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Asymptotic behavior for the Vlasov-Poisson
equations with strong external magnetic field.
Straight magnetic field lines

Mihai BOSTAN *
(May 4, 2019)

Abstract

The subject matter of this paper concerns the Vlasov-Poisson equations in
the framework of magnetic confinement. We study the behavior of the Vlasov-
Poisson system with strong external magnetic field, when neglecting the curva-
ture of the magnetic lines. The arguments rely on averaging techniques. We
intend to determine second order approximations and to retrieve the usual elec-
tric cross field drift, the magnetic gradient drift.

Keywords: Vlasov-Poisson system, two-scale analysis, averaging, homogenization.

AMS classification: 35Q75, 7T8A35, 82D10.

1 Introduction

Let f = f(t,z,v) be the phase space density of a population of charged particles of
mass m, charge ¢, depending on time ¢, position x and velocity v. Motivated by the
magnetic confinement, we study the Vlasov-Poisson equations, with a strong external
non vanishing magnetic field. Neglecting the curvature of the magnetic lines, we assume
that the external magnetic field is orthogonal to Oz, Ozs. In the two dimensional
setting = (x1,x2),v = (v1,v2), the Vlasov equation writes

8tf5+v-fo€+% {E[f(t)|(x) + B (z) v}V, f* =0, (t,z,v) € Ry xR*xR> (1)
Here the notation () stands for the rotation of angle —m/2, i.e., v = R(—7/2)v =

(v9, —v1), v = (v1,v2) € R? and the magnetic field writes B*(z) = (0,0, B(z)) =
(0,0, B(x)/¢e), where B(x) is a given function and £ > 0 is a small parameter related
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to the ratio between the cyclotronic period and the advection time scale. The electric
field E[f*(t)] = =V, ®[f(t)] derives from the potential

Bl =~ [ [ Inle 2l dvds )
27T€0 R2JR2
satisfying the Poisson equation

—e0AR[f5()] =q | fo(t,x,v) dv, (t,z) € R, x R?

]RZ

whose fundamental solution is z — —5-In|z|,z € R*\ {0}. Here o represents the
electric permittivity. For any particle density f = f(z,v), the notation E[f] stands for
the Poisson electric field

/

Ble) = 5= [ [ 5@ )t avas )

~ 2me, |z — |2

and p[f], j[f] are the charge and current densities respectively

p[.ﬂ:q f(',’l)) dU, ][f}:q f(-,U)Ud’U.
R2 R2
We complete the above system by the initial condition
(0, 2,v) = fun(z,v), (z,v) € R* x R% (4)

We intend to investigate the asymptotic behavior of the problem (1), (3), (4) when &
goes to 0, by studying the well posedness of the limit models and establishing second
error estimates. We refer to [19, 20, 21, 29, 30, 12, 15, 27, 3, 5, 6, 7] for previous results
on this topic where, most of the time, the authors studied the case of uniform magnetic
fields (see also [17, 22| for results with magnetic field of constant direction but variable
strength and with magnetic field of constant strength but variable direction).

Solving numerically (1), (2), when € becomes small, requires a huge amount of
computations. For example, when explicit numerical methods are used, CFL stability
conditions apply, leading to a small time step of order €. One alternative is to construct
suitable numerical schemes, preserving the asymptotic cf. [16, 18, 14]. Here we have in
mind another possibility. Instead of solving the problem (1), (2), which appears in a
singular form, due to the large magnetic field, we are looking for a regular reformulation
of it, whose numerical resolution is not penalized anymore by the smallness of the
parameter €. Certainly, the new problem will not be equivalent to the original one,
but up to a second order term with respect to €, the solutions will coincide. Therefore,
when ¢ becomes small we can obtain very good approximations for the Vlasov-Poisson
system with large external magnetic field, with a numerical cost not depending on &.

As usual, the starting point for such analysis is to look for quantities which have
small time variations, like the guiding center, the rotation of the relative velocity with
respect to the electric cross field drift [17, 27, 30]. Taking the average with respect to
the fast cyclotronic motion, we obtain the model (6) for well prepared initial particle
densities, which corresponds to the asymptotic model in [17] (where the authors also
proposed asymptotically preserving particle-in-cell methods for solving it numerically).
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Its well posedness is established: a classical solution exists globally in time and it is
unique. The main properties of this solution are detailed cf. Remark 4.1. For any
k € N, the notation Cf stands for k times continuously differentiable functions, whose
all partial derivatives, up to order k, are bounded.

Theorem 1.1

Consider a non negative, smooth, compactly supported initial particle density fin €
CHR? xR?) and a smooth magnetic field B° = £ € CZ(R?) such that inf ,eg2 | B*(z)| =
B§ > 0 (that is By = 22, inf,ep2 |B(x)| = By > 0). There is a unique particle density
f e CY (R, x R? x R?) whose restriction on [0, T] x R? x R? is compactly supported for
any T € R, whose Poisson electric field belongs to C* (R, x R?)

E[f®)](z) = 27350 /R 2 sz(t,x’,ﬁ’)ﬁ do'de’, (t,z) €R, xR (5)
satisfying
i r ~12 1 e 1 r e
atf+( 0] _mif 2 ) -fo+%< Elt), v.B )mﬁ: ©)

£0,2,0) = fn(z,0), (x,0) € R? x R

Moreover, if for some integer k > 2 we have fin € CH(R? x R?), B° € C*1(R?), then
f € CF(R, x R? x R?) and E[f] € CF(R, x R?).

It is easily seen that the three dimensional case, with magnetic field of fixed direction,
comes similarly. Indeed, when the particle density f¢ depends on (¢, x1, x2, 23, v, V2, v3),
the Vlasov equation (1) also contains the terms v30,, f*+-L Es3[f*(t)]0,, f and the model
(6) becomes

E[f(1)] m\WVB&) .

1
~ ~ q ~ ~
0tf+1136x3f+EEg[f(t)](’)%er( 5 g ) Ve

1 (LE[f(t)] V.B

3 Be Be

) 0-Vof =0, (t,z,0,v3) € Ry x R® x R
where *E = (Fy, —E,), VB* = (0,, B, 0,,B°), *VB° = (0,,B°,—0,,B%). For more
general results involving curved magnetic field lines, we refer to [10, 11], where the
well posedness of these asymptotic regimes is investigated, together with the error
estimates.

We concentrate on the error estimates, which is the most difficult part of this study,
since we deal with non linear models, perturbed by stiff terms. The error estimates
require a considerable effort : we need to construct a suitable corrector and to perform
accurate balance computations, in order to cancel all the stiff terms. We prove that
the solution of (6) approximates the solution of the Vlasov-Poisson system (1), (2)
up to a second order term with respect to e. We mention that most of the studies
presents convergence results, without indicating error estimates. The main idea is to
split the advection field of the Vlasov equation into a fast and slow dynamics, such that



the guiding center is left (exactly) invariant by the fast dynamics. To the best of our
knowledge this idea is new. The advantages are multiple. The fast dynamics becomes
periodic (even for a non homogeneous magnetic field). Accordingly, the homogenization
procedure comes easily, by averaging over one period, instead of taking ergodic means.

Theorem 1.2

Let B € C3(R?) be a smooth magnetic field, such that inf,eg2 |B(x)] = By > 0. Con-
sider a family of non negative, smooth, uniformly compactly supported particle densities
(9%)e0 C C2(R? x R?)

IRz, R; >0 : supp ¢° C {(7,9) € R®xR? : || < Rz and |9| < Rz}, sup ||¢°|lc> < +oc.
e>0

We assume that the particle densities are well prepared 1.e.,

||J'17 . Vﬁgs||L2(R2XR2)

e>0 g2

< +00.

We denote by (f¢)e>0 the solutions of the Viasov-Poisson equations with external mag-
netic field (1), (2) corresponding to the initial conditions
LU LE[ga]

fe(0,z,v) = ¢° (x+€—,v —€

= ) (z,v) € R* x R?, £>0.
We

Then for any T € R, there is ep > 0 and Cp > 0 such that for any 0 < e <erp

: _; o LB
t:;{l}g] /RQ/RQ[f(t,:U,v) f(t,x—l—swc,v =g )

where f is the solution of (6), (5) corresponding to the initial condition f(0) = (g°)
(here the notation (-) stands for the average along the characteristic flow of the vector
field w.(z) *v - V., see Proposition 3.1).

1/2
dvdz < Ope?

Our paper is organized as follows. In Section 2 we discuss the well posedness of
the Vlasov-Poisson problem with external magnetic field. The regular reformulation of
the Vlasov-Poisson problem is derived by formal computations in Section 3. Its well
posedness is established in Section 4. The error estimate, when the initial conditions
are well prepared, is shown in Section 5 and relies on the construction of a corrector
term. More general results, for initial conditions not necessarily well prepared, or the
three dimensional setting with curved magnetic lines, are discussed in the last section.
These extensions will be the topic of future works.

2 Strong solutions for the Vlasov-Poisson problem
with external magnetic field

The well posedness of the Vlasov-Poisson problem is well known. We refer to [1] for
weak solutions, and to [31, 24, 28] for strong solutions. Using essentially the same
arguments, leads to global existence and uniqueness for the strong solution of the
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Vlasov-Poisson problem with external magnetic field. Moreover, we establish uniform
estimates with respect to the magnetic field, which will be crucial when studying the
asymptotic behavior with strong magnetic fields. More exactly we prove the following
result, see Appendix A for the main lines of the proof.

Theorem 2.1

Consider a non negative, smooth, compactly supported initial particle density fi, €
CHR? x R?) and a smooth magnetic field B € C}(R?). There is a unique particle
density f € CY R, x R?* x R?), whose restriction on [0,T] x R? x R? is compactly
supported for any T € R, whose Poisson electric field is smooth E[f] € C1(R, x R?),
satisfying

atf+v-vxf+%(E[f(t)]+BLv) Vof =0, (t,7,v) Ry xR*xR* (7)

/

/ fta, v')fi WA, (L) eR, xR (8)
R2JR2

x — a'|?

Elf(®)l(z) =

271'80

f(0,2,0) = fin(z,v), (z,v) € R* x R (9)
Moreover, if for some integer k > 2 we have fi, € C*(R* x R?), B € CF(R?), then
f € CF(R x R? x R?) and E[f] € C*(R, x R?).

Remark 2.1
1. The solution constructed in Theorem 2.1 satisfies the conservation of the particle
number and total energy

d
—/ f(t,z,v) dvde =0, teRy
t Jr2R2

% {/ an'zU'Qf (t,,v) dvdz - 47350 / A @)@plf (O] In fo = o dw’dﬁ} = 0.

2. Notice also that we have the following balance for the total momentum

/R2 f(t, z,v)mv dvdz — q/RQ R2f(t,a:,v)B(x) v dvde = /Rp[f(t)]E[f(t)} dz

~ /R L i) v BLF ()] B ()] da

=<0 [ L aive (B 0] 0 L] - P00 ) a0 =0

When the magnetic field is uniform, we obtain

/ f(t,z,v)mv dvde = (/ f(t,z,v)mv d’udx)
R2JR? R2JR2

saying that the total momentum rotates at the cyclotronic frequency w. =

sy

=
m

/ f(t, z,v)mv dvde = R(—w.t) / fin(z,v)mv dvdx, t € R,.
R2/R2

R2/RR2



3. By direct computation, when the magnetic field is uniform, we obtain

izw):_@.%

Ly

'x+—
We

[v Vg + %(E[f] + B *tv) - VU} (1

2 2 w? B

Therefore, after integration by parts, we deduce

] YA Bf
/R2 J(t 2,0 (5 x+w_c _Ew_(23> dvdx_—/RZ RJT. Lz dvdz
= —;—(; R21supp plf ()] div. E[f(t)] E[f(t)] - Lo de
2
= _;—(;/ Loupp plf(1)] 1Va (E[f(lf)] ® E[f(t)] — %[2) e de
B 2
- ;_061 RzlsuPp PlLF)] (E[f(t)] @ E[f(t)] — %h) 0rx do = 0.

3 Asymptotic analysis by formal arguments

We are interested on the asymptotic behavior of the particle densities (f¢).~o satisfying
(1), (2), (4) when € > 0 becomes small. We assume that the initial particle density
and the external magnetic field B®(x) = B(z)/e are smooth

fin >0, fin € CHR? xR?), B e CHR?). (10)

Under the above assumptions, we know by Theorem 2.1 that for every € > 0, there is
a unique strong solution f¢ € C'(R, x R? x R?) (whose restriction on [0, T] x R? x R?
is compactly supported for any 7' € R,), E° := E[f¢] € C'(R, x R?) for the Vlasov-
Poisson problem with external magnetic field B = B/e. By the arguments in the
proof of Theorem 2.1 we also have uniform estimates with respect to ¢ > 0 for the L
norm of the electric field £ and the size of the support of the particle density f©. Let
us denote by (X¢, V) (¢; t, z,v) the characteristics associated to (1)

dXe dve ¢

B
n =Ve(t; ty, z,v), Tl Es(t,XE(t;to,x,v))—|—€(X€(t;t0,a:,v)) LVeE(t; to, z,v)

Xe(t;tg, x,v) =z, V(L tg,x,v) = 0.

Clearly, the strong external magnetic field induces a large cyclotronic frequency with
respect to the reciprocal advection time scale, and therefore a fast dynamics. Indeed,
by introducing the characteristic scales (¢,7,v) for time, length, velocity, we have
t =7/v and Wit ~ 1/e. We use the notations wi = ¢B*/m = w./e,w. = ¢B/m ~ 1/1.
The key point is to find out quantities which are left invariant with respect to the
fast motion. It is well known that the guiding center, X¢(t) + ¢ 1Ve(t)/w.(X(t))
has small variations in time [17, 27, 30]. Another quantity having small variations is

R( ! we(X(0)) da) V() — e ZE LX) o0 23],

0 € B(X=(t))



Lemma 3.1
The following quantities

we(X=(0)) LEa(taXE<t>)1

XE(t) + & “VE(L) (X (1), R(/ - da) {Vf(ﬂ—gm

have small variations in time.

Proof.
By direct computations we have

@[ VA0 ] [PEGXW) VeV
dt{ “)“wao@(t))] {B(Xa(t)) e VX “”]'

Notice also that

Qe SELXA)] | wlX0) L [ B X))
&{V W) == x0) ]‘ : [V 0 = =) }
d [TEs(t, X(t))
‘5&{ B(X:(1)) ]

and therefore

o [ 2 ) £ [

Certainly, the above quantities are not exactly left invariant. The idea will be to
split the advection field appearing in the Vlasov equation (1) into a fast and slow
dynamics in such a way that the previous quantities become invariant. A consequence
of this invariance is that the fast dynamics becomes periodic, which simplifies the
averaging procedure. First of all, in order to simplify our computations, we perform a
change of coordinates. Motivated by the calculation in (11), we introduce the relative
velocity with respect to the electric cross field drift

LEE(t, )

17:1)—5W. (12)

Accordingly, at any time t € R, , we consider the new particle density

CE[f@®)](x)
B(z)

fe(t,x,v) = f© (t,x,f} +e ) , (2,7) € R? x R?. (13)

Notice that this change of coordinates, which depends on the particle density through
the electric field, does not change the charge density

INOIEY g fo(t,,0) di = ¢ g fot - 0) dv = p[fe(t)], t Ry
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Therefore the Poisson electric fields corresponding to the particle densities f¢, ];5 coin-
cide .

E[f*(t)] = E[f°(1)], teRy
and we can use the same notation E*(¢) for denoting them. For further use, see (16),
notice that we have the following equality between the current densities j[f<], j[f¢]

GO = q fo F5(E - v)o dv = q [p fE(E, D (U+€ Es“)) d
= jIf ()] + e Wplf(1)], tER..

We add to (10) the hypothesis
By := inf |B(x)| > 0 or equivalently wy := inf |w.(z)| >0 (14)
zER? z€R?

such that (12), (13) are well defined. Observe that the new particle densities (f¢).0
are smooth, f¢ € C'(R; x R? x R?) and that the restrictions to [0, 7] x R? x R? are
compactly supported, uniformly with respect to ¢ €]0,1], for any T € R,. The last
statement comes from the similar property of the particle densities (f€).~0, together
with the uniform bound for the electric fields (E¢).~o and the hypothesis (14). A
straightforward computation leads to the following problem in the new coordinates

(, )

1 e 1 e 1 e 1 e
atfa‘f‘(@—FEg)'vxfg—a?[at(g)—Fax(§>(1~2+5§>:|'v6f5 (15)

we(w) | -

+ Vifs =0, (t,z,79) € Ry x R? x R?

F0,2,0) = fin (:(:,27 + E%

Notice that the time de;ivative of the electric field E° can be written in terms of the
particle density f¢ (or f¢). Indeed, thanks to the continuity equation

Oip[f] + divej[f7] = 0

),@mewxw.

we have
B = 5o [ 0wl 0lta — ') 0 (16)
— oo [l - ) 0
——gotiv, [ el Ol ) s
- g [ 2o (06 + < S E D0l ) 0

Finally the Vlasov equation (15) writes

0 + e[ 0] Vaof + PO v, o0, (had) e Ry xR xR (17



where b° - V5 = (60 + A% (2, 7)) - Vo +we(x) 10 - Vi and for any particle density 1
a®[f] - V.5 stands for the vector field

el g LE[]:] € J_E[f] ~ J_E[.f]
a[f]-Vm,f,—( 3 —A> ) -Vo+ | -0, 3 v+te 3

div, L(“””—‘ﬁ,) ® <j[f] —i—aLEmp[f]) (') dx’] Vs

B

Here A% (z,7) - V, is a vector field, to be determined later on, not depending on the

particle density f. We will distinguish between the fast dynamics along the vector field

¥ . V,s and the slow dynamics along the vector field ea® - V, ;. We pick the vector
15 ) ) L
v

field AS(x,0) -V, entering the corrections in a° - V, ; and b° - V, 5 such that x + e
is left invariant by the fast dynamics

J_A,
b - Vs (x+5 ! )z()

we ()

that is Loy
(12 - 5M Vpwe. (18)

) A =

Obviously, when the magnetic field is uniform, i.e., V,w. = 0, there is no correction,
. . ~ 1~
A2 = 0. Notice that AS is well defined for any (x,0) such that e :QZ;)J # 1, that
is, for almost all (z,7) € R? x R?. By construction, the guiding center x + 6%&) is
left invariant by the fast dynamics along % - V.5 and it is easily seen that |9] is left
invariant as well. Therefore, any function which is left invariant by the fast dynamics,
L;V

depends only on the guiding center x 4 ¢~ and D).

Remark 3.1 The vector field in the Viasov equation (17) is divergence free

Studying the asymptotic behavior of (17), when & goes to 0 reduces to averaging with
respect to the flow of the fast dynamics generated by the advection field @ Va5 cf.
3, 5, 8, 6, 7]. Notice that, when the magnetic field is uniform, this characteristic flow
is periodic, and therefore the averaging comes easily. This is the main reason why most
of the mathematical studies concern uniform magnetic fields. Nevertheless, by taking
into account the vector field A -V, even when the magnetic field is non homogeneous,
the characteristic flow associated to b°(x, 0) - V, 5 is periodic, which simplifies a lot the
asymptotic analysis. Not only it allows us to derive formally the asymptotic regimes,
but it will provide us a very useful tool for performing the error analysis. In particular,
in the periodic setting it is possible to construct explicitly the corrector (and therefore
to check its smoothness) that we need when establishing the error estimate.




Proposition 3.1 We denote by (X°(s;x,0), V¢(s;x,0)) the characteristic flow of the
autonomous vector field b°(x,0) - V,

O eV (s0) AU s52,0), Vi (s52,9), T = w0 (s12,8)) P (s12,)

ds s

X5(0;,0) = 2, V(0;2,0) =

b(x,0) - Vm; = we(r) t0 - V;

v
ds 7 ds
1. For ¢ > 0 small enough, the flow (DCE,\~7€) is periodic. More exactly for any

(z,0) € R?* x R? and ¢ > 0 such that 5‘6”'1% < 1, the characteristic s —
0

(DCE,\?E)(S;:B,ﬁ) is periodic, with smallest period S¢(x,v) > 0.

= we(X(s;z,0)) L\~7(s;m,1~)), X(0;x,0) =z, \~7(O;m,f)) =1.

2. For any (x,7) € R2 x R? and ¢ > 0 such that e 2Vl < 1 e pape

1
‘*’0 2

4
| X (s;2,0) — X(s;2,0)| = |X°(s;2,0) — x| < 5—7T|17|, seR
Wo
27 8m2|0| 27 27
S(x,0) < —, |9z, 0) — S(z,v)| < e||Vw|po—s—, S(x,0) = <=
(z,0) = |5%(2,0) — S(z,0)| < el Vwel|L o (z,0) e :

and

- - - 872 2
|VE(s;2,0)=V(s;2,0)| = |V°(s;2,0)—R(—sw.(x))0] < el|Vwel|| Lo —5 3 5%, s € [0, w—ﬂ :
0

3. For any continuous function u € C(R? x R?) we define the averages along the
flows of b- V5, b°- V3

S(z,0) B
) (2, 0) = S(;@)/O w(X(s; 7, 5), V(s: 2, 5)) ds, (z,9) € R? x R?

S (2,5) )
(), (z,0) = m/o w(X*(s;2,0), Vo(s;2,0)) ds, (x,7) € R* x R?.

For any R,, R; € R, we have
| (W) ([ (B(R.)x B(Rs)) < Ul Lo (B(R.)x B(R))

| (W) || (B(R) < B(R)) < ltllze(B(re)xB(R);, R = Ra +26R5/wy
where B(R) stands for the closed ball of radius R in R?.

4. If w is Lipschitz continuous, then for any (z,0) € R?* x R? and ¢ > 0 such that
5“””2% < %
0

we have

uy_(x,0) — {u) (z,v . 4 2 .
0.0~ DN ¢ 7 14 e 2
0

+ sup Ju(z, )IIIVwcllLoow |0].

o' |=I2] 0
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5. For any function u € C}(R? x R?) we have the inequality

2
[ = (u) [l 2o xm) < W_Hb - Vo pul L2 rexre)-
0

6. For any function u € C'(R? x R?), we have (u) € C*(R? x R?) and
(Vou) = Vo (u), ©-Vs{u) = (0-Vsu), *0-Vs(u)=0.

Proof.
1. For any s € R we have

7 =R (- [(al@lo) an)

and therefore |Ve(s)| = |#]. By hypothesis (14) we know that w, has constant sign, and
there is a unique S*(z,0) > 0 such that

5% (2,0) 5% (x,0)
sgn wc/ we(X*(o;2,0)) do = / |we (X5 (05 2,0))| do = 2.
0 0

Clearly we have @E(Ss(w,ﬁ);x,ﬁ) = 0 and we claim that, for small e, we also have
Xe(S%(x,0);x,0) = x saying that the flow (X(s;x,v),Ve(s;x,0)) is S¢(z, D) periodic.
The main ingredient when justifying this periodicity is the invariance of the guiding
center, see the definition of the vector field AS(x,v) - V,

LS
I)C (S )+€W —QZ—FEWC(x)
we deduce
10(5%) — ] < el (X5 (5) — wa(a)] < SOVl e ey .
wo )

Therefore, if EWHZ& < 1, we obtain X¢(S¢%(z,0)) = .
0
2. Notice that for any s € R

det (12 e Vwc(xf(s))) _ V() - Ve (X (s))

2(X(s) E(X(s)
192(5)] | Vewe(X2(5)
2T ()
oy el Vel 1
- W — 2

and therefore A% (X¢(s), V¢(s)) is well defined for any s € R. Moreover (18) implies

V2 (5)] [ Ve (X°(5))

| £(X% (s Ve s

€(XE (s Ve s |\~7€(8>|2 W (s c
A6, (6] < s V) +
ks

1 .
< Ve + 5 A5 (), P (5))
Wo

11



and thus "
<’5|U| ||vwc||L°° |~|
W -

el A5 (X7 (s), V¥ (s))] < 2

By the previous point we know that s — X(s;x,0) is S(x, v) periodic, where

S° (2,7)
S%(z,0) < i/ |we(X%(0))| do = °
0

Wo

Finally we write for any s € [0, 5%(x,0)] C [0, 27 /wy]

|X(s;2,0) — x| =

/08{6{75(0) + 2 A5 (X5 (o), \~75(0))} do
wult

< 2eS°(2,0) |0 < e—
w

By periodicity we have
- - - 4 _
|9C6(5;x,v) - :X:(S;I',UN = |x6(8;1’,’0) - fL’| < 5_|U|a s eR.
Wo

Let us compare now S*(x,9) to S(z,?) = 27/|w.(z)|, which is the smallest period of
the flow (X, V). Integrating over [0, S%(x,¥)] the inequality

edm|0] edm|0]

< Jwe (X (0)] < fwe(@)] + [[Vewe| o

|we()] = [IVewe| o =

one gets

e4m|v|

i ] ot
(. 9) (l%@fﬂ ~ [IVeellas ) <2 < §%(z, ) (|wc<x>\ + [Vewellz :j'“')
0

implying that

1 1 2/5|
— < 0o ———
Se(x,0)  S(z,0) ‘ < el Ve wWo
and
~ ~ ~ ~ 1 1 872|0]
€ — = € — < [eS)
|S%(z,0) — S(x,0)| = S°(x,0)S(x, ) S (00) S(x,f;)‘ <e||Vwe|| 3

Thanks to the inequality [|R(#) — R(¢)|| < |0 — ¢'|, 6,0 € R, we obtain for any
s € [0, 27 /wy)

V(53 2,) — V(53 2,0)] = \R (- [w@nar)i-r (- [ @)
</ Je(X5(0)) — wo(X(o))| do 5

872 2

12



3. The first inequality is obvious, sice X(s;x,0) = z and V(s;2,9)| = ||, for any
(s,2,0) € R x R? x R2. For the second one use |V*(s;x,0)| = |0| and notice that by
the invariance of the center
L'\~7€ e 5 L
Xe(s;2,0) —l—EM =x+¢ v
we(X (552, 0)) we()

we have

2|

|2 (s;2,0)| < |o| + |X(s52,0) — x| < |2| + 26—, (s,2,7) € R x R? x R%
Wo

4. When analyzing the asymptotic regimes with € 0, it is worth noticing that the
average (-)_ converges toward the average (). It means that, although the average (-)_
is not explicit (because we do not have formulae for the flow (X<, V<)), its contribution
in the limit model can be determined by averaging along the flow (3C,\~7), which is
completely explicit. Based on the previous statements, we have

~ 3 1 S¢(z,0) g - 5
| (u) (2,0) = (u) (z,0)] < W/o |u(X5(s), V=(s)) — u(X(s), V(s))| ds

oy
1 1
Se(x,v)  S(x,0)

<Lip(w) _sup  (|°(s) = X(s)| + [V*(s) = V() )

0<s<27/wo
+ |: SE(.CE,'E) + ’S (‘T7U> —S(.Cl,’,'l])‘:|
8

1 1
Se(x,0) S(x,0) S(z,0)
) A
<e Llp(u)w—]v] {1 + HVOJCHLoo—\U\] +e su;|) lu(z, U)H|VOJCHL0<> 5|0].
0 o'|=|9| 0

S¢(z,0) _ 1
[ ) e ds + 5o

" (2, 0)

S€(z,0) B
/ u(X(s), V(s)] ds
S(z,0)

sup |u(z, V)|
71=I7]

5. We can write for any (z,7) € R? x R?

S(z,0) 5
(u) (z,0) — u(z,v) = S( ! / [w(X(s;2,0),V(s;2,0)) —u(z,0)] ds

- o / M)/ 2 u(X(o:2,9), V(o 2,9)) dods
= _ / M)/O(b-vu)(DC(a;x,a),?(a;x,@)) dods

S(QT,U) 0
2w

0
1 /wcm (b- Vu)(X(o;z,0), V(0o;z,0)) dodb.
0

As u has compact support, its average (u) is also compactly supported and therefore
— (u) belongs to L*(R? x R?). By the previous computation we have

| (u) (z,0) —u(z,v)] < 27r /Qﬂ/ (b- Vu)(X(o; 2, 7), V(o; ,7))| dodh

and therefore

1 [ [ N o
I ) —ulez < o / / (b~ ) (X(0: - ), D0 Dl dodd = 22 [1b- V=
T Jo 0 Wo

13



The above Poincaré inequality still holds true for any u € L*(R? x R?) such that
b-Vu € L?(R?* x R?), see [3] for details about the average of L? functions, 1 < p < oo.
6. Observe that for any (z,0) € R? x R? we have

1
o

() (z, ) /0 " R(—0)5) 40

and therefore (u) € C'(R? x R?). Taking the derivatives with respect to x, o under the
integral sign, one gets

(2 () 7) = 5 [ (Vo) R(=0)7) 40 = (T,) (2.7)
and
7 (Vs () (2, 7) = % 0 CR(—0)5 - (Vou) (. R(—0)F) 46 = (5 - V) (. 7).

By the definition, the average (u) is constant along the flow of b -V, 5, and therefore
belongs to the kernel of b- V, 5, that is 0 - V; (u) = 0. O

It is easily seen that the periods S, S® are invariant along the flows of b- V5, b°- V5
as well as the averages (u), (u)_. If u is a C'! function, we have by periodicity

1 S (z,0) d N
b Vo) (@.9) = 505 /0 S u(X(s), V(s)) ds =0, (x,0) € B x B
and similarly (b° - V,zu), = 0.

In the sequel we derive formally the limit model of (17), as € goes to 0. The
rigorous arguments will be discussed in Section 5. As we are interested by a second

order model, we keep all the first order corrections. When & becomes small, we expect
that b°(x, ) - V,f° will vanish, saying that f° behaves like its average < f5> along

£

the flow (X, V). Taking the average of (17) along the flow (X, V*) we obtain
) <f6(t)> te <af[f"€(t)] : vx,ﬁfa(t)> —0, (t,2,0) € Ry x R? x R2.

As the difference between the averages along b°(z,0)-V, ; and b(x, 0)-V, ; is of order ¢

cf. Proposition 3.1, up to a second order term, we can replace & <a€[f6(t)] : Vw;ff(t)>
3

by ¢ <a[ FO]- Vas f(t)> where

B
: e =) Do BV
- 27T€()Bdwx r2 | — 2'|? ® jlfl(z') dz _aﬂc< B v| - Vj

and A,(z,0) = :S—ngc. More exactly, we expect that solving

c

o,f +5<a[f(t)] . vw,ﬁf(t)> =0, b-V,:f =0, (t,2,8) €Ry xRZxR?  (19)
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for a suitable (well prepared) initial condition (see Section 5), will provide a second
order approximation for (1), (2). Although the above solution depends on &, we use
the notation f for saying that it is an approxmlatlon of ff when ¢ becomes small.
It remains to compute the average of a[f(t)] - Va5/(t), where the particle density
f(t) satisfies the constraint b - V, 3 f(t ) = 0, that is, f (t) depends only on z and
|o]. By the deﬁnition of the average operator along b -V, ;, it is easily seen that

(fo®0) = T (—m/2) and therefore

(1

C(EA P o o
_6<B(x) 22w Y ) Val-

We recognize here the electric cross field drift e—= E[f I = gﬁf | and the magnetic gradient
drift ) -
- Be
P g, mll B
2w?(z) 2qB° B
As <V1~,f> = 0, we have

1 . J'(.T . CL’/) o / N
<27T€03dww /n§2m ® jlf1(") da’- V@f> =

It remains to compute the average —e <8 <ﬂ> 7-Vif > As f satisfies the con-
straint b- V, 5 f =0, we have Vi f = V f 520 and therefore

YEf S o E[fl\. -\ Vif 0
(sl ()

Finally, the particle density f satisfies

- [FE[f] m|pPtVBe - 1 (LE[f] VB . :
Of + (Ba(x) B 2qB¢ Ba(x)) Val 2 ( ' ) v Vel =0. (20)

Remark 3.2
The above model can also be obtained by working at the characteristic level. Indeed,

at least formally, when € is small, the solution of (19) is approzimated by the solution
g (which depends on €) of

b(x, )

01g +ealg(t)] - Vasg + V.53 =0, (t,7,7) € R, x R? x R? (21)
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whose characteristics, denoted by (X, V) (and depending on <), verify

= g )X (), V(1) (22
W calinxo. vy + 25D i 2

Studying the asymptotic behavior, when e becomes small, of (19) or (21), reduces to
determining the effective characteristic system coming from (22), (23), when averaging
with respect to the fast rotation in velocity. More exactly, (23) writes

4 { (fo X )m)} _ R (fo X)) ds) wlgOIX (), T (1)

t ~
saying that V(t) := R <M> V(t) has no fast oscillations. Moreover, when &

€

is small, the time variation of V(t) can be approrimated by

= [ ROwla0)Cc. R0V () @
:_% OW ( Bg> 0)V(t) do
- —%divm ( E; ]> (X)) V() - —dlv,Jj (%) (X(1) LV ).

In the above computation we have used the formula

2
LT R MR(—0) ap = T
2w Jo

: I+ trace(?i(g)M)R < 7T)

for any square matriz M of size 2. As the limit density § satisfies the constraint
we(x) L0 - Vg = 0, the velocity advection in the effective Viasov equation is

1(_tE VB \ ~ : ;
3 (Bs_(x) . Be_(x)> v comes by smoothing out the fast velocity

rotation, when computing the average

Notice that the acceleration

= [Tro0. () ccoren w0 v

Similarly, the time variation of X (t) can be approximated by

o= [ alg(OIX (), R(=0)V(t)) 4o

2 Jo

16



and therefore, by using one more time (24), one gets

e /2” Kﬂ) (x(1)) - R0 ngt)®R(—@)V(t>wc<x(t))] »

o B wg (X (1))
—o () oy - £ [ -0 EE Ori0) a0 v x)
—¢ (%) (X(t) — gtrace (% Vw.(X(t))

— gtrace (R (E> M) FVwe(X (1))

) Tk
. ( ]j;[g}) (X(t) < % LV (X (1),

The space advection in the effective Vlasov equation is given by the electric cross field
drift and the magnetic gradient drift

(LE[@] ml o) LVBS) v

Be(z) 2qB¢(z) B*(x)

and therefore we retrieve (20). Observe that the drift velocities come by smoothing out
the fast velocity rotation, when computing the average

e [T[(tE R0V 0ROV
2 Jo [( B ) (X(1)) W2(X (1)) Vw.(X(t))| de.

4 Well posedness of the limit model

In this section we focus on the existence, uniqueness and other properties of the limit
model

o f + (lEm mlf)'MVBE) -fo+% (LE[f . VB ) 7-Vsf =0 (25)

[—}

Be(z) 2¢B° B(x) Bes(z) Be(z)

where E|[f] stands for the Poisson electric field

7 q 3 N I, 2
Elf(t)|(x) = t,x', v dv'dz’, (t,x) € Ry x R”. 26
) = 5= [ [ Feat) = (t,2) € R, (26)
Although the well posedness of this limit model is analogous to that of the Vlasov-
Poisson system, it is instructive to detail it there. A very important consequence of
the uniqueness is the invariance of the solution under the rotations in the velocity
space, cf. 6. Remark 4.1. In particular we justify the propagation of the constraint

b-V,sf =0. We supplement our model by the initial condition
F(0,2,0) = fu(z,0), (x,0) € R*xR? (27)

where fi, is a smooth compactly supported particle density. The parameter £ > 0 is
fixed and B°® is a smooth external magnetic field.

17



Proof. (of Theorem 1.1)

We follow the same arguments as in the well posedness proof for the Vlasov-Poisson
problem with external magnetic field. It is enough to establish the existence and
uniqueness on any time interval [0,7],7 € R,. We construct a map acting on elec-
tric fields. Given a C! electric field E on [0,T] x R? such that E,d,E are bounded,
div, T E = 0, we consider the solution by characteristics of the Vlasov problem (25),
(27) on [0, 7] x R? x R?, corresponding to the electric field F

PP 0,8 = FulXP(0: 4,2, 5), VE(0s1,2,5)), (6,5) € [0,7] x B x B
where this time the characteristics (XZ(s;t,x,0), VE(s;t,x,0)) are given by

dXP  LB(s, X*(s)) m|VE(s)]? LVB(XF(s))

I~ X)) B XA BHXEG) 2
s (e S v 29)

B(XP(s))  BI(X"(s))
XEB(sit,x,0) =, VE(s;t,2,0) =10, (s,t,x,0) €0

m|o|?
2B¢(x)

T] x [0,T] x R? x R%

Notice that the magnetic moment p(z, ) = is left invariant along these char-

acteristics :

At mlVE(s)]2 VBI(XE(s)) [(LE(s,XE(s)  m|VE(s)2 LVB(XE(s))
ds ~ 2B°(XP(s)) B (XP(s) \ B(XP(s)  2qB(XP(s)) B (X"(s))
(s

7MVE@W2(LE@4YE)).VB%XE(») 0
2B5(XF(s)) \ B5(XE(s))  B(XE(s))

and therefore the velocity remains bounded, independently with respect to the electric

field 12 12
~ B6 o] - B o0 ~
VE(s)| < (—H B|(|§L ) 0] = (H IQOL ) o], s€eR.

We deduce that (28) also writes

dXxF® _ TE(s,X"(s))  m|o]* tVBI(X"(s))
ds Be(XF(s))  2qB(x) B(X*(s))

(30)

whose right hand side remains bounded for s € [0, 7] and thus X exists globally on
[0,7] and has C* regularity in all the arguments. Once that X is determined, VE
comes easily by solving (29), which is linear with respect to VE and therefore V¥
exists also globally on [0, T], and has C* regularity in all the arguments. As before, we
consider the map F, whose fixed point gives the solution of the limit model (25), (26),

(27)
:LJ
l ~/ d ld /‘
= 2rey / e ) dvds

We are looking for a set X of smooth electric fields, which is left invariant by the map
F and for an estimate like

E — F(E

t
HfE@—fE%MM»Sd%/HE@%EWﬁmmﬁ,EJTEXptemﬂmeﬂaﬂ
0
(31)
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for some constant Cr, not depending on E, E'. Assume that
suppfin C {(2,7) € R* x R? : |¢| < Ry and [0 < R},

By the conservation of the magnetic moment and of the particle number (thanks to
the condition div, 1 E = 0), it is easily seen that at any time ¢ € [0, 7] we have

suppfZ(t) € {(2,7) € R* x R® : [0] < Ry == Ry (|| Bl|z=/Bo)""*}

implying that
in ||B||L°°
lpF ()]l < lal | fll o (RE)? 7= B
0

Therefore, as in (49) we obtain the L> bound for the electric field
7 1 1/2 lal |\ ks
IELF O]l L=@ey < —lpLF )]l /= (R2) 2—||fin||L1(R2xR2)
o s

1
< ’ | 1/2 Rln ||B”L°° 1/2 0.T
(O RQXRQ ||f1n||L1 RQXIRQ e [ 9 ]

Sai=

Integrating in time (30) leads immediately to

in

By

suppf(t) C {(z,7) € R* x R? : |z| < R,(t) and |#] < Ry}

where

o m(B)||Blli | VBl 1e

R,(t) = R™ + et | —
O = Bt B T S4By By By

, te[0,T7.

Taking the derivative with respect to x in (30), (29) we deduce that there is a constant
Cs(m,e0,q, T, || Bllw2eer2), Bo) such that for any (z,7) € R* x R?, [0] < R;

t
10, XE(0:t,2,9)| + |0, VE(0;t,2,7)] < Csexp (5/ |0 E(8)|| Lo d5> , t€]0,T).
0

(32)
As before we write

VaplfE(t)] = qVe 5 fn(XE(0:t,2,0), VE(0: t,2,0)) do
_y /R Loy %X (05,2, 0) (Ve ) (XP(05,2,0), V(0. 2, ) do
4 [ Ly 07 F(O:t,, D) (T Fa) CCF(0,2,0), V5(0: 1,2, 0)
and by coming back to (32), we obtain
9.l 0l < oo (= [ 0B a5, 1€ (0.7]
for some constant Cg(m, €0, q, T, || B|lw2(r2), Bo) > 1 and thus
I | Voo fE®)] |l < InCy +s/0t 10.E(s)||r~ ds, t€[0,T], € €]0,1].
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Combining with (54) yields

10 E[fE#)]|| 1 < Cr <1 +5/0 10, E(8)]| 1o ds) , t€10,7T], € €0,1]

for some constant C7(m,eo,q, T, || B|lw2e®2), Bo). The previous computations allow
us to consider the set

Xp={E € CY[0,T] xR?) :
div, "E =0, ||E(t)||~ < a, [|0.E(t)|| = < Crexp(etCs), t € [0,T]}.

It remains to establish (31). Let us consider E,E’ € Xy and denote by fE &
the solutions by characteristics of (25), (27) corresponding to the electric fields E, E’
respectively. Recall that at any time ¢ € [0, T], the densities fZ(t), f¥'(t) are supported
in {(z,0) e R xR? : |z| < Rxgt) and 0] < Ry} and therefore at any time t € [0, 77,

the charge densities p[fZ(t)], p[f¥ (t)] are supported in {z € R? : |z| < R,(t)}. Tt is
easily seen by (49) that

IFE)(t) = FE) Ol =@y = I1BLFE®)] = EIFF @)]l|z=ee)

- ~ g 1/2 FE FE 1/2
< 1P O] - o7 O oy (oL FE0] = 17 Ol

1 q| 5

< R.(t) "1{|x|<Rz(t)} /]R2 1{\&@1%5}(];]3 — FE)(¢, -, ) db

T V2

By standard computations, one gets for any (t,z,7) € [0,7] x R* x R* such that
|z| < R.(t) and |0| < R;

Lo (R2) '

(F7 = F7) (2, 0)] = | fun(XP (03 8,2, 8), VE(0s £, 2,0)) — fiul( X7 (0;8,2,0), VF (038, 2, )
< Lip(fi)[|[XZ — XF')(0:t,2,0) + [VE = VE|(0: ¢, 2,0)]

t
< < Lip(fu)Cs [ 1B(s) = E'(5) e ds exp(etCi)
0

for some constant Cg(m, g0, q, T, | B|lw2(r2), Bo) and (31) follows. O

Remark 4.1 i )
Under the hypotheses of Theorem 1.1, let us consider the solution (f, E = E[f]) of
(25), (26). Therefore

1. The total number of particles is conserved. Indeed, as diviE =0, we have

G (CEmlEreB (1B VB )
v, - ivg | = : V| =
Ve\'Be T 4B Be Volo\ B B

and thus 1
—/ F(t,2,0) didz = 0, teR,.
dt RQ RQ
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2. The continuity equation writes

. LE mla]2tvBe\
t,x,v) dv + div, — dv =
O RQf(,x,v) U+ div /]R?(Ba 2B B >f v=0

and, when the magnetic field is uniform, becomes
. LE[f(t .
ol 70) + — L7 7] = 0. (tx) € R, B
that is, the vorticity formulation of the two dimensional Euler equations, with
velocity  E/ B¢ and vorticity div, L(;—}f) = _;O[_QE see also [12, 4, 27].

3. The balance of the total momentum is

-
%/RQ Rj(t,x,f))mf) dodx + %/R m div, (Bi[ic)]) f(t,x, 0)v dodz = 0.

2/ R2

In particular, the total momentum is conserved when the magnetic field is uni-
form.

4. As the magnetic moment p® is left invariant along the characteristics of (25)

(LE[f] _/LEJ_VBE> 'Vm,ug"i‘l <J_E[f] . VBE) v-Vsus =0

Be Be 2 Be Be

we deduce the conservation of the total magnetic moment

d mlo)? - -~
— t dodz = teRy.
dt /RQ r2 2B3° f( ,LU,U) vde =0, < B

5. The total, i.e., kinetic and electric energy is conserved. Indeed, by using the
fundamental solution of the Poisson equation in R?, we have

%2%0 /W/Rf(f” — 2)plfO)(2)plf (1)) (') da'dx
== [ [ ela =l FO)N0T O)(0) 't
- [ B0I@anlf@]w) ds

= [ elf@i@an. [ aftt.e.0 ( DA o VBB> i ds

B E[f(t)] VB m|o]? 5 .
_/RQ/RZ( o BE> 5 f dodx

~12
:_i/ MO 4 4. 5) dida
dt Jpo)r2 2

and therefore

~2 1 - ~
UL a2 [ i@l - o) ards] ~o. e
r2JR2 47TE() R2JR2

dt 2
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6. The model (25), (26), (27) is invariant under rotation in the velocity space. More
evactly, if f solves (25), (26), (27), then fo(t, 2, V) = f(t, 2,9 = R(0 )~ ) solves
(25), (26) as well, together with the initial condition fo(0, 2 V) = fin
R(O)WV). Indeed, we have V -V fy = 0 - Vifl|_ R0 and Elfs(t)] =
implying that

o+ (iE[fe] B m!V!QLVBE) Vit (LE[fe( )] VBE) 7o) =

(z,
E[f )]

Be 2qB°  Bf Be Be

In particular, if the initial particle density depends only on x and |0| i.e., b -
Vaifin = 0, then at any time t € R the particle density f( ) depends only on
x cmd 0], that is b- V3 f(t) = 0. Indeed, for any 0 € R the particle densities
f o satisfy the problem (25), (26), (27) and thanks to the uniqueness, we obtain
f = fo, saying that at any time t € R, f(t) depends only on x and |0|.

5 FError analysis

In many of the previous works concerning the asymptotic regimes for the magnetic con-
finement, the authors indicate convergence results, based on compactness arguments.
We intend to perform here the error analysis. In this section we study rigorously the
error when replacing the Vlasov-Poisson problem with strong external magnetic field
(1), (2) by the model (25), (26). We expect an error of order £, when the initial parti-
cle density fi, is well prepared. The case with general initial particle densities is more
claborated, but can be handled by similar arguments cf. [9]. As usual when performing
the error analysis in homogenization theory, we need to construct a corrector. We will
use the following easy lemma, see also (24).

Lemma 5.1 Let M be a square matrix of size 2. Then we have the equalities

(Mv-v) = trace(M)%
M0 -5 — (M -3) +b- Vas <MR(_7T/4302;?(7T/2)M5 : v) =0

<MR(_7T/42¢3L;Q(W/2)M@ . U> = 0.

Proof. By direct computations we check that (2?) = (93) = |0|*/2, (0109) = 0,
b V(0] — 03) = 4we(2) 001, b+ Vi 5(0201) = we(a)(05 — 07)

and the first and second statements follow easily. The last statement is a consequence
of the first one

<MR(—7T/42¢3£;;3(7T/2)M5 . {;> = trace <MR (‘%) tR <g> M)
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Looking for second order estimates is a difficult task. Indeed, this can not be achieved
directly, by comparing f¢ and f, but requires the construction of a corrector f2. Since
the smoothness of the corrector is crucial when analyzing the error, we indicate below
its exact expression.

Proposition 5.1 Assume that f = f(z,7) € C}(R? x R?),E = E(z) € C'(R?),B =
B(z) € CY(R?) such thatb-V,zf = 0,div, *E = 0,inf,cg2 |B(x)| > 0. Then we have

the equality

<L—E—A) Vf+[ L v, l(x—_,“"’/}@j[f](m’)dx’—am(L—E)@]~v@f

B 2me0 B |z — B
LE  m|o)2+VB - 1(*E VB\_ _ -
_(F_ 4B B )'fo_i(B '?)“‘Vﬂf”'vwf =0

- L306
where Ay(z,0) = —232Vw, and

Ve ® Vof — “Vwe® *Vaf .

f2($777> = 4w3 () (33)
Lo [ L@)f)'vﬁf
divy, | ———= ) dz’ - -
2meo B ( r2 | — |2 SELACY we() |o[?
On (%)R(_%)"'R(%)ax <L?E>6'T) - Vsf
4w,.(x) o)

Proof. Notice that

(L@ : vx.f)(@ : Vwc) _ (f) ) vaf)(ﬁ ’ VMC) _ vWc X J_va:.f
w?(z) wZ (z) wz (z)

—Ay(x,0) - Vof = —

and therefore, thanks to Lemma 5.1, we have

) : mlp)? ‘VB _ . Vw.® 'V, f_ Vwe® “Vof
_A : . — )
A0 Vel B B VT T ww T 2@ "
=—b Vm,ﬁf?

with

- Vw.® +V,f T ™ Vwe® *Vof\ .
2. ¢ x _- B I
Ji= ( 4w3 () R( 2) +R(2) 4w () ver
o vwc ® V:ﬂf— vac ® Lvmfﬁ i 'INJ
B dw(z) '

Observing that b -V, ;(—*9/w.) = ¢ and that V; of = Y2L25 it is easily seen that

|o]2

1 1 )
div, —(x v)
27eo B r2 | — 2|2

®j[f](33/) dz' - Vif = —b- v:c,f)flzl
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with

. 1 Ho—a') - L5\ 0-Vif
= (div, | —=®) ") dz’ - -
fir 2o B ( . o |z — 22 ® jlf](z') dz wc(x)) GE
Using one more time Lemma 5.1, yields
LEN . - 1/*E VB ,_ ~
O (?)”'Vf’f_ﬁ (F'?) (0-Vaf)
o Vsf AN AN
5 [ (F) - (F) )]
=—b- Va:,ﬁfIQH
with
- 1 T T 1
o i ()RED R ()
e Jop Auwe () '
Our conclusion follows by taking f2 = f2 + f4 + f7;. O

Remark 5.1 Notice that f2 € C.(R? x R?) and if there is k > 2 such that f e
C*(R? x R?), E € C*(R?), B € C*(R?), then f? € C*1(R* x R?).

One of the main difficulties when comparing fa, f is that these particle densities belong
to different constraint spaces. Indeed, the corresponding Vlasov like equations involve
different stiff transport terms % Vi, S-VM. The idea is to map the above constraint
spaces in order to bring f in the constraint space of fa. In the sequel we will use the
map 7° : R? x R? — R? x R?, given by

Lo
T¢(z,0) = (x + 5—,"&) .
we(T)
Notice that for any application ¢(z,?) in the kernel of b- V., 5 i.e., p(z,0) = ¥(z, |0]),
the composition product ¢ o T depends only on z + 6%&), |7

Lo Lo
T%)(z, ) = e— 5 = e— " 15
(poTNat) = p (w42 50) = (02— 10l

and therefore belongs to the kernel of b° - V, 5. Actually, by direct computations we
check that
we(x) Lo

—, T =2 +E¢€ .
we(T) we(z)
Another difficulty comes by the inhomogeneity of the magnetic field, which accounts
for a weight function A, close to 1. We are ready to prove our main result.

Proof. (of Theorem 1.2)

As ¢° belongs to C?(R? x R?), it is easily seen that (¢°) € C?(R? x R?). We deduce by
Theorem 1.1 that the restriction on [0, T] of the solution f for (25), (26) corresponding
to the initial condition (g¢) belongs to C?([0,T] x R? x R?). The restriction on [0, T] of
the Poisson electric field E[f] belongs to C2([0,7] x R?). As b-V (¢°) = 0, we deduce
by the last statement in Remark 4.1 that b- Vf(t) = 0,t € R,. Applying Proposition

0y 5TV = NboT¢, N(1,8) =

(34)
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5.1 with the particle density f(t) € C2(R? x R?), the electric field E[f(t)] € C*(R?),
which verify b - V,5/(t) = 0,div, “E[f(t)] = 0, one gets for any t € R,

L BIf(®) dive [ =) men 4o, (LE[M) ,

B 2meg B Jge | — 2'|? B

(35)

LE[f(t)] mlo)tVB ; L(YE[f()] VB\ _  : P24 —
_< B 4B B>'W_§< B ‘B)v'vﬁﬂb'vm’ﬁf(t)_o

where f2(t) € C}(R? x R?) is given by the formula (33) which corresponds to the
particle density f(t) and the electric field E[f(t)]. Multiplying (35) by ¢ and adding
to (25) yield ) . . .

O f +ealf(t)]-Vf(t) +eb-Vfit) =0 (36)
and thus the corrector f2 allowed us to write the limit model (6) into a form similar to
that in (17). Nevertheless the transport operators entering the terms §~v<€2 f 2), % Ve
are not exactly the same, which will prevent us for obtaining error estimates by usual
L? balances. Therefore we appeal to the map 7° and weight A\*. Notice that thanks to
(34) we can write

N(b-Vf)oTe =0T - (V2 oTe = b - V(f? o T)

and therefore, after composition with 7° and multiplication by A°, the equation (36)
becomes

N(Of) o T+ eX(alf(1)) - V(1) o T° + &b - V(f? o T%) = 0
or equivalently

0 ((X°) FoT)+eX (alf (1)]-V [ (1))oT +eb™V (f*oT¢) = —((\) =) ({a) [f(t)]'Vf(g)?C;TE

where we have used the notation
. LEf] mlo|2itvB 1 (LE[f] VB .
() () = (ZM]_ mBl7VE 1 (CET] VB )
B 2¢B B 2 B B

Notice that, as f (t) belongs to the kernel of b- V, then f o T= belongs to the kernel of
b* -V, as well as (\°) f o T*. Combining (17), (37) we obtain

O f = () foT® =[P o T} +ea’[[°(1)] - V((X) f o T%) — e (alf(1)] - VF (1) o T
+ (5a€[f5(t)] + b;) . V{fﬁ — (A\%) fo T° — €2f2 oT¢} = —82((9tf2) oT*
S [ (D)] - V(2o T9) —e(X — (M) ((a) [F(1)] - VF() o T°. (38)

By Remark 3.1 we know that div(ea] fE(8)]+b° /) = 0 and therefore, multiplying (38)
by r¢ = f& — (\°) f o T — &2 f? o T* yields

5 2 ellr (@)l [f2(0)] - VAT [ o T9) = X(alf (1)) - VF (1) 0 T|| 2+ [r=(8) 2
x |e2(0uf?) o T° + 26 [f*(1)] - V(f* 0 T%) +e(X° — (M) ({a) [F(1)] - VF (1)) © T% 2.
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By Bellman lemma one gets

Il < e Ol 6] - ) 76) 0 1) = X (el 6)] - V75D o T2 s
v [1@PE) 0T a5+ [ V(6 0T s s
v [ 107 = DN(@ 60 976D o T s (39

We need to analyze one by one all the terms in the right hand side of the previous
inequality, for any ¢ € [0,7], T € R;. We will denote by C' any constant depending on
m, o, q, T, B and the uniform bounds satisfied by the particle densities (¢°)c~0, but not
on €. As (¢°).-0 are uniformly compactly supported in R? x R? and uniformly bounded
in C2(R? x R?), it is easily seen that so are ({¢°)).so. By Theorem 1.1 the solutions f
for (25), (26) associated to the initial conditions ({g°)).>0, remain uniformly compactly
supported in [0, T]xR?xR? T € R,, and uniformly bounded in C*([0, T|xR?),T € R,.
Clearly, at least for € small enough 0 < ¢ < &7 we have

2|2 (t) o T¥|| 12 < C2, t € [0, 7).

As B € C*(R?),inf g2 |B(x)| > 0, for any compact set B(R,) x B(R;) there is a
constant C(R,, R;) such that

we() Vwe(z) -+ 9 N
—l+e——F—~—| < 5)e”, (z, B(R;) x B(R;
(@ T 217 jan (@) +e¢ o2(0) < C(R,, R3)e*, (z,0) € B(R,) X B(R3)
(40)
and by the third statement in Proposition 3.1, we deduce
. we() Vw, - 0 9 . R;
| (M) —1| = ‘<wc(:i‘) -1 +€w—§>’ < C(Ry, Ry)e”, (2,0) € B| R, —aw—o X B(Rj).
(41)

Notice that || f¢(0) — ¢°||z2, and therefore ||p[f<(0)] — p[¢°]||L2 are of order ¢, implying
that
| E[f*(0)] = E[g°] | 2r2) < Ce.

We intend to compare f¢(0) with respect to f(0) o 7. We have

F(0,2,5) = f° (om . 5%)

B I R 0 WP i
—Y ( ") (“ B(x) ) T TB@ T BW)

“(0)] lE[gs])

and therefore || fE(O) — ¢°0T?||12 < Ce?. Combining the previous arguments, together
with the inequality

Hb Vg'llz

g — 2<— b-Vg° 2<5
lg" = (g Iz | Iz R S
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cf. statement 5 in Proposition 3.1, we obtain

[ (0) |2 < HJfE(O) — (X F(0) 0 T 2 + 2 12(0) o T 2
< [175(0) = g7 o T¥[[2 + llg" 0 T° = (g°) © T"| 2
+ (L= (W) (g7 0 T% |2 + %1 f2(0) © T¥|| 2 < C&°.

Notice that (40), (41) also imply that ()‘LTM> is bounded on compact sets of
e>0
R? x R?, and thus

o [ 108 = 0N ) VF9) 07 ds < 07

Using the C! regularity of f2, and therefore the C? regularity of f, it is straightforward
that

e’ /Ot 1(@:/%(s)) 0 T%|| 12 ds + £ /Ot la*[f(s)] - V(f*(s) 0 T*) 1= ds < C<2, € (0,7,
We claim that
/ la[7%(s)] - V(X) F(s) 0 T%) — A (alf(s)] - V f(5)) 0 T 12 < €&
+CE/||f8 s)oT¢||f2ds, t€0,T], 0<e<er.
These arguments are technical and come by the smoothness and uniform bounds of the

family ( f )e>0, combined to the asymptotic behavior of A%, T°, A* when ¢ N\ 0. Indeed,
recall that for any (z,0) € R* x B(R) and any ¢ > 0 such that 83”2% < 1, we have

0

€ ~ ~ € ~ ~ €|U| HVWCH 1 Ape |A§(ZL‘,1~})|
A 8)| <20, 1457 — A )] < LT e ) < 12000
0
implying that
2 2 ol oo 3 . 200
145, 9)) < 20, 7)) < PV g gy ) < 0TVl
0 0

As {fs(t),t € [0,7],0 < € < 1} are uniformly compactly supported in R?* x R? and
thanks to the uniform bounds

sup  {|| /() llcr@exrz) + L (1)]llor@e)} < +00
e>0,t€[0,7T

we have .
1(a®[F=(8)] = alf5(D)]) - V((X°) f(t) 0 T%)|| 2 < Ce, t€[0,T].
Using elliptic regularity results, the quantity

(@l f=(0)] = alf(t) o T]) - V((A) f(t) 0 T%) || r2(raxa)
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is bounded by the L? norms of the charge and current densities
IpLF=(®)] = pLF(£) 0 T 2y + IFLFF(B)] = L (1) © T ey

and thus by the L? norm of the particle densities || f*(¢) — f(t) o T%|| 2 (g2 xz2). Therefore
we have the inequality

I(alf* () =alf()oT])-V((X°) F(t)oT )| 22y < CIIF(£) = F (£)oT*|| 22 wm2), t € [0, T]-
We are done if we prove that
lalf (£)oT]-V((A%) F(£)oT*)=A(a[f(1)]-V f(£))oT"|| 2@z xp2) < Ce, t € [0,T], €>0

which comes easily by the C? regularity of f and the compactness of its support, and
the boundedness of (’\_TM> , <M) on compact sets of R? x R2. We only
e>0 e>0

€

have to check the boundedness of <@) , because that of (’\E_Tm> has been
e>0 e>0
established before. By the statement 6 in Proposition 3.1 we know that

VRV

DRV Ve D
o W”‘< H >|ﬁ|‘

Vo (A°) = (V. A%, V5(\°) =

Notice that

Vo (a, 5) = Loel@) _weld) () 0O V‘“’C
we(T)  w2(7)
and V,A°(x, 0)|.—0 = 0, implying that <@) , and therefore ( (V2 X7) ) <@)
e>0 e>0

is bounded on compact sets of R? x R?. Similarly we have

Ly, Vow(7)

VoA = —
R 153
and therefore
Vi (X)) 'Va<)\>~i _ (U'Va)\>ff _HV%HLW’ £ 0.
£ £ 0|2 £ |02 wi

Collecting all the previous estimates into (39) leads to the inequality

1F5(8) = F(&) o Tollze < (@)l + (AT) = 1)F () 0 T=l 12 + €X1f2(t) 0 T% 12

< Ce? +C€/ 1£5(s) = f(s)oT¢|| 2 ds, t€[0,T], 0<e<er

and by Gronwall lemma we deduce that
[F2(t) — F(t) o T%|| 2mexme) < Ceexp(Cet), t€[0,T], 0<e<er.

In particular, as the L? norm of the Poisson electric field is controlled by the L? norm
of the charge density, and therefore by the L? norm of the particle density (because of
the compactness of its support), we have

IE[f5(1)] — E[f(t) o T)||p2@ey < C?, t €[0,T), 0<e<er.
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It is easily seen that, thanks to the inequality || f(¢) o T¢ — f(t)HLz(szRz) < Ce that
IE[f(t) o T°] = E[f ()] 122y < Ce, t € [0,T]

and therefore

B[S ()] = BIF O]z = 1B (8)] = BIf (O]l r2e2) < Ce, t€[0,T], 0<e<er.

Finally we obtain for any ¢t € [0,7],0 < & < ep

4242[f8(t,x,v)—f(t,:cjue%,v_ B[(Z(;)]>]dvdx :{/W/RQ t.2.5)

il e (o SEUE@DY L EE@L - SEFON]
f(t, +%(x> (+ B0 ) D+ B )] dod
< NFE(t) — () o T | pageeeey + //[ <m+5%&> )

- 2 1/2
il @ EEo] L RO - B0 ]
d (t’ o) el B@) U B() )] dvd
< 02 4 Ce|| B[f(1)] — Ef(0)]ll2ee) < CE

]

6 Toward more general results

When the magnetic field is uniform, it is possible to go further in our analysis, by
considering smooth initial particle densities, not necessarily well prepared. We mention
that most of the studies concentrate only on models with well prepared initial particle
densities. We intend to extend the previous analysis for general initial conditions. The
asymptotic behavior is more complicated because the particle densities ( f8)5>0 present
fast oscillations in time. We appeal to a two scale approach by working in a extended
phase space supplemented by a fast time variable. For any non negative initial particle
density fi, € C*(R? x R?), let us denote by f¢ € C*(R; x R? x R?) the solution of
(1), (2), with E[f¢] € C*(Ry x R?), where the magnetic field writes B = £, for some
constant B # 0. As before, the change of coordinates (12), (13) leads to the problem
b*(x,0)
—

(9,5];6 + €G€[f5(t)] . VL{;]EE -+ Vx,f]fg - Oa (ta z, 6) S R+ X RQ X R2 (42)

B
Notice that there is no correction A; when the magnetic field is uniform, since in
that case the solution of (18) is AS = 0. The characteristic flow of the vector field
b* - Vy3 =¢ev-Vy+w, Ly .V is given by
e ~ v )€ ~ ~ qB
Xe(s;2,0) =x 4 €[ly — R(—wes)|—, V(s;2,0) = R(—we$)0, we=—. (43)

We m

fe((),x?f]) = fin (IﬂNJ +5M) , (ZL‘,’INJ) € R? x R%
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In order to filter out the fast oscillations corresponding to the vector field @ Vi,
we perform one more change of coordinates

fe(t,x,@) = F(t,X,V), (X,V)= (DCE,?E)(—t/g;x,@). (44)
By applying the chain rule, we obtain
O, F° + €0, 5(X7, \~75)(—t/5; (2, \~75)(t/5; X, V))ae[ﬁs(t)_t/g]t/a . VXA;FE =0 (45)

where we have used the notations
~ t ~ t t

FE(t) e = FE(0)0(00%, V) (—=2), a[F(t) uielyse = 0 [F* ()00, V9)(— 2)]o 2, 7)<

).

As the characteristic flow (X¢, V°) in (43) is linear, the jacobian matrix simply writes
for any (z,0) € R? x R?

0p.5(X°, V) (—t [y 2, D) = ( éi iR(_W/éigjt;;z(%t/g)] )

and therefore (45) becomes

~ ~ £ ~ ~
OF° +e¢ {ai[FE(t)_t/E]t/a + W_R(_W/Q)[IQ - R(wct/s)]aé[Fa(t)_t/a]t/a} -VxF*
+ eR(wet /€)aS[FE(t) _1)e)ee - Vo F =0, (t,X,V) € Ry x R? x R%.

We have obtained a two scale problem and we expect that the asymptotic behavior
when € becomes small will follow by averaging with respect to the fast time variable
s = t/e. After several computations, up to second order terms, we are led to the model

A CEIFM)) o s HUIE®] - plFOIV)
B 2€OB

Ve =0, (t,X,V) € Ry x R x R?
(46)

which is supplemented by the initial condition
lf/ v J_E‘[fin]()()

Vv
we te B

F(0,X,V) = fu (X —€ ) , (X, V) eR2xR2 (47)

We expect that solving (46) together with the initial condition (47), will provide a
second order approximation for (1), (2). Although the above solution depends on &, we
use the notation F, saying that it is an approximation, when £ becomes small. The well
posedness of the limit model (46), (47) is a direct consequence of the well posedness of
the vorticity formulation for the 2D incompressible Euler equations, see also Lemma
3.3 [30]. The solution of (46), (47) will allow us to describe the asymptotic behavior
of the family (f¢).~o corresponding to the initial condition f;,, when & becomes small,
see [9] for the proof details.

Theorem 6.1 Let f,, € C*(R? x R?) be a non negative, smooth, compactly supported
particle density. We denote by (f%).~o the solutions of the Viasov-Poisson equations
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(1), (2) with uniform external magnetic field £ # 0, corresponding to the initial con-
dition fi,. Then for any T € R, there is a constant Cp > 0 such that for any € > 0

. 2 1/2
- * LE[F
sup / / fet,z,v) —F | o+ S—U,R(wcf) v — 5M dvdz p < Cre?
te[0,T] R2JR2 We € B

where F is the solution of (46), (47).

The previous results extend to the three dimensional Vlasov-Poisson system, when the
curvature of the magnetic lines is not neglected anymore. The regular reformulations of
this problem will be the topic of a future work [10, 11]. The previous method provides
limit models for both well prepared and general initial particle densities. Indeed,
following the same steps, it is possible to emphasize a periodic fast dynamics, preserving
the guiding center. Averaging with respect to this fast dynamics leads to regular
reformulations taking into account all the curvature effects of the magnetic field. We
mention that few mathematical studies investigate the three dimensional setting, with
curved magnetic fields. We intend to study the well posedness of these reformulations
and to establish second order estimates, following the technique employed in the two
dimensional framework.

Another important direction will be to investigate models with self-consistent mag-
netic field, that is, to consider the Vlasov-Maxwell equations with strong external
magnetic field. It will be very interesting to derive, at least formally, the effective
equations, up to second order terms. Taking into account the effect of collisions, or the
mass ratio between ions and electrons, could be tackled by similar arguments.

A very interesting issue will concern the comparison of the above models with
respect to the results obtained by plasma physicists. As in the two dimensional setting,
the periodic framework is extremely favorable, since it allows us to get completely
explicit models. Nevertheless the analysis is much more difficult due to the combination
between the parallel and perpendicular dynamics and to the curvature effects. A
preliminary work in the two dimensional setting, by neglecting the curvature of the
magnetic lines, was a very instructive starting point in order to tackle the general three
dimensional setting. We also mention that these arguments, leading to similar models
as those in the plasma physics literature [13, 25, 26|, are based on standard results
in the theory of PDEs. Indeed, our methods do not appeal to notions of hamiltonian
mechanics and thus they are accessible to readers which are not familiar with the
hamiltonian formalism.

A Well posedness of the Vlasov-Poisson problem
with external magnetic field

Proof. (of Theorem 2.1)
We are done if we prove the well posedness on any time interval [0,7],7 € R,. We
construct a map acting on electric fields. Given a C' electric field E on [0,7] x R?

such that F, 0, F are bounded, we consider the solution by characteristics of the Vlasov
problem (7), (9) on [0, T] x R?, that is

fE(t,z,v) = fin(XE(0;t,2,0), VE(0;t,2,v)), (t,z,v)€[0,T] x R? x R?
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where the characteristics (X, V¥)(s;t,x,v) are given by

dfs — VE(s), dXS = = (B(s. X"(s)) + B(X"(s)) 'V"(s))

(XE VEY(s =t;t,x,v) = (z,0), (s,t,2,0)€[0,T] x [0,T] x R? x R%.

Notice that the right hand side terms in the characteristic equations have at most
linear growth at infinity (i.e., when s,t € [0,7], || + |v| = 400), and therefore the
characteristics exist globally on [0,7] and have C' regularity in all the arguments.
Considering now the Poisson electric field corresponding to the particle density f,
leads to a map JF, whose fixed point gives the solution of the Vlasov-Poisson problem
(7), (8), (9) on [0, T]

/
r—x
——— dov'da’.
|z — /|2
We need to find a set X1 of smooth electric fields, which is left invariant by the map
F, and to establish an estimate like

E— F(B) = q/ FE( 2 )

271'60

t
||fE(t) —.FE(t>||Loo(R2) < CT/ HE(S) _E(5)||L°°(R2) ds, E,E € Xp,t € [O,T] (48)
0

for some constant Cr, not depending on E, E. After that, the well posedness of the
Vlasov-Poisson system follows immediately, by iterating the map F. We are not indi-
cating all the details of this construction, but only the a priori estimates, for smooth
solutions of (7), (8), (9). Let f be a smooth solution corresponding to the non nega-
tive initial particle density fi, € C!(R? x R?). We are looking for estimating E,d,F
in C([0,T] x R?). Notice that for any R > 0 we have

AFON)

| — 2’|

L o B

27 |z — 2| 27 Jre

[F O]l 21 @2).

1
< oo (R2 —
< RIpLF (Wl + 5l

As the total charge is conserved, after minimization with respect to R, that is by taking
R = ([lpl finlll s g2y /27| pLf ()]l] e (e)) /2, we obtain

1/2
60||E[f(t)]HLOO(R2) < H P[f(t)] ||1L/OZ(R2) (g||finl|L1(R2><]R2)> . (49)

For estimating the L* norm of the charge density, we analyze the support of the
particle density f. By the characteristic equations we have for any 0 < s <t <T

t
X(sitoao) —al < [ Vit do (50)

and
LWVl 0 = LB (X (51,70 V(sit 2, 0) (51)
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implying that

t
q
[ Wesita o)l = o 1 < 2 [ B @ ao

Assume that supp fi, C {(z,v) € R* x R?* : |z|] < R™ and |v] < R™}. Clearly, for
any (z,v) € R? x R? such that |v| > R,(t) := R" + % [V IIELF ()| oo (r2y ds we have

V(0 t,2,0)| > |v] — |q'/ IELf(5)]|| o re) ds > R™

and therefore

flt,z,v) = fin(X(0;t,2,0),V(0;t,z,v)) = 0.
Consider now (z,v) € R? x R? such that

|z| > R.(t) := R™ + tR,( / lal / |E[f(0)]|| L (r2) do ds.
If |u] > R,(t) we already know that f(¢,z,v) = 0. If |v| < R,(t), we have by (50), (51)

t
X (0:t, 2, 0)| > o] — / |v<s;t,x,v>| ds

> |$‘ — tPL / |q| / ||E HL°° (R2) do ds > Rm

implying that f(¢,x,v) = fin(X(0;¢,2,v),V(0;t,z,v)) = 0. We have proved that f is
compactly supported

supp f(t) C {(z,v) € R* x R? : |z| < R,(t) and |v| < R,(t)}, t €[0,T].

Notice that the above computations are not depending on the magnetic field B; more
exactly the equations (51) will be the same when considering an external magnetic
field or not. This is why the arguments used for the Vlasov-Poisson problem also apply
for the Vlasov-Poisson problem with external magnetic field. The charge density is
bounded by

Plf O] = gl fa fin(X (05, 2,0), V(03 8, 2,v)) dv < |g][] finl oo 2 w2y TR (1) (52)

The a priori bound for the L* norm of the electric field comes by Gronwall lemma.
Actually, combining (49), (52) yields

lq] 12 1/2
ol E[f ()] Lo m2y < (—HfinHLl(R2xR2) (|QH|finHL°o(R2xR2)7T) R,(t)

lq| 1/2 1/2 in |q|
fufmuglw 1 Finll 2 ey | B HE )| Lo ey ds |

Notice that once that we have obtained a L*> bound for the electric field, we also get a
bound for the support size of the particle density f. The derivation of the L> a priori
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estimate for 9, F is more elaborated. It was shown in [2] that there is a constant C
(depending only on m, ep) such that

10 BLf )]l < C [(1+ lplf @)]llz) (1 + W F ([ Vaplf (Oz=) + lpLf (O] . (53)

Here the notation In™ stands for the positive part of In. We already have a priori
bounds for the L norm of p[f(t)] (use the estimate for the size of the support of f)
and for the L' norm of p[f(t)] (use the conservation of the total charge), and therefore
(53) becomes

10: E[f ()]l < CL(1+ W™ [Vaplf (B)]llL), t € [0, T] (54)

for some constant C depending on m, g, q,T. We need to estimate the L°° norm of
V.plf(t)] which writes

Veplf(t)] = ¢V fin(X (05, 2,v), V(0;t, z,v)) dv (55)
R2
= q/ Ljoi<ro 0} " 0uX (0st,2,0)(Vx fin)(X(0; ¢, 2,v), V(0; ¢, 2, v)) dv
RQ
+ q/ Lipi<ro(t)} L0,V (0;t,2,v) (Vv fin) (X (05 t, 2,v), V(0; ¢, 2, v)) do.
R2

A straightforward computation on the characteristic equations shows that there is a
constant Cy(m, q, T, || B||w1.~) > 1 such that for any (x,v) € R? x R?, |v] < R,(t), we
have

t
9,X(0: .2, 0)| + 9,V (03, 2,0)] < Cyexp ( [ 10.B 6 ds), te0.7).
0

Coming back to (55) we obtain

IVaplf (Ol < Csexp (/0 10 Ef ()]l dS) , te[0,T]

for some constant C3(m, q,T, || Bllw1.~) > 1, and therefore

I || Vaplf (0]l < 1HC3+/O 10 ELf ()]l ds, ¢ €0,T].

Finally, combining with (54) yields

10, ELF )]l < Ci (1+ [ 1Bl ds), te 0.7

and the a priori estimate for the L* norm of 0,E[f] follows by Gronwall lemma.
Based on the L™ estimates for the electric field together with its spatial derivatives,
and also on the compactness of the particle density support, the inequality (48) comes
immediately. O
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