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ABSTRACT. Following Frénod and Sonnendriicker ([12]), we consider
the finite Larmor radius regime for a plasma submitted to a large mag-
netic field and take into account both the quasineutrality and the local
thermodynamic equilibrium of the electrons. We then rigorously es-
tablish the asymptotic gyrokinetic limit of the rescaled and modified
Vlasov-Poisson system in a three-dimensional setting with the help of
an averaging lemma.
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1. INTRODUCTION AND MAIN RESULTS

1.1. Physical motivation. We are interested in the behaviour of a plasma
(id est a gas made of ions with individual charge Ze and mass m; and elec-
trons with individual charge —e and mass m., with m; >> m,) which is
submitted to a large external magnetic field. It is “well-known” that such
a field induces fast small oscillations for the particles and consequently in-
troduces a new small time scale which is very restrictive and inconvenient
from the numerical point of view. The simulation of such plasmas appears
to be primordial since the model can be applied to tokamak plasmas from
magnetic confinement fusion (like for the ITER project).

1.1.1. Heuristic study. Let us give some heuristic formal arguments to inves-
tigate the behaviour of the plasma: if we consider the motion of one particle
(of charge ¢ > 0, mass m, position z and velocity v) submitted to an external
constant field B, the fundamental principle of mechanics gives that:

dx dv

(1.1) == %:%(U/\B).

Straightforward calculations show first of all that the parallel velocity, de-
noted by v (that is to say the component of the velocity in the direction of
the magnetic field) is conserved and thanks to the conservation of the kinetic
energy, so is the norm of the perpendicular velocity v, (the component of
the velocity in the perpendicular plane). Actually, we can see that the par-
ticle moves on a helix whose axis is the direction of the magnetic field. The
rotation period (around the axis) is the inverse of the cyclotron frequency
Q:

_ JqllB]

m
1

(1.2) Q
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and the radius is the so-called Larmor radius:

_ ]

(1.3) TL 0

In the case where the magnetic field is very strong, {2 tends to infinity
whereas 1y, tends to zero. More precisely, if we take [B| ~ 1 (with ¢ — 0)

we have:
O~ 1L
57
rp ~E.

The approximation which consists in considering r;, = 0 is the classical
guiding center approximation ([17]). This means that each particle is as-
similated to its “guiding center” (in other words its “instantaneous rotation
center”), which is equivalent to neglect the very fast rotation of the particle
around the axis.

If one also applies some external constant electric field F, a similar com-
putation shows that there appears:

(1) an acceleration % in the direction of B. If we consider F ~ 1, then:
E.B
(1.4) el |
| B
(2) a drift %\‘f in the orthogonal plane. We have:
EANB
1.5 —— ~E.
(1.5) B "¢

This drift, usually called the electric drift is problematic as regards to the
issue of plasma confinement. It is negligible compared to the acceleration
in the direction of B, but in the time scale for plasma fusion which is ex-
pected to be very long, one can not neglect this small drift, since it creates
a displacement of order et (¢t represents the time).

At last, note also that if the fields are not constant, various other drifts
may appear, whose order in ¢ is higher than those of the electric drift.

Actually, the fields considered are neither constant, nor external, but self-
induced by the plasma itself. The effects we would like to describe are due
to the non-linear interaction between the particles and the electromagnetic

field.

1.1.2. The mathematical model. In all the sequel, we assume that the mag-
netic field is external and constant and we suppose that the speed of particles
is small compared to the speed of light, so that we can use the electrostatic
approximation which consists in reducing the Maxwell equations to the Pois-
son equation. Finally, we decide to opt for a kinetic description for the ions:
in other words, the time and space scales considered here are such that ions
are not at a thermodynamic equilibrium and their density is governed by a
kinetic equation.
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The basic model usually considered for the ions is the following Vlasov-
Poisson system:

ohf+vVef+(E+vAB).V,f=0
E=-V,V

—AV = [ fdv

Ji=0 = fo.

where f(t,z,v) is the density of ions, with t € R*,z € R or R?/Z%,v €
R¢ (usually d = 2 or 3), meaning that f(¢,z,v)dzdv gives the number of
ions in the infinitesimal volume [z, 4 dz] X [v,v + dv] at time ¢ (note that
in this model, electrons are for the moment neglected).

1.1.3. The gyrokinetic approzimation. It is important from a numerical point
of view to establish the asymptotic equation when |B| tends to infinity.
Indeed, we expect the asymptotic equation to be “easier” to handle: only one
time and space scale, perhaps less variables in the phase space to deal with...
The derivation of such equations is usually referred to in the mathematic
literature as “gyrokinetic approximation”.

Rigorous justifications of these derivations with various time and space
observation scales have only appeared at the end of the nineties. We refer
for instance to the works of Brenier (|5]), Frénod and Sonnendriicker ([11]-
[12]), Frénod, Raviart and Sonnendriicker ([10]), Golse and Saint-Raymond
([15]-[16]), Saint-Raymond ([21]-[22]).

The classical “guiding center approximation” corresponds to the following
scaling for the Vlasov-Poisson system (from now on and until the end of the
paper, B is a constant vector, say for instance B = %ez):

Ofe + 0N fe+ (Be 4+ 222) NV, fe =0

E.=-V,V,
(16> AV, = ffedv
fei=0 = fo-

The articles [11] and [15] show that when ¢ — 0, this leads to a one-
dimensional kinetic equation in the direction of B:

8tf + ’U”Vggf + EHva =0
E=-V,V

—AV = [ fdv

ft=0 = fo.

Notice that the electric drift does not appear; this was expected since we
have seen in the formal analysis that this drift was of higher order in € than
the other effects. This shows in particular that this approximation is not
sufficient for the numerical simulation of tokamaks. In order to make this
drift appear, there exists to our knowledge two main possibilities:

(1.7)

(1) one consists in restricting to a 2D problem in the plane orthogonal
to B ([15]),

(2) the other consists in rescaling the orthogonal scales in order to get
both transport and electric drift at the same order ([12]).
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This work directly follows the articles [12| and [10] where the authors
considered the “finite Larmor radius approximation”. This means that the
spatial observation scale in the plane orthogonal to B is chosen smaller than
the one in the parallel direction, more precisely with the same order as the
Larmor radius 77, so that one can expect the electric drift to appear in the
asymptotic equation.

In some sense, having such a scaling allows the electric field to signifi-
cantly vary across a Larmor radius, which is not the case for instance in
(1.6). Moreover, in this situation, the positions of the particles are no longer
assimilated to the position of their “guiding center” and we will have to per-
form an average over one fast oscillation period (the so-called gyroaverage)
in order to get a sort of averaged number density.

1.2. Scaling and existing results. The system we are going to study
is based on the “finite Larmor radius scaling” and takes into account the
quasineutrality of the plasma.

1.2.1. The (refined) mathematical model. We refer to [12] for a complete
discussion on the scaling. Let us recall briefly and quite crudely how it
works.

Let L) be the characteristic length in the direction of the magnetic field
and L, be the characteristic length in the perpendicular plane. We consider

that Ly ~ 1 and L, ~ ¢ and define the dimensionless variables {L‘/H = %“l‘ and

) = % In the same fashion we also define the dimensionless variables ¢’
and v" with characteristic time and velocities with the same order as Ly and
introduce the new number density f’ defined by ff'(¥,2',v") = f(t,z,v)
(and we define likewise the new electric field and potential EE' (¥, 2/, v') =
E(t,x,v) and VV'(¢,2',v") = V(t,z,v)). We consider the scaling f, £ ~ 1
and V ~ e. At last, we introduce the Debye length of the plasma Ap,
which appears in the Poisson equation. In order to take into account the
quasineutrality of the plasma, we take from now on Ap ~ +/z.
The Poisson equation states in this scaling:

1 1, . e
(1.8) _5Awﬂ‘/e/ - gAm’le/ = - ( e ng) )

where n’ = [ fldv' is the density of ions and n¢ the density of electrons.
The density distribution of ions is normalized so that [ fjdv'da’ = 1.

The main difference between Frénod and Sonnendriicker’s model and ours
lies in the following. Instead of considering a fixed background of ions,
and since ¢ << 1, we make the usual assumption that the (adiabatic)
electrons are instantaneously at a local thermodynamic equilibrium, so that
their density follows a Boltzmann-Maxwell distribution:

. eV!
(1.9) n (2, t) = exp (kBT) |

where kg is the Boltzmann constant, —e the charge and T, the temperature

of the electrons. We consider that k,BeT ~ 1.
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We make the assumption that we are not far from a fixed background of
electrons, so that we can linearize this expression:

(1.10) ni(z,t) =1+ V..

We are obviously aware that this assumption is not really satisfactory from
the mathematical point of view; nevertheless it is commonly used in plasma
physics. The problem of a fixed background of electrons, i.e. n¢ = 1, brings
actually more interesting formal results; this point will be discussed in the
last section.

The Poisson equation can now be written:

(1.11) V! — 82Axil V- Axlvs/ = /fsdv/ - /deU/dIE/.

The dimensionless system (1.6) becomes (for the sake of simplicity, we
forget the primes):

Ofe+ L. Vafe +v).Vofe+ (E: + 2E) .V, f. =0
Es — (7VIJ_‘/757 *5vx”‘/s)

Ve — 52Am”V€ - ACI?J_‘/;: = ffz—:dv - fdede
fs,t:O = fz—:,Oa

with the notation Ax\l = 8%” and A, =A— AIH’

the problem being posed for (z1,z,v) € T? x T x R® (with T = R/Z
equipped with the restriction of the Lebesgue measure to [0, 1]).

(1.12)

1.2.2. State of the art about the Finite Larmor Radius Approximation. Us-
ing homogenization arguments, Frénod and Sonnendriicker established the
convergence in some weak sense of sequences of solutions (f:)e>0 of similar
systems, in two cases, namely in some pseudo 2D case (assuming that noth-
ing depends on x| and v)) and in a 3D case when the electric field is external.
The main tool used to establish the convergence is the “2-scale convergence”
introduced by Nguetseng [20] and Allaire [2] that we will recall later on.
(1) The 3D case:

Assume that we deal with an external electric field E. = E €
CHR x R3):
{ Ofe+oVefe+ L Vofe+ (E+Y2) Vofe =0
ft=0 = fo.

Frénod and Sonnendriicker proved the following theorem:

Theorem 1.1. For each ¢, let f- be the unique solution of the scaled
Vlasov equation in L,?O(Lglw N wa). Then the following convergence

holds as € tends to O:
(1.13) fe = f weak-* L?*(L7 )
where f € L°(L3,) is the unique solution to:
1 2
of +v.Vauf + o ( R(T)E(t,x + R(—T)v)d7'> NVaf
0

+% </027r R(T)E(t,z + ’R(—T)v)d7'> Vo f =0,



6 DANIEL HAN-KWAN

27
fioo = & ( [ fute+ R(T)U,R(T)v>df> ,

27
denoting by R and R the linear operators defined by:
cost sinTt 0
R(t) = |=sinT cosT 0| ,R(1)=(R(n/2) — R(n/2+T)).
0 0 1

(2) The pseudo 2D case:
The Vlasov-Poisson system considered in this case is the following

2D system:
v vt
(1'14) 8tfe+g-v$fs+ Es“"? -vvfa =0
(1.15) fejt=0 = fo
(116) EE = _v‘/:&‘) _AJ:‘/:E = Pe,
(1.17) Pe = /fedv.

If v = (vg,vy), v* is defined by (vy, —v,).

We recall that there exist global weak solutions of Vlasov-Poisson
systems in the sense of Arsenev ([3]).

Assuming here that fo >0, fo € L., N L%, (for some p > 2) and
that the initial energy is bounded, Frénod and Sonnendriicker proved
the following theorem (we voluntarily write an unprecise meta-version
of the result)

Theorem 1.2. For each ¢, let (fz, E) be a solution in the sense of
Arsenev to (1.14)-(1.17).

Then, up to a subsequence, f. weakly converges to a function f
Moreover, there exists a function G such that :

2m
(1.18) f= G(t,x + R(r)v, R(T)v)dr,
0

and G satisfies :

2m
0:G + QL ( R(T)E(t, T, + R(—T)v)dT) V.G
T \Jo

L1 (/027r R()E(t, 72 + R(—T)U)d’i‘) V,G =0,

T
G\t:O = fo,
E=-VP, —AD= /G(t,x + R(1)v, R(T)v)dv,
denoting by R and R the linear operators defined by :

R(1) = [ } ,R(T) =(R(7/2) — R(x/2+T)).

cosT sinT
—sinT cosT
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In this case, we have to introduce an additional variable, the “fast-
time” variable 7 which comes from the fact that we need to precisely
describe the oscillations in order to study the limit in non-linear
terms.

Note that the authors actually developped a generic framework that allows
them to deal with different scalings and to give a precise approximation at
any order. We do not wish to do so in our study.

1.3. A bit of homogenization theory and some useful definitions.
Let us now precisely state the “2-scale” convergence tools used in this paper.

Definition. Let X be a separable Banach space, X' be its topological dual
space and (.,.) the duality bracket between X' and X. For all « > 0, denote
by Co(R, X) (respectively Lg: (R; X)) the space of a-periodic continuous (re-
spectively LY ) functions on R with values in X. Let q € [1;00].

Given a sequence (u) of functions belonging to the space LY (0,t; X') and
a function U°(t,0) € LY (0,T; LY (R; X)) we say that

ue 2-scale converges to U°

if for any function ¥ € L1(0,T;Co(R, X)) we have:

(1.19)  lim OT (ua(t),\lf< >> / / (U°(t, 7), U(t, 7)) drdt.

Theorem 1.3. Given a sequence (u:) bounded in LY (0,t; X'), there exists
for all @ > 0 a function US € LI (0,T; LL (R; X')) such that up to a subse-
quence,

us 2-scale converges to Ug.

The profile UC is called the a-periodic two scale limit of u. and the link
between UL and the weak-* limit u of ue is given by:

1 (e
(1.20) / Udr = u.
0

(07

We also introduce some notations:

Notations. We define for all p € [1;00] the space Lk ,:=L5(T9, (L (RY))).
In the same fashion, we define the spaces LY szv
Let L .+ be the space of 2m-periodic functions of T which are in LY.

Let LI e be the space of functions [ such that for all infinitely differ-

entiable cut-off functions ¢ € C°, @f belongs to Lk. We will say that a

sequence (fe) is uniformly bounded in L , if for each compact set K, the

t,x’

z,loc
sequence of the restrictions to K s umformly bounded in L% with respect to

e (but this bound can depend on K ).
We will also use the same notations for Sobolev spaces WP (s € R).

1.4. Statement of the result. In this paper we prove that the 2-scale con-
vergence established in the previous 2D case is also true in our 3D framework.
The difficulty comes from the fact that there is no uniform elliptic regularity
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for the electric field because of the factor €2 in front of Aﬂ”u in the Poisson
equation:

Voo, Vom A, Ve = [ v~ [ fdvdo

In particular there is no a priori regularity on z|| and therefore no strong
compactness. Nevertheless, we actually prove that due to the particular
form of the asymptotic equation, the moments of the solution with respect
to v are more regular in x| than the solution itself. We can then easily pass
to the weak limit.

The reason why we have opted for this strange Poisson equation instead
of the usual one will appear at the end of the next section and especially in
the last one. Roughly speaking it allows us to “kill” the plasma waves which
appear in the parallel direction due to the quasineutrality.

Notice that this result is in the same spirit as the proof of the weak
stability of the Vlasov-Maxwell system by DiPerna and Lions ([8]), where
the authors have regularity on moments, by opposition to the proof of the
weak stability of the Vlasov-Poisson system by Arsenev ([3]), where the
author has compactness on the electric field. Actually our result is a kind
of a hybrid one, since we get on one hand regularity with respect to x| by
elliptic regularity and in the other hand regularity with respect to z; by
averaging.

We assume here that the initial data (f:0)s>0 satisfy the following condi-
tions:

i fa,D > 0.

® (f-0)e>0 is uniformly bounded with respect to € in Lalc,v N L, (for
some p > 3) and for each ¢, [ f.odxdv = 1.

e The initial energy is uniformly bounded with respect to &:

(/ faoyv\zdvdwrs/va?odxﬂ/\vuvg,oy?dxjua?’/|V$”V5,012dx> <C.

Theorem 1.4. For each ¢, let (f., E.) in L{°(L}, N LEy) x L(L2) be
a global weak solution in the sense of Arsenev to (1.12). Then up to a
subsequence we have the following convergence as € tends to 0:

(1.21)  feo weakly-* converges to  fo € Lf
(1.22) fe  2-scale converges to  F € LY°( wa(L;:,v NLE.,))

3
(1.23)  E.  2-scale converges to &€ € L°(Ls;, (L3/2(W;f))).

271',’7’ xH
Moreover, there exists a function G € L*(Ly,,, N LY ) such that:
(1.24) F(t,7,z,v) = G(t,z + R(T)v, R(T)v),

and (G, ) is solution to:

1 2w
0G +v). VG + o ( R(T)E(t, T,z + ’R(—T)U)dT) V.G

0

+% < /0 T RO+ R(—T)v)d7'> V.G =0,
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E=(-V_.V,0), V-AV= /G(t,x + R(7)v, R(T)v)dv — /fodvdx,

denoting by R and R the linear operators defined by:

cost —sinTt 0
R(t) = |sinT cosT7 O|,R(7)=(R(n/2) — R(n/2+T)).
0 0 1

As it has been said, for the proof of this theorem, we will first prove
a proposition which gives the regularity of moments in v of the solution.
For this, we use an averaging lemma. The beginning of the proof is very
similar to the proof in the 2D case, but we will give it again for the sake of
completeness.

Remarks. (1) The assumption on the initial energy may, at first sight,

look a bit restrictive but in the “usual” Vlasov-Poisson scaling, it only
means that the inital electric potential and field are bounded in L?.

(2) The constant ¢ = 3 will come quite naturally from Lemma 2.3 and
Proposition 3.1.

(3) This theorem implies that for a given non-negative initial data G;—y =
Go in Lglw N LE, (with p > 3) and satisfying the energy bound,
the asymptotic system admits at least one global weak solution G €
LfO(Lglgvv NLE ). With the additional assumptions on the inital data:

G() S W;”&,
11+ [v[*)Goll Lge, < o0,
(1 + ]v|4)DGg|]Lg<3U < 00.

we are actually able to prove the uniqueness of the solution, using the
same ideas than Degond in [7] (and also used afterwards by Saint-
Raymond in a gyrokinetic context ([21])). Hence, it means that if the
whole sequence (f: o) weak -* converges to some fy satisfying these
estimates, then by uniqueness of the solution, there is convergence
for the whole sequence (f:) (without extracting any subsequence).

2. A PRIORI UNIFORM ESTIMATES FOR THE SCALED VLASOV-POISSON
SYSTEM

2.1. Conservation of LP? norms and energy for the scaled system. In
this section we give a priori estimates which are very classical for the Vlasov-
Poisson system (used for example in [11], [12], [15]). In order to recall how
one can get them, we will give some formal computations. If one wants to
have rigorous proofs, one should deal with smooth and compactly supported
functions, namely with a sequence (fI'),>0 of solutions of some regularized
Vlasov-Poisson equations then pass to the limit (that is the way one can
clasically build a global weak solution in the sense of Arsenev ([3])).

First, as usual for such Vlasov equations, LP norms are conserved (we

work here at a fixed ¢):
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Lemma 2.1. For all 1 < p < o0,

(2.1) V=0, 1 FO)llzz, < I O)lze,-

Moreover, fo > 0 if and only if ¥Vt > 0, f(t) > 0 (referred to as the maximum
principle)

That precisely means that if fy € L ,, then f € L{°(LE ).
Let us now compute the energy for the scaled system:

Lemma 2.2. We have the estimate:
(2.2)

E(t) = </f€|v\2dvdx+6/V€2dfn+5/|vxﬂ/;|2dﬂc+63/|Vz|V€|2d:n) < £.(0).

In particular if there exists C > 0 independent of € such that E.(0) < C,
then:

(2.3) /fs|v]2dvdx <C.
Formal proof. We multiply the scaled Vlasov equation by |v|?
with respect to x and v.

/atf5|v|2dvdx+/E5.va5]v|2dvda: = jt(/ f5|v]2dvdx) Z/Eg(x).vfsdvdx:O.

We then integrate the Vlasov equation with respect to v. We get the so
called conservation of charge:

(2.4) % </ fdv) + V. </ fvdv> + v:i. </ fvldv) =0.

Therefore, we have:

/Ee(m).vfgdvdx = —/(VMVE,evleg).vfedvdx

and integrate

_ /VE (Vh.(fau) + svx”.(favn)) dvda

= —5/V€&fedvdac.

Finally, using the Poisson equation, we get:

—5/‘/;8tf5dvdx - —g/vaat (Ve =200 Ve = A, V2) do

= —¢ ( / Vo0;Vodz + / Vo, Vo0V, Vda + & / VxlﬁtVEVx”Vde>

1d
= —&5 (/Vfdx—k/WMVEde—ksz/]VIVE|2daz>.

Thus it comes:

(2.5)

d
yn (/f5|v\2dvdx+€/X/fda:+€/\vxﬂ/;]2dx+s3/|vmlV5|2da:) = 0.
0
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2.2. Regularity of the electric field. Let us recall a classical lemma ob-
tained by a standard real interpolation argument:

Lemma 2.3. Let f(z,v) be a mesurable positive function on R3 xR3. Then:

3/2 3/4
(2.6) /(/f(x,v)dv) dxgcnf”igfv </\v|2fdxdv> .

Proof. For any R > 0, we can write the following decomposition:

/fadv = /MSRfdv—i—/|U|>Rfdv

1
< CR|flus+ g5 [ 1ol s

Then we can take R such that R2Hf\|L% = # [ |v|? fdv so that we get:

(2.7) /fdv <C </ f3dv> v </ |v|2fdv)1/2.

We then raise the quantities to the power 3/2, integrate with respect to z
and use Holder’s inequality which gives the estimate.
O

By conservation of the L3 norm and the uniform bound on the intial
energy, Lemmas 2.2 and 2.3 entail that:

(2.8) pe € LP(LY?),

and the norm is bounded uniformly with respect to €.
We now use the Poisson equation to compute the regularity of the electric
field. Let us recall that:

E. = (~eVa Ve, ~Va, Vz)
Ve — €2Afc”V5 — Dy, Ve=p: — /poda:-

Lemma 2.4. With the above notations and assumptions:
E. is uniformly bounded with respect to € in L?(L%Q(Wif’ﬂ)).

Proof. Let ¢ > 0 and t > 0 be fixed. For the sake of simplicity we write V
instead of V, and F instead of E.. R
For any function f(z|,21), define the rescaled function f(z,z1) by

(2 2
f (?71"L) :ESf(xH’:EL))
so that:

(2.9) If (z,21) I a2 = ||f(~’6||7M)||Lgﬂ2-

The Poisson equation becomes:

V_sz_Ahv:ﬁ_gé/podgc
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and the scaled electric field is given by:

E= (—vzf/, —vxj/) .

Since pg(t,.,.) and V. are uniformly bounded in Li/ 2, standard results
of elliptic regularity on the torus T2 x %']I‘ show that there exists C' > 0
independent of € such that:

iz < €[5 <% [ o

z2,x |

3/2
L2,

Remark. Notice here that due to the dilatation of order % in the parallel
direction, being periodic in this direction does not make things easier.

Thanks to (2.9) we get:

< (Cy.

Z,% | L?O(Li/z)

”‘N/||W2,3/2 <C Hp— /podx

with Cy independent of .
Consequently, we have:

1Bl 52 vy < 1By 1072 < Co.
Finally from (2.9) we get

| < Co.

L (L2 wa ')
0

We can see as expected that the regularity of the electric field with respect
to the x| variable is not sufficient to get some strong compactness.

Remarks. (1) We can write the identity:

(2.10) D, Vo= =Dy, (Id =20y — Ay, )7 <p5 - /pgdz:> ,
so that, thanks to elliptic estimates on the torus T2, V. € L%Q(Wg’f’ﬂ).

Consequently, 9z, Vz is bounded in Li/f(ng_”l’?’/ 2). This implies that
E. = —€8xHVE tends to zero in the sense of distributions.

(2) A typical function . such that ¢, is bounded in LP and %cpe is
bounded in W17 is the oscillating function cos(%x). This indicates
that E. | oscillates with a frequency of order % in the parallel direc-
tion.

(3) If we work with the usual Poisson equation

*52Ax“v:5 - ij_v;‘ = Pe — /pstU

we only get homogeneous estimates for V. and we have not been able
to deal with such anisotropic estimates in the following of the paper
(namely in the estimates of Proposition 3.1). Roughly speaking, if V'
is a solution of the Poisson equation —AV = p with p € L3/2(R?), we
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can only say that V € W23/2(R?) (the homogeneous Sobolev space)
and not W?23/2,
(4) This difficulty seems to be not only a technical one, but appears
to be linked to the existence of plasma waves (with frequence and
. 1 . . . .
magnitude of order W) in the parallel direction which prevents us

from passing directly to the limit € — 0 (see [19] and last section).

3. PROOF OF THEOREM 1.4

Proof. The first two steps are identical to the one given in [12]. For the sake
of completeness we recall here the main arguments and refer to [12] for the
details.

Step 1: Deriving the constraint equation. First of all, since (f:) is
bounded in L¢°(L; ,, N L% ), Theorem 1.3 shows that for all o > 0:

fe 2-scale converges to I, € L>(0,T; Ly7(R; LL ).

Let W(t,7,x,v) be an a-periodic oscillating test function in 7 and define:
t
Ve =V(t,—, z,v)
€

We start by writing the weak formulation of the scaled Vlasov equation
against We. Since

vAe
Va0 = Vay i = div, (B +2==) =0,

we get the following equation:

VA e,

/fs ((atqf)f + é(aTfo)f + (Vo 0)° + %.(vz\p)f + (Es + ) .(VU\I/)E) dtdzdu

= —/fo\If(0,0,x,U)d:L‘dv.

Multiply then by e and pass up to a subsequence to the (2-scale) limit.
We get the so called constraint equation for the a-periodic profile F:

(3.1) OrFy+v, . VioFy +vAe, VyF, =0,
which means that F, is constant along the characteristics:
av
dX
3.3 — = V.
(33) dr +

A straightforward calculation therefore shows that there exists FO € L°°(0, T, L% ;)
such that:

(3.4) Fy(t,1,z,v) = Fg(t, x4+ R(1)v, R(T)v),
with:

cost sint 0
R(r)= |—sinT cosT7 0| ,R(1)=(R(n/2) — R(n/2+ 1)),
0 0 1
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sin T cost—1 0
ie. R(t)=|1—cost sint 0].
0 0 0
Since R and R are 27-periodic, we will consider the 27 profile: indeed if «
and 27 were incommensurable, F,, could not depend on 7 and consequently
we would have no information on the oscillations.

Step 2: Filtering the essential oscillation. We now look for the equa-

tion satisfied by Fy_ := G; we introduce the filtered function g.:

(35) gs(tax7v) = fs(t,l’ +R(—t/€)U,R(—t/€)U),
(meaning that we have removed the oscillations).
We easily compute the equation satisfied by g.:
(3.6) Oge +v)|-Vage + R(t/e) Ec(t,  + R(~t/e)v).Vge
+R(t/e)E.(t,x + R(—t/e)v).Vyge = 0.

Remark. Note here that g. 2-scale converges to (G, and since it does not
depend on 7, it also weakly converges to G.

Step 3: Getting some regularity on moments. From now on, the goal
is to get some compactness for the moments of g. with respect to v|. The
main tool we have in mind is the following averaging lemma proved by Bézard
in [6], which is a refined version of the fundamental result of DiPerna, Lions
and Meyer (]9]):

Theorem 3.1. Let 1 < p < 2. Let f,g € LP(dt ® dx ® dv) be solutions of
the following transport equation

(3.7) Of +0.Vaf = (I —A¢) (I — A)™ 2y,

withm € R, 7 € [0,1[. Then V¥ € C(RY), py(t,z) = [ f(t,z,v)¥(v)dv €
WP(R x R?) where

1—7
3.8 §= —"7—.
(38) (1+m)p
Moreover,
39 lesllwer@xrey < C (Ifllo@sansan + 1900 (@edsd)

(C is a positive constant independent of f and g)

Averaging lemmas are an important feature of transport equations: since
the transport equation (3.7) is hyperbolic, one can obviously not expect the
solution f to be more regular than the right hand side or the inital data.
Nevertheless, if one considers the averaged quantity pg, one can actually
notice a gain of regularity. This phenomenon was first observed indepen-
dently by Golse, Perthame and Sentis ([14]) and Agoshkov ([1]) then was
formulated in a precise way for the first time by Golse, Lions, Perthame
and Sentis (see [13]); it is referred to as “velocity averaging”. There exists
many refined versions of these results and numerous interesting applications
in kinetic theory, but we shall not dwell on that. We simply point out that
this tool has been successfully applied to Vlasov equations, for instance to
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prove the existence of global weak solutions to the Vlasov-Maxwell system
as it has been done by DiPerna and Lions ([8]).

These results have been proved for functions with values in R. Here, for
our purpose, we need a new version of LP averaging lemma for functions with
values in some Sobolev space WAP(RF) (k € N*). We prove the following
result, which is sufficient in our case (probably an analogous of Bézard’s
optimal result is also true):

Lemma 3.1. Let 1 < p < 400 and A € R. Let f,g € Lf@,v(ng"p) be
solutions of the following transport equation

(3.10) Of +v.V.f=1—A)"%g

withm € RT. Then V¥ € CX(RY), py(t,x) = [ f(t,2,v)¥(v)dv € Wif(W;"p)
for any s such that

3.11 < e — =9

(3.11) $S 82 = oy forP

and

3.12 < = — 2

( ) § SP (1 +m)p/ forp #

Moreover,

(3.13) loulwezarsy <€ (1Flzp, vz +lollip pm)

(C is a positive constant independent of f and g)
Sketch of proof. We prove the result in the stationary case only:
(3.14) v.Vof = (I — A)™2g

By standard arguments (see [13|) the general case then follows.
The following estimate is obvious for ¢ = 1 or ¢ = 400 (and actually we
can not expect any smoothing effect) :

(3815)  lowllggqwae < C (115, vy + 19l o)) -

For p = 2, we prove the result as in Golse-Lions-Perthame-Sentis [13]. We
denote by & (resp. 1) the Fourier variable associated to = (resp. y).
The only point is to notice (using Fubini’s inequality):

2
louliny = 416 [P ([ Fearva) ande

1

The proof is then identical and we get for s = )

(3.16) lowllsrzamy) < C (112 i) + oz amy) ) -

Finally the general case 1 < p < 400 is obtained by complex interpolation

14].
|

Equipped with this tool, we can now prove that moments in v are more
regular with respect to ¢ and x| than the solution itself.
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Proposition 3.1. For each ¢ > 0, let g. be a function in L}w NLE, (with
p > 3) bounded uniformly with respect to € and satisfying:
Otge +v)|-Vage + R(t/e) Ee(t,  + R(~t/e)v).Vge
+R(t/e)E:(t,x + R(—t/e)v).Vyg: = 0,

with E. the electric field uniformly bounded in L?(Liﬂ).
Let ¥ € D(R). Define

Ne(t,x,v)) = /gg(t,x,v)\ll(q)dv.
Then,
(3.17) Ne is uniformly bounded in W27, (W 17

t,z,loc x| ,v,loc
for v €]1; 2 defined by % =24 % and some s €]0;1[ (depending on 7).

Proof. e The first step is to localize the equation. Let K be the carte-
sian product of compact sets:

K =[0,T] x Koy X Ko, X Ky X Ky,

We now consider some positive smooth function CI)(t,:L'”,acJ_, vH,vl)
which is C2° and which satisfies the condition:

(3.18) ® = 0 outside K.
Noticing that:
divy (R(t/e)E:(t,x + R(—t/e)v)) + divy, (R(t/e) E:(t,x + R(—t/e)v)) = 0.
The equation satisfied by g.® is the following one:
01(ge®) +v)|.Vi(9:®) = — V. (R(t/e) Ec(t,x + R(—t/e)v)g-P)

(1)
= V. (R(t/e)Ec(t, x + R(—t/e)v)g-P) —01(P)g- — Y| Va(®)ge

-~

(2)
FR(t/e)Ex(t,x + R(—t/e)v).Va(®)ge + R(t/e)Ex(t, z + R(—t/)v).Vy(D)gs.

The idea is now to consider this equation as a kinetic equation
with respect to the variables (¢, z||,v) and with values in an abstract

Banach space (which will be W, "7/, ). We then only study the first
two terms of the right-hand side (noticing that the other terms have
more regularity than these ones).

From now on, for the sake of simplicity and readability, we will
write LP and W*P norms without always specifying that they are
taken on the compact support of ®.

o Estimate on the first term (1) Since E. does not depend on v, we
have:

E: € L (LYP(LE(LYD))).

Z

In particular if we restrict to compact supports:
E.eL}?

t,x,v*
The second point is that the differential operator applied in (1) in-
volves only derivatives with respect to the x, variable and not in the
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parallel direction: this remark is fundamental for using the averag-
ing lemma 3.1 (indeed, the case of a full derivative in x| can not be
handled).

Holder’s inequality simply implies that:

(3.19)
IR(t/e) Belt, e+ R-t/e0)ge@ll sz, < Bt 2+ R-t/))@l e el .
where 1 5= + . Hence:

(3.20)

IV (R(t/e)Ee(t, s+ R(—t/)0)ge®) Iy 1y < 1 E(t, a+R(=t/)0)®| /2 Nlgellzz,
T ,v x| 1> J_

Notice that the change of variables (z,v) — (z + R(s)v,v) has
unit Jacobian for all s € R, so that:

(3.21) |E-(t, 2 + R(~t/e)0)@|| 52 = |[Ec(t,)]| /2
),V T,V

So finally we have, after integrating in ¢, z|,v| and thanks to
Holder’s inequality:

IV (R(E/€) Ee(t, x + R(=t/2)0)ge®@) [l 7

ta:H 'uH QCLUL)

< ONEt ) o2 o geller, |, 2

Bl )
L) Ly L0

and C' is a constant independent of €.

Remark. The regularity of (1) with respect to v, is not optimal
(since it involves no derivative in v, for g.). Nevertheless we are
interested in the regularity of the whole right hand side, and we will
see that the term (2) has this regularity in v .

e Estimate on the second term (2)
By the same method one gets:
IV (RO Et+ RI-4/2000:9) 1 w22, )

t,a
ll

< CHEs(t, iL‘) HL’?/IQH (Li/f,v) ngq)HLf’x |

(Lgl,v)'
Finally we see that the right hand side is uniformly bounded in:
LY (W—L’Y (W—L’Y ))

t,x),loc v)j,loc v ,loc

o Regularity of the moments By lemma 3.1 , for all ¥ € C2°, the mo-
ment:

nE(tax’vL) :/gf(t7$’v)\1](v|)dv||

is then uniformly bounded in the space W,

( 71’7
L, loc

M,vl,loc) for any

3>Owiths<2%,.
O
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We can now prove that the sequence of moments 7. is compact in a space
of distributions which is the dual of some space where the sequence (E;) is
uniformly bounded.

Corollary 3.1. There exists 0 €]0,1[ and n € W2, (W03 ) such that

t,zH,loc( z,) v ,loc
for all £ > 0, up to a subsequence:

T3 3 —0-¢,3
(322) Ne = 1 Strongly m Lt,loc<L:1:H,loc( zl7vf7loc))'
Proof. By assumption on the initial data, there exists ¢ > 3 such that fy €
L1 ,; thanks to the a priori L? estimate, we get g € L°(LZ ,). Define ~y by:

1 2 1

Y 3 q
The previous lemma shows that for some s > 0:

sy -l ; i
Ne € Wt,leoc(WxL,vL,loc) uniformly in e.

Since g. € L}, (L%,) and ¥ has compact support, we get by Holder’s

t,loc
inequality:
Ne € thI,loc(L%H (LgL,vL))'
Since % > % > % and é < %, there exists 6 €]0, 1 such that
L_1-0 0
3 g v

By interpolation ([4]) we deduce that:
ne € Wt59,3 (er,?) ))

2 loc r,,v, ,loc

This implies that:
ne € W3(L3 (w % ) uniformly in e.

tJoc\ "z x| v ,loc

Ne € L;riloc(V[/'S{g’3 (W3 ) uniformly in e.

z|;loc x|, ,loc
We then use the following refined interpolation result proved by Simon in
[23], which is, roughly speaking, an anisotropic adaptation of the classical
Riesz-Fréchet-Kolmogorov criterion for compactness in LP:

Theorem 3.2. Let 1 <p < oo and s > 0. LetT >0 and X, B,Y be three
Banach Spaces such that X C B C Y and with X compactly embedded in B.
Let F' be a bounded set of LY ([0, T], X)NW;P([0,T],Y). Then F is relatively
compact in LY([0,T], B).

This entails, thanks to Sobolev’s embeddings, that the sequence (7.) is
(w063 ), for all £ > 0.

strongly relatively compact in L?, (L3 o1 s doc

t,loc\ Mz, loc

O

From now on, we consider £ such that 8+¢& < 1, which is of course possible
since 6 < 1.

Remark. Following the remark in Step 2 and by uniqueness of the limit in
the sense of distributions, we get:

n:/G\I/(U”)d’U”
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Step 4: Passing to the weak limit. We will first need a technical lemma
which is obtained directly from the 2-scale convergence of E..

Lemma 3.2. Up to a subsequence,
o R(t/e)E.(t,x+R(—t/e)v) weakly converges to 5 027r R(T)E(t, T2+
0 13/2(qrl3/2
(~r)o)dr € Li=(Lg5 (L (Wa™")).
(t/e)E.(t, 2+ R(—t/e)v) weakly converges to 5~ 027r R(T)E(t, T, x+
) (L

R

o R
0 13/2(yy713/2

R(—7)v)dr € Lg°(LS; (L xﬂ (Wau/ ))-

73/2

Proof. E is uniformly bounded in L7°(Lz) (I/V1 8/ 2)), so there exists £ €

Le(L %2(1/1/1 3/2) such that E. 2 scale converge to £.
We take ¥(t,7,x) a 2m-periodic w.r.t. 7 test function and use the 2 scale
convergence of F.:

/R(t/s)EE(t, x+ R(—t/e)v).V(t,t/e, x)dtdr

_ / Eo(t, 7). R(t)) Ut tfe, & — R(—t/e)v)dtda

1 27
— 2/ Et,7,2). ' R(T)V(t, 7,2 — R(—7)v)dtdrdx
™ 0

2m
- 21// Et, 7,2+ R(=7)v).'R(T)¥(t, T, x)dtdrdzx.
Q 0

The proof is the same for R(t/c)E.(t,x + R(—t/e)v).
(]

Now, we can write the weak formulation of the kinetic equation (3.6)
against a smooth test function of the form ®(¢,z,v,)¥(v)) with compact
support. If we can pass to the limit for such test functions, then by density
it will be also the case for all test functions.

Noticing that div, v = 0 and that
divy (R(t/e)E:(t,x + R(—t/e)v)) + divy, (R(t/e) E:(t,x + R(—t/e)v)) = 0,

we get:

/ (D002, 01 (o)) + 0y Vo (B) + R(1/2) Ex (1,2 + R(~1/2)0). V()
+R(t/e)E:(t,x + R(— t/«s)v).VU(<I>\I/))g€dtdxj_dx||dvldv||

- /9870@(07 z,v1 )V (v))drdv.

We can easily take weak limits in the linear part dig. + v)|.Vzge.
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Consider now the “non linear” term:

/R(t/a)EE(t, T+ R(—t/e)v). Vo ®(t, 2,0, )ge ¥ (v) ) dtdzr | dxydvdv) =

/R(t/s)EE(t, r+ R(—t/e)v).V (¢, x,v)) </ gE\Il(v|)dv) dtdz | dx)dv, .

The convergence of this term can be established by the strong/weak con-
vergence principle. Nevertheless, we have to carefully use this technique to
get the result and we will explicitly evaluate the difference:

‘/R(t/a)Ea(t,x + R(—t/e)v). V. @(t, x,v1 )n.dtdr ) drvjdvy
2m
/2 / R(P)EW, 7,2+ R(—T)v )dr.vxcpndtdxdm‘
T

<| / (t/8)E.(t, @ + R(—t/e)v )—% R(r)E(t, 7.2+ R(~r)0)dr ).V bndided, |

+‘/R E) ety + R(—t/2)0). V0 (t, 3, 0.) (0. — ) dide dayd. |

The first term of the right hand side converges to zero because of the
2-scale convergence of E. (Lemma 3.2). We can control the second term by:

(3.23) CHEE'V‘B(I)HLf/Q(Lil/‘Q(W,fIFAi/Q)) 7 — UHL%(LSH( Wy P5%)

(these norms are actually taken on the compact support of ® but we do not

write it for the sake of simplicity)
Using the fact that E; is uniformly bounded in L%gc(Lil/‘Q(ijw/ 2)) (this
is an easy consequence of Lemma 2.4) and Corollary 3.1,

17e = 77HL3 (0.T),L, (K WV SO (K XKy ) 0,

we can deduce that

/R t/e)Ee(t,x + R(—t/e)v).V,@(t,x,v1) (e — n) dtdz dz|dvy | —

The proof is of course the same for the other non-linear term:

R(t/e)E(t, x + R(—t/e)v).Voge

To conclude let us compute the asymptotic equation satisfied by the 2-
scale limit of V; denoted by V. We take U(t, 7, x) a 2m-periodic w.r.t. 7 test
function. We write the weak formulation of the Poisson equation:

/%lelll(t,t/e,x)dtdx—i-
&2 / Vo, VeVa, U(t, t /e, x)dtdx + / Vo, VeV, U(t,t/e, x)dtdx

:/fg(tw,U)\I'(t,t/s,x)dtdvdx—/(/fodvdx> V(t,t/e,z)dtdvdz.

We then pass to the 2 scale limit:
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1 2
L / / V(t, 7,2)Va, U(t, 7, 2)drdtdz + 0
27 0
1 2 1 2
+ // meV(t,T,ZE)VmL\IJ(t,T,.ﬁ)detd.ﬁ:// F(t,r,z,v)¥(t, T, x)dtdvdz
2 0 27 0

~ % / /0 u < / fgdvd:p) U(t, 7, 2)drdvde

1 2m
— 27 / / G(ta 7-7 X + R(T)U, R(T)”U)\If(t7 7‘7 x)deUd.fC
T 0

1 2
— // </f0dvdx> U(t, 7, x)drdvdz,
27 0

from which we get the “Poisson” equation given in Theorem 1.4:

V-AV= /G(t7 x4+ R(T)v, R(T)v)dv — /fodvdx.

Moreover since E, | = —V, V, and thanks to Remark 1 following Lemma
2.4, we easily get if we pass to the two-scale limit:
E=(-V,, V,0).
O

4. CONCLUDING COMMENTS

4.1. Comments on the result. Finally we can see as in [12] (namely by
performing the change of variables z = x. — v and looking at the new
equations in the so-called gyro-variables (¢, x.,v)) that the drift involving
the electric field in the asymptotic “kinetic” equation corresponds to the
electric drift that we mentioned in the introduction and which was expected
to appear. We also notice that the Poisson equation we get in the asymptotic
system is the same than the one used in the numerical simulations of tokamak
plasmas (see for example the GYSELA code in [18]). Nevertheless, physicists
do not get it in the same formal way: they claim that it only expresses the
quasineutrality of the plasma (there is no “real” Poisson equation involved)
and the perpendicular laplacian happens to appear due from the so-called
“polarization drift” ([18], see also [24] for a physical reference on the subject).
It would be interesting to justify such a computation from a mathematical
point of view.

At last, we wish to point out a really unpleasant feature of our model,
which is that there is no parallel dynamics.

4.2. An alternative model. Let us give some comments on the gyrokinetic
approximation of the system (4.2) which consists in considering a population
of electrons in a fixed background of ions:

(4.1) niz/fodxdv.

Actually, quite surprisingly, this model engenders more interesting physi-
cal properties: in this case the parallel component of the electric field does
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not vanish but appears as a pressure in the end (which may bring difficulties
both in the study of the asymptotic system and in numerical simulations).

Ofe+ L. Vafe+v.Vafe+ (B + L)V, f. =0
Es = (—Vxﬂ/e, _Evm“Vs)

—&?Ay Ve = Ay Ve = [ fedv — [ fodvda

fs,tzO = fz—:,O-

(4.2)

With the same computations as the present paper, we get:

(4.3) fe 2-scale converges to F),
(4.4) E. 2-scale converges to €.

In a formal sense, there exists a function G such that:
(4.5) F(t,1,z,v) = G(t,x + R(T)v, R(T)v)
and (G, &) is solution to:

2

0G +v). V.G + % < R(T)E(t, T,z + R(—T)U)dv‘) V.G

0

2m
—i—i < R(T)E(t, T,z + R(—T)’U)dT) V.G =0,
27 0
G‘tZO = va

E=(-V.V.E), —ALV= /G(t,x +R(r)v, R(r)v)dv — /fgdvd:n,

still denoting by R and R the linear operators defined by:

cost —sint 0
R(t) = |sinT cosT7 O|,R(17)=(R(—7/2) — R(—7/2+T)).
0 0 1

The parallel component £ has to be seen as a pressure (or the Lagrange
multiplier) associated to the “incompressibility” constraint fTQ [Gt,z+
R(7)v, R(T)v)dvdx | = [ fodvdx

Let us just give a few words on the difficulties that arise with this model.
The Poisson equation can be restated as:

(4.6) —€2AxVE—AMVE:/fgdv—/fgdvdej—/fgdvdxj_—/fodvda;,

so that thanks to the linearity of the Poisson equation we can study sepa-
rately two equations. The first one states:

(4.7) —€2A1H viea, vi= /fedv — /fsdvdxl.

For this part of the electric potential we get the same estimates as in lemma
2.4. Indeed, [ ([ fedv— [ fedvdz,)dz, = 0 so that we can use elliptic
estimates on the torus T2 - Consequently this electric potential does not
give birth to any parallel dynamics, like in Theorem 1.4.
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The second one is:

(4.8) —52Ax|V52:/fedvde_—/fodvdx.

only depends on ||

This equation, associated to the one giving the electric field Eg 1= —aawu VH2’

is similar to the one studied by Grenier in [19], coupled to a Vlasov equation
describing a quasineutral plasma. In this case it was shown that there exist
plasma waves with both temporal and spatial oscillations with frequency %

and magnitude of order % Because of these waves, it is much more diffi-

cult to pass to the limit in order to get a kinetic equation. Grenier managed
to prove the convergence only for distribution functions with special form
and got in the end a Euler-like system with an electric field interpreted as a
Lagrange multiplier. Hence, in our case, this part of the electric field may
engender an non-zero &|).

For these reasons, it seems much harder to expect to prove a rigorous
result similar to Theorem 1.4 with such a model.

4.3. Prospects. A way to pass to the limit in this latest case would be to
use a relative entropy method like in the papers of Brenier ([5]) and Golse
and Saint-Raymond ([16]). This will be the object of a forthcoming work.

Another interesting issue would be to consider a “true” Boltzmann-Maxwell
distribution for the electrons (not linearized like in this paper) and perform
an asymptotic analysis, maybe also with a relative entropy method.
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