)) dp = 0.
R2 R2

Let us make this statement rigorous.

Proposition 4.2 Assume that H1-H6 hold. Suppose that (f¢, E°, B%).~o are smooth
solutions of (16) — (23) and consider (ex)ren the sequence constructed in Proposition
4.1. Then we have

gga<(/mf@@/yﬁwﬂzmmj

lim (am /R 2 vi(p)prf* dp, 0. | vi(p)paf” dp) = (0zp,0)

k—+4o00

in D'([0,T] x R)2.

R2

Proof. We shall use the estimates in Proposition 3.2, Corollary 3.2 and Corollary
3.4. Let ¢ € CX([0,T] x R). For I € {1,2} we have

@/pzf’“dp, w)' < ||0kp]| Loosup (2 sup / |p\f"" dpdx+/ / \p|f’“dpdxdt> :
R2 keN te[0,7

and therefore limy_, | o £,0; fRQ puff dp =0 in D'([0,T] x R). Next, observe that

T
(0, [ v dp, ) =—@///@MM 75t dpda dt //@wwwMu
R2 R2 0 R

and we can conclude provided that for any R > 0 we have

T (R
sup/ / /2 Ip|\/ f* |R*| dp dx dt < +oo. (57)
~-rJR

keN Jo

sup
keN

By using the Cauchy-Schwartz inequality we deduce that

T R T R
// /Ip\\/f’“\h’“\dpdxdt < (/ / /\p|2fkdpdxdt)
0 —R JR2 0 _RJR2
T rR 1/2
(/ / /\hk\2dpdxdt) ,
0 —R JR2

and therefore we are done if we prove that supyey 0.7 f_RR Jeo [P f5(t, 2, p) dp do <
+o00. The Holder inequality yields

R R 1/r
sup / PP f5(t,z,p) dp < sup (/ (fF(t))rer—DE®) dpdm)

keN,te[0,T] J—-R JR2 keN,te€[0,T) —R JR2

R ) 1/r
(/ 2 | e~¢® dp) < 400
~rJR

where 77 is the conjugate exponent of r, i.e.; 1/r + 1/r" = 1. This ends the proof of
Proposition 4.2 O

1/2
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Having identified the limit of higher moments involved in (26), (27), the difficulty
relies in the non linear terms.

Proposition 4.3 Assume that HI-H6 hold. Suppose that (f€, E¢, B%).~o are smooth
solutions of (16) — (23) and consider (gx)ren the sequence constructed in Proposition
4.1. Then we have

Jim (Erpt, E3pf) = (Evp, 0) in D'((0, 7] x R)?, (58)
kliril (ex0?B*j¥, £,0°B*55) = (0,0) in L'(]0, T[xR)?. (59)

Proof. We write EfpF = E}(0,EY + D). Since (EF)ren converges towards Fj
weakly x in L°°(]0, T[xR) we have for any ¢ € C1([0,T] x R)

k—+o00

lim /O ' /R E5 (1 2) D (L, 2)(t, ) da dt = /0 ' /R Ey(t,2) Dt 2)o(t, 7) da dt.

It remains to analyze the term EF0, EY

Tri 1
eto.5t - mo.b )l = | [ [ olette deat - J0.1E )
0 JR

1 [T e
_ '—5//(Ef—EﬁEf(?wSdedtJrQ//El(El—Ef)ardedt‘
0o JRr 0 JR

leller sup I1BE oz 124 = Bull s

IA

and therefore limy,_., o, E¥p* = E1p in D'([0,T] x R) by using (55).

Consider now the term E5p*. Since (E%)ien is bounded in L>(]0, T[xR) and
(p*)ren is bounded in L>(]0, T'[; L*(R)) it is sufficient to prove that E5p* = E¥(0,EF+
D) — 01in D'(]0, T[xR). Take ¢ € C1(]0, T[xR). As before we have

k—+o00

lim /0 ' /R EE(t 2)D(t, 2)o(t, ) dar dt — /0 ' /R By(t, 2)D(t, 2)(t, 2) da dt,

and for the term E50,EY we write

T
(ESO,EF ¢)] = / / <ax<E§Ef>—azE§Ef>mdt'
0 R
< QF+Qk, (60)

where Q¥ := ‘IOTIR EYEY0,0 dx dt‘ and Q := )fOTfR 0, E5Evrp dx dt‘. Observe that

T T
QF < /O/REQ“(E{“—El)@xcp dxdt' + /O/RElEgamso d:cdt', (61)
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and therefore, by using the strong convergence of (E})ey in L ([0, 7] x R) and the
weak convergence of (E5)gey in L2(]0, T[XR) we deduce that limy_. ., QF = 0. By

using (19), (17) we have
T
//6k5Bk8tEfcp dxdt‘
o Jr

T
< bl B e oirir | Bl oot / / O] d dt
R

AR

Since (EF)ren, (exd0BF)ren are bounded in L>(]0, T[xR), ( )keN is bounded in
L*(]0,T[; L*(R)) and J belongs to L*(]0, T[; L=(R)) we deduce that limy 40 QF =

0. Thus we proved that limy ., Ef 0,E¥ = 0 in D'(J0,T[xR) and therefore
the second convergence in (58) holds. The convergence (59) follows easily since

(ex0B")gen is bounded in L>*(]0, T[xR) and (2 k)keN is bounded in L*(]0, T'[; L*(R)).

We have
Ll(}O,T[x]R)) '

Remark 4.1 By easy density arguments we deduce that limy,_, | o fOTfR E%pFo dx dt =
0 for any continuous bounded function p € C°([0,T] X R) (use the uniform bounds
SqueNHEgHL‘”(]O,T[XR) < +00 and Supen sefo,1] fR (1+ |z)pf(t, x) do < +o0).

T
Qg = 5k6//5kéBkEf8tcpdmdt'+ak6
0o Jr

+  e10]|exd B¥|| Lo go.rixw)

.kl

ex02 B 5%|| L qo.rixry < €0 sup (Hgk'w”!lmqo,ﬂxm
k'eN Ek’

(|

Remark 4.2 Notice that assuming H6 with r = 2 we have the uniform bound
sup.~|| % ||L2 (10,7[x®) < +00. Indeed, by Corollary 3.2 we know that

e>0 R2 8>O€ ]RQ

and thus we obtain for any (t,x) € [0,T] x R

2
= / V fehE(t, 2, p) dp S/ feeg(”)\hﬂzdp/ e ) dp,
R2 R2 R2

2
< (/ )Sup/ / fee€PhE|2 dp da dt.
L2(]0,T[xR) R2 e>0 R2
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yE

sup
e>0
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The convergences of Propositions 4.2 and 4.3 are sufficient for passing to the
limit with respect to k in (26). We obtain the equations

00,E1 + pEy — 2By = 0,D +0.J,  (t,x) €]0,T[xR,

0,E,=p—D, (tz)€[0,T] xR,
Ei(0,2) = Ep1(x), z €R.

This finishes the proof of Theorem 2.1.
Let us only check that the initial data is preserved for the limit equation. We
rewrite (26) as follows

o(0F; < | mitdp) 0. | pioito)*dp— B - 0255 + 01
R? R?

For any ¢ € C2°(R), by virtue of the estimates established above, the set

{/R <9Ef(-,x) —642p1f6(.7x,p) dp)go(x) dr, &> 0}

is relatively compact in C°([0,T]), as a consequence of the Arzela-Ascoli theo-
rem. Since [g, p1f€dp is bounded in L>(]0,T[; L'(R)), the conclusion applies to
{ [z E5(t,2)¢(z)dx, & > 0} as well. Using an approximation argument we can
consider a trial function ¢ € L'(R). Finally, by separability, we use a diagonal
argument and we conclude that we can extract a subsequence (£x)ren decreasing to
0 such that for any ¢ € L'(R),

khT Ef*(t,x)p(x)dx = / Ey(t,z)p(x)dx uniformly on [0,7].

5 Comments

5.1 Rate of Convergence for the Electro-Magnetic Field

Let us now show that the behavior of E5¥ and B* can be made precise with the
strengthened assumption

E€
H8) lim sup/ <M +5\Bg(x)\) dx = 0.
|z| >R

R—+00 ¢>0 €

Proposition 5.1 If in addition to the hypotheses of Theorem 2.1, HS holds, then
we have

k
im (22584 = (0,0), in D'(]0, T[xR)2.

k—+oco Ef
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Proof. For any ¢ € C1(]0, T[xR) we have by (40)

1
5Bkg0dxdt' < - // 2+ 6BF)( )gp(tx+—) dx dt
2 R €k§
+ %// — 6B (x )gp(tx——é)dxdt
R
T
T V’“O da dt| + VEL dedt]. (62
2

anz(z + 6|BE(x)|) dv < n for any k. Take

d > 0 large enough such that supp ¢ C [ T — 1] x [—d, d] Then for any (¢, x) €
[2,T] x [=R, R] and k satisfying ), < samTay Ve have |z = - 5| > de +=5 — 1 > dsaying
that

Take R large enough such that f >R

R+d)

514:5

srwmm//
|z|>R

< ez

T R
/ / (Bt + 0 BY)(@)p(t o £ ) de dt =0,
0 —R

and thus we have

02 4 6BF) (x)p(t, @ £ —) dx dt
R €k(5

o) dxdt

Therefore the first and second term in the right hand side of (62) vanish as k — +o0.
For the last two terms observe that we have

//vi //32 ) dr dt, (63)

where for any (¢t,z) € [0,7] x R

%wm:%[T<

By using (27) we can write

T
—«9//Vf£dxdt
0 JR €k

i5/ ot £erd(y — x),y) dy.

T
//q@t (/ paf* dp) Yk de dt
R2
// (/ (p)paf* dp) Yk dx dt
T
- //Egpkwi da:dt—i—/ /gk(Sszjf k dadt
0o Jr 0o JR

= T 4+ T, +Tis+TE, (64)

+
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We are done if we prove that limy_ o 7%, = 0, 1 € {1,2,3,4}. Observe that

zi%
am@mx>=i6/ Drplt £ £26(y — ), y) dy. (65)
and
k 2 Ii%
Ok (t,0) = —@a/' Dot + £40(y — 7). y) dy F (1, )
= Fer00uk Fop(t,x). (66)

Notice that ¢%, ;% 9,9% are uniformly bounded for k > 1

WiHLw(}o,T[xR) <o sup |p(t, )| dz,
R t€[0,T]

||at¢:kt||L°°(}0,T[xR) < 5/ sup |9yp(t, )| du,

R t€[0,T]

10295 | oo qorixr) < 6] oo qo,7(xR) + 6152/ sup [9,p(t, )| dx.
R t€[0,7]

After integration by parts, by taking into account that ¥% (T, -) = 0 we find

Tl <

o [ [ el )t 0.a) dpda

Ek /T//R2 pofR(t, 2, p)Oh dpda:dt'
< Gw//mmdmﬁmp//@mudmmﬁ

implying that lim;_. 4o 7% ; = 0. Similarly one gets by using (66)

+

TE,| <

v1(p)pa.frerdOt dp dx dt'

RJR2

+

vl(p)mf "5 dp da dt'

6kH(9t¢i||L°°/// Ip| f* dpdxdt+6k5/// o/ fF hEp dp de dt| .
R2

Notice that ¢ has compact support and then we deduce by (57) that limy_, 1 T j’;z =
0. The convergence lim;_ o 7%, = 0 follows by (59). Let us concentrate our
attention on the convergence of (T% 5)ren. Consider the functions

IA

- +oo
Vi(t,z) = :|:5/ o(t,y) dy, (t,z) € [0,T] x R.
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Here ¢ € C1(]0, T[xR) with supp C [3,T — 5] x [—d,d] with d > 0 large enough.
By Remark 4.1 we know that
T ~
lim / /Egp’%pi dz dt = 0.
k—+oo Jo Jr
Since (Ej )gen is bounded in L=(]0, T[xR), supyey sejo.r) Jo(1+|2]) 0" (t, ) d < 400

and supen|| ]| Lo qo,rixr) < 400 for any 17 > 0 there is R = R(n) large enough such
that

T T
/ EYoFyk da dt‘ <, / EYp*y dedt| <, kE>1.
0 Jiz[>R 0 J)z|>R

Take k1(n) such that

T
/ /Eé“p’%i d:vdt' <n,  k=kin).
0 JR

Therefore we can write for any k > ki(n)
T T .
| [ Bt dxdt‘ < | [ ] Bt -0 dxdt'
0 Jr 0 JRr
T (R }
< s |[ [ Eiwh - dt‘
o J-r

vy ~
| Bt b e
0 —R

= 3+ . (67)

Take now ks large enough such that #ké > R+ d for any k > ky. Observe that for
all (t,x) € (0,7 — 3] x [-R, R] and k > k» we have

T—+ 1 T+ 1
>_ = _R>d _ <R-—— <4
c0 = depd T S A ’

saying that for any (t,z) € [0,T — 3] x [-R, R] and k > k; we have

x4+

I:‘:Tﬁt
€0

5 +o00
Jalt,z) = 5 / olt,y) dy = +0 / o(ty) dy.

Thus for any (¢,z) € [0,7 — 2] X [-R, R] and k > ks we have

[Yh(t @) = Yu(t,z)| = 6 /I Mt ebly —2)y) — ot )} dy

IA

:c:I:T—fg
=%
5 / 18l e €48 |y — 2|1 iyeaay dy

2[|0upll e~ x0*(d + R)d. (68)

IA
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Combining (67), (68) yields for any k& > max{k1(n), k2}

T
//@W@mw
0 JR

and we deduce that limy_, 4 o fOT Je E5pF¢k dx dt = 0. The above computations show
also that (Eg)keN converges to 0 in D'(]0, T[xR) (use (39)). ]

€k

< 3n+ 2H8t<p||Loo5k52(d + R)d sup ||E§/HLOOT sup ||p’5/HL1,
k! K/

5.2 Convergence to the Equilibrium Function

It is possible to show that (f*)ren converges towards p(t, ) 6_5(7")/f]R2 e~¢@dyq
in some sense. We need to establish first that (p*)reny converges towards p in
([0, T}; w—L'(R)).

Lemma 5.1 Assume that (p%)es0, (J5)es0 satisfy p° > 0,

@f+@%:a in D0, T[xR),

sup /(1 + |z| + |In p|)p°(t, x) dx < 400,
e>0,t€[0,T] JR

T 5 2
sup/ </de) dt < +o0.
e>0 Jo R €

Then (p°)eso is relatively compact in C°([0, T]; w—L'(R)).

and

Proof. Following the ideas in [25] we can extract a sequence (£g)ren decreasing
towards 0 such that for any ¢ € C°(R) N L>=(R) we have

lim [ p"(t, z)p(x) do = /p(t,x)cp(x) dx, uniformly in ¢ € [0,7]. (69)

Actually (69) holds for any ¢ € L*(R). Indeed, for any n > 0 take R > 0 large
enough such that

sup / i (t,x) de <, sup / p(t,z) de < n. (70)
\ |

keN,te[0,T] J|z|>R t€[0,7] J|z|>R

By the hypotheses we can find g = u(n) > 0 such that for any ¢ € [0,7] and
measurable set A satisfying meas(A) < p we have

sup / p(t,z) de < n, sup / p(t,z) doe <n. (71)
1/JA A

e>0,t€[0,T te[0,7T
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By Lusin theorem (cf. [35], p. 52) there is a function ¢, € C2(R), |l¢yllze < [|@|lLe
such that

meas ({z € [-R, R] : ¢y(x) # p(2)}) < p. (72)
Combining (70), (71), (72) yields

[t t.) = ol 2))ota) ds

R

< /<pk<t, 7) — p(t, 7))y () da

R

R
n / (0" (t, x) = p(t, 2)) (@) — py(x)) do

R

n / (P (t,2) — p(t,2))(p(z) — () da
|

z|>R

< | [t~ plt,2))onfz) do| + Sullplon
R
Since we know that limy . o [ p"(t, 2)¢y(2) do = [, p(t,2)ey(x) de uniformly
in ¢t € [0,7] we conclude that hmk_>+oo Jo PFt z)e(x) dx = Jp pt,x)p(z) dx
uniformly in ¢ € [0, T. -

Corollary 5.1 Let us set M(p) = e @/ [, e @Ddq for any p € R?. Under the
assumptions of Theorem 2.1, (f*)ren converges towards p(t,x)M (p) in the following

Sense
T
Jim_ / / 2 /R(f’“(t,w,p)—p(t,x)M(p))sO(x) da| dp dt =0,

for any test function ¢ € L= (R).

Proof. We write f* — p(t,2)M(p) = f* — p*(t,x)M(p) + (p*(t,x) — p(t, x)) M (p).
Consider now ¢ € L>(R). By Lemma 5.1 we have

klim (p*(t, ) — p(t, 2))p(z) dv = 0, uniformly in ¢ € [0,77.
— 400 R

By using the dominated convergence theorem we have

T
lim
k——+oco 0 R2

/éﬁ(t, 2) — plt, 2))M(p)p(x) de| dp di = 0.
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It remains to discuss f* — pFM. By logarithmic Sobolev inequality (see [4], [2]) we

obtain

/IR? {p’“f\]j(p) h: <p’“f{;(p)) - p’“fj\j(p) " 1} pMp) dp
/Rz fin <ka{4 (p)) o
A /R 2 %

= AE’“/ \hE(t, 2, p)|? dp,

for some A > 0. We conclude by using the Csiszar-Kullback-Pinsker inequality, see
[17], [28]

2
k_ k k - )
</R o MWl d”’) S“/R/Rgf " (pkM(p) e

for some p > 0 which implies that

/OT/R ot < el </0T</R Nt dpdm)ilt) "
= el (/ //Rf ln( ) dpdxdt)1/2

1/2
£
< HSOHLOO\/AMT§ (// \hk|2dpdxdt) (73)
0 JRJRZ?

tends to 0 as &k — oo. -

o
IN

IN

Vi M(p) dp

/(f’“ — M) dx
R

6 Appendix

We detail here the dimensional analysis of the equations and the physical meaning
of the different parameters. We introduce the following physical constants

- ¢ the vacuum permittivity,

- ¢p the vacuum light speed,

- ¢ the charge of particles,

- m the mass of particles,

- 7 the relaxation time which characterizes the interactions of the particles with the
thermal bath,

- Kp the Boltzmann constant,

- Tiy, the temperature of the thermal bath.
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We will also need the total number of particles involved in the physical system under
consideration, denoted by N' . We define the thermal potential by

Uth == Kqurth .

The thermal impulsion py, > 0 is given by the relation

m2c

p2
meg | |1+ =2 —1 | = KgTh,

which leads to

pi = \/ (KBTw)2/c} + 2K5Tom.

Eventually, we denote by vy, > 0 the thermal velocity given by

1
DPth — e |1

= 1 Pe, a KpT, 2
t Blth
my/1+ e (1 + s )

PthVth KpTy, + 2md}
KpTyw  KpTiw +mdd

Remark that

=9 €]1,2[.

We are interested in the evolution of the distribution function f(¢,x,p) of the
charged particles; it depends on time t > 0, space v € R? and impulsion p € R3.
Given a momentum p, the associated energy reads

E(p) = me3 (y/1+ |pf2/(m2c3) — 1)

and the velocity is given by

v =V,& = P .
W) = V) = )

Then, the evolution of f obeys the Fokker-Planck equation

Of +v(p) - Vof +q(E(t,z) +v(p) ANB(t,z)) -V, f = Lrp(f),

for (t,x,p) €]0, +00[xR3xR3 where the relativistic Fokker-Planck collision operator
reads

Lon(f) = Boaie, (201 49,1 ) = Boaw, (MY, (11)).
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Here M(p) = e~¢®)/(EsTw) ig the relativistic Maxwellian. The force acting on the
particles depends on the electro-magnetic field (F, B) the evolution of which is driven
by the Maxwell equations

) (T
O FE — ¢k curl,B = —q‘M, OB + curl, B = 0, (t,z) €]0, +oo[xR3,
€o
t
div, B = ") div, B = 0, (t,2) €]0, +oo[xR?,
€0

where p = [os f dp, j = [z v(p)f dp are respectively the charge and current densi-
ties.

Let us write the equations in dimensionless form. To this end, we introduce a
length unit L, and a time unit 7. As impulsion unit we set P = py,. We define
dimensionless variables and unknowns by the relations

t="Tt, = Lz, P = pwp,
N T p Un ,(t Un ./t
t (L22). b~ ep(LD). b - S (L2)
f(t,zp) = L33f L P (to) =T E\F T o) =728\F T
We set
E(pnp’) % P
8/ AR (. :V /5, N — th
(p) KBﬂh I v (p) p (p) mKBﬂh

W
mz 3 1P

As a matter of fact, note that v(p) = Kffth v'(p/pen). We also introduce the Debye

length

€0KBTthL3
A=\ T
q

Then, the equation becomes (having dropped the primes)

KpTy, T qUthT( KpTy L )
of+ —v(p) - Vo f + — | E(t,x) + — v(p) NB(t,x) | -V
tf pth L (p) fT pth L ( ) pth TC% (p) ( ) Pf
= —div,(fo(p) + V,f)
-
coupled to
L 2KBT‘th T . COT 2
O, cur IL 2 <)\D> o L j(t, z), O +< 7 ) curl, 0,
div, FE = (—) p(t, x), div,B =0,
AD
with

i) = [ fenpdp s = [ o) dp
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We are concerned with the physical situation where

Ap = L,

KgTo, T 1 _ T 6
1< 202 - -« S =

pn L € T g2

where # > 0 is a fixed dimensionless parameter. The first relation determines the
length unit L = ¢\ /(ggKpTi). The second says that the time unit is large com-
pared to Lpy,/(KpTi) which is itself larger than the relaxation time. Accordingly,
it means that the thermal velocity vy, is large compared to the reference velocity
L/T (the ratio being of order O(1/¢)). Besides, the mean free path ¢ = vy,7 is small
compared to both the Debye length Ap and the length unit L (the ratio being of
order O(g)). Next, we check that

ﬂzc_o VenPth KpTinT _ 1 v
L KgT, L KT\ -2 ¢
Uth BLth  Pth \/1_ <1+ B ch) €
meg
We denote
CoT . 1
L 0

where, by definition, the parameter 6 = (1 + 2mec2/(KpTw))~"/? belongs to (0,1).

As a matter of fact, we remark that the magnetic effects are always dominated
by the electric forces. Eventually, let us go back to the expression of the rescaled
velocity which involves the dimensionless quantities

2 2
Pin Pin

— and L
mKpgTi, mAc

It turns out that we can rewrite these quantities by means of the previously defined
coefficient and we get

( 2 p

vp) =15 - =
< 1 S

E(p) = %(\/1+ m@e - 1)‘

We recap the asymptotic problem as follows

\

af + év(p) Vaf + GE(t, z) +6%v(p) A Bt x)) V= :%divp@(p)f +Val).

1

O E — curl,B = —=j(t,x), £26%0,B 4 curl, E = 0,
€

div, E = p(t, z), div,B = 0.
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