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plasmas with mass disparate particles
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(August 22, 2010)

Abstract

The controlled fusion is achieved by magnetic confinement : the plasma is con-
fined into toroidal devices called tokamaks, under the action of strong magnetic
fields. The particle motion reduces to advection along the magnetic lines com-
bined to rotation around the magnetic lines. The rotation around the magnetic
lines is much faster than the parallel motion and efficient numerical resolution
requires homogenization procedures. Moreover the rotation period, being pro-
portional to the particle mass, introduces very different time scales in the case
when the plasma contains disparate particles; the electrons turn much faster than
the ions, the ratio between their cyclotronic periods being the mass ratio of the
electrons with respect to the ions. The subject matter of this paper concerns the
mathematical study of such plasmas, under the action of strong magnetic fields.
In particular, we are interested in the limit models when the small parameter,

representing the mass ratio as well as the fast cyclotronic motion, tends to zero.
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1 Introduction

Many research programs in plasma physics are devoted to magnetic confinement. It
concerns the dynamics of a population of charged particles under the action of strong
magnetic fields, let say B°(z) depending on some parameter ¢ > 0. For instance,
thermonuclear fusion (and thus energy) is produced in a tokamak, which is a toroidal
plasma confining device, the ionized gaz (plasma) being confined by a strong magnetic
field. Indeed, the radius of the circular motion of the charged particles around the
magnetic lines (which is called the Larmor radius py) is proportional with the inverse
of the magnetic field, i.e. pr, = muv/|qB¢|. Here m is the particle mass, ¢ is the particle
charge and v is the velocity in the plane perpendicular to the magnetic field lines.
Therefore, when the magnetic field becomes large, the Larmor radius vanishes and thus,
at the lowest order, the particles remain confined around the magnetic lines, which are
supposed to enclose a bounded volume (the tokamak). But strong magnetic fields
introduce small time scales, since the rotation period of particles (called cyclotronic
period T.) is proportional to the inverse of the magnetic field, i.e. T, = 2wm/|qB¢|.
Clearly, the efficient numerical resolution of such models requires multiple scale analysis
or homogenization techniques. Notice also that in the case of a gaz, consisting of
distinct particles (let us say ions/electrons), the cyclotronic motion introduces several
small time scales, for example when the particle masses are disparate.

Using the kinetic description and neglecting the collisions we are led to the Vlasov
equations

8tff+%~vxff+e <E(t,a:) + iABE(I)) Voff =0, (t,z,p) € R xR*xR? (1)

(2 (2

8,:fj+m£-vxf§—e (E(t,[ﬂ)—i—ﬁ /\Ba(a:)> Vofe=0, (t,z,p) ER. xR*xR? (2)

€ €

where ff (resp. f¢) is the distribution function of the ions (resp. electrons) in the
position-momentum phase space (z,p) € R3 x R3, m; (resp. m.) is the ion (resp.
electron) mass and e (resp. —e) is the ion (resp. electron) charge. Remark that the
system (1), (2) is not written in the usual position-velocity phase space, as we are
assuming for the moment, that the electron and ion momenta are of the same order of

magnitude.



We assume that B¢ is a given stationary, divergence free magnetic field and that
the electric field derives from a given electric potential E(t,z) = —V,é(t,z). We
suppose moreover that the electro-magnetic field is smooth. We are interested now in
the behaviour of the system (1), (2) for a large magnetic field and also large mass ratio

between ions and electrons

Choosing T.; as a typical value of the set {T,;(z) : € R}, we assume that the time

observation is much larger than the typical ion cyclotronic period

Tobs 1
=—->>1.
Tci g

This leads to a magnetic field of the form

B(x)

B (z) = 2 p(w), div,(Bb) =0

for some scalar positive function B(z) (given by eB(x)/m; = 27T/ (TopsTwi(x)), x €
R3) and some field of unitary vectors b(z). Introducing moreover the rescaled ion

cyclotronic frequency
eB(x)

m;

wei(z) =

we obtain from (1), (2) the Vlasov equations

i+ L Vg + (e B + Lualep A 0(a) ) - Vot =0 3)

7

1 1
o fs+ ﬁ% Ve ff — (e E(t,x) + gwm(x)p A b(ac)) -V, fi=0 (4)

(2

where ¢ and p are small parameters relating the observation time and the typical

ion/electron cyclotronic periods

Tobs o 1 Tci m; 1 Tobs . 1

Tcz’ 8’ Tce_me_,u’ Tce_a‘
Certainly, the equations (3), (4) can be written in dimensionless form, by introducing

the unknowns and variables

1 = Pobs

o (8,2, D) = =[5 (t E(t,i) = E(t
z/e( 7x7p) Xg,bspégbsfz/e( ,l’,p), ( 71.) eTobs ( ,l’)
- P X
t= Tobs t; T = Xobs j? b= Pobs ﬁu obs = Obs'
my Tobs



In this case we obtain

Oiff +P-Vaff + (E(E, )+ Q?WTT@ A B(:z:)) Vpff =0 (5)
~s re 2 Ty 7 e
of+ L ovfe - (B0 + 2L i) Wi =0 ©

Nevertheless, in order to obtain the standard quantities, like magnetic momentum,
electric cross field drift, magnetic curvature/gradient drift expressed in physical units,
we prefer to work with the equations (3), (4), instead of (5), (6).

The ordering between these time scales is
Tops >> Toy >> The.

We analyze here the particular regime characterized by T,; = /TypsTve i.e., when
€ = u. Generally the ratio between the observation time and the ion cyclotronic period
is chosen as a function of the ratio between the typical ion Larmor radius pr; and the
tokamak small radius a, Typs/Tw = (a/pri)?. Since Te;/T.. = m;/m., then the regime
Toi = VTopsTee leads to a/pr; = \/mi/me = /1836 (which corresponds to tokamaks

like TFTR Princeton). Having dropped the index ¢ for the ion mass and the rescaled

cyclotronic frequency, the Vlasov equations to be studied become

ot + L Vgt (e Blea) + Lo n)) - T, =0 )

s+ 1L Vg (B + Sl nbe)) T =0 ®
The aim of this work is to investigate the asymptotics of (7), (8) when ¢ Y\, 0 and
to emphasize the specific behaviour of the ions and electrons under the action of a
strong magnetic field. Notice that doing this, we assume that the electrons and ions
posses momenta of the same order of magnitude. Later on (see Section 4.3), we shall
investigate the asymptotics under the hypothesis that electrons and ions have similar
velocities. The two limit models are rather different and correspond to regions of the

tokamak with disparate temperatures between ions and electrons, as illustrated by the

th\ 2 th\ 2
03 me Uéh m; pgh

where 0, /0., vi" /vth and pi* /pih are the temperatures, thermal velocities and thermal

formula

momenta of ions/electrons.



As usual in multiple scale analysis, the main idea is to separate scales, i.e. to distin-
guish between fast and slow motion. The effective dynamics is obtained by averaging
over the small time scale, here the cyclotronic period. As observed in [5] this approach
can be interpreted from the ergodic point of view: it reduces to mean ergodic theorem,
which allows us to construct an average operator, associated to the smallest time scale.
The goal of this paper is how to generalize this method when two different small time
scales appear in the model, as for example in the electron Vlasov equation (8). The
main idea is to perform double average, one for each small time scale. More exactly we
start by averaging with respect to the smallest time scale 2. A new Vlasov equation
is obtained, with only one small time scale left. Finally a second average is performed,
in order to remove the fluctuations evolving on the time scale €. Up to our knowledge,
this method which combines successive average operators in order to handle several
small scales is new.

If the computations are completely explicit for ions and this for general magnetic
shapes, things are more complex for electrons. We obtain explicit formula at least in

some particular cases (cylindrical geometry), as

(x27 —1, 1)

b =
TR B

r € R (9)

More generally, the arguments presented in this paper allow to treat many other models,
not only the case of strongly magnetized plasmas with disparate particle masses. The
method can be adapted straightforwardly to any linear transport equation involving
multiple scales ¢,¢2,...,eP with p € N*, but the explicit derivation of the limit model
may become very complex since, in general, it requires p averaging processes.

The goal of this paper is to distinguish the dynamics of ions and electrons by taking
into account their mass ratio. Two different ion/electron limit models will be obtained,
depending on the starting assumption of similar ion/electron momenta or velocities.
The relative mass constraint between two particle species has been addressed in pre-
vious works devoted to kinetic theory (Boltzmann equation, Fokker-Planck equation)
[12], [16], [10] but not under the hypothesis of strong magnetic field. The new contribu-
tion of the present work is to provide a rigorous mathematical analysis which describes
the magnetic confinement of several species of charged particles and explain the specific

behaviour when keeping trace of their relative mass.



For the analysis of the Vlasov or Vlasov-Poisson equations with a large external
magnetic we mention [13], [15], [7], [14]. The numerical approximation of the gyroki-
netic models has been performed in [17] using semi-Lagrangian schemes.

The nonlinear gyrokinetic theory of the Vlasov-Maxwell equations can be carried
out by appealing to Lagrangian and Hamiltonian methods [8], [9], [19], [20]. It is also
possible to follow the general method of multiple time scale or averaging perturbation
developped in [3]. For a unified treatment of the main physical ideas and theoretical
methods that have emerged on magnetic plasma confinement we refer to [18], [21].

We also mention that the drift approximation of strongly magnetized plasmas is
analogous to the geostrophic flow in the theory of a shallow rotating fluid [1], [2], [11],
23], [24].

Our paper is organized as follows. Section 2 presents briefly the main ideas of this
work, as well as the main results. In Section 3 we introduce the first average operator
and list its mathematical properties : orthogonal decomposition of L? functions into
zero average functions and invariant functions along the characteristic flow, Poincaré
inequality, etc. The ion limit model follows immediately by averaging along the char-
acteristic flow corresponding to the dominant transport operator in (7). In the first
part of Section 4 we introduce the second average operator, since the analysis of the
electron limit model (8) requires double averaging. The second part of Section 4 is de-
voted to the asymptotics of the electron model (8) (momentum units of the same order
for both ions and electrons). We investigate magnetic shapes whose lines are winding
on cylindrical surfaces. In the last part of Section 4 we perform a similar analysis when

assuming that the velocity units are of the same order for both ions and electrons.

2 Presentation of the models and main results

The dynamics in (7) is dominated by the transport operator fw.(z)(p A b(x)) - V, and
leads to the guiding-center approximation cf. [6]. A formal derivation follows by using

a standard asymptotic expansion like

ff:fi+5fi1+52fz2+-~- (10)



Plugging the above Ansatz in (7) and denoting by 7 the operator w.(pAb)-V, yields at
the lowest order the divergence constraint 7 f; = 0 and to the next order the evolution

equation for f;

Ouf; + % VofiteB(ta) Vofi+Tf=0. (11)

We need to close (11) with respect to the first order fluctuation density f;!. Motivated
by the fact that the leading order term f; belongs to the kernel of 7, we project (11)
on ker 7. Since the range of 7 is orthogonal to its kernel, it is easily seen that in
this way we can eliminate the unknown f! from (11) and obtain a transport equation
which permits to compute f;. For the explicit computation of the advection field of this
Vlasov like limit equation, it is worth observing that the orthogonal projection on ker 7°
is equivalent to averaging along the characteristic flow associated to 7. The rigorous
construction of the average operator (sometimes called by physicists the gyro-average
operator in the context of gyrokinetic models) essentially relies on ergodic theory i.e.,
von Neumann’s ergodic theorem ([22] pp. 57). Employing this method yields the
Vlasov equation (16) (see Proposition 2.1) for the ion dominant term f;, cf. [6]. If the
derivation of the limit model (16) is now well understood, the behaviour of (8) when

e\, 0 is not obvious. Assuming that the electron density f: for small e, behaves like

fe=fotefl+e2f2+ .. (12)

leads to the following equations corresponding to the orders e=2,e7%, %, ...

Tf. =0 (13)
Lo, -1 =0 (14)
m e

8tf6—eE-foe+%-foel—Tff:O. (15)

The key point is how to close (15) with respect to the first and second order fluctuation
terms fl, f2. Certainly the constraints (13) and (14) have to be taken into account.
We intend to perform our analysis using average operators, as it was done for the ion
dynamics. The problem is more complex since (8) combines two different scales : € and
£2. We will see that the limit model can be obtained by similar techniques, involving
double averaging. In the particular case of a magnetic shape whose lines are winding

on cylindrical surfaces (18) an explicit Vlasov equation is derived for the dominant

7



celectron density. The ion/electron limit models obtained under the assumption of

similar ion/electron momenta are summarized in

Proposition 2.1 Let us assume that the electro-magnetic field is smooth, the magnetic

field B® being divergence free and of the form

b(z), |b(z)]=1, z€R3

whereas the electric field is given via a potential, as E(t,z) = —V¢(t,x). Moreover,
let us assume that inf,crs B(z) > 0.
i) Ion limit model

Then the limit ion density f; = limoo f£, with ff solving (7), satisfies
Ouf +bla) @ blx) L - Vo fi + (ebla) @ b(a)E +wilx,p) 'p) - Vpfi =0 (16)

where for any (x, p) with pAb(x) # 0 the symbol Lp stands for the orthogonal momentum
to p, contained in the plane determined by b(x) and p, and such that its coordinate along

b(x) is positive, that means

b(x) A (p A b(x))

i
p=|pAbx) blx)—(p-blx 17
A b)) = (- b)) TS a7)
and the frequency w;(x,p) is given by
lp A b()| . (p-b(x)) (b p
i(x,p) = ——=div,b — —= | —b(zx)- ———— |, pAb 0.
wi(z, p) o 4V - 5 0(%) o) P (x) #
it) Electron limit model
We shall assume in this case the particular magnetic shape
—x1,1
b(z) = (22, —1, 1) r € R (18)

(z3 423+ 1)V

Then the limit electron density f. = lime o fS, with f solving (8), satisfies
the + (UGD + UCD) . foe + we(as,p) J_p : vp.fe =0

where the gradient drift resp. curvature drift velocities are defined as

IpAD* bAV,.B (p-b)?
= =———1(b b b
UGD 2m2(_w0) B bl UCD mQ(—UJC) ( /\ al‘ )

and the electron frequency w, is given by

Ip A b 2m2w,. B

we(z,p) = —(vep + vep) - ~(bNOLb D).



Notice that the particular case of Proposition 2.1 ii) still captures the main drifts, the
magnetic curvature/gradient drifts, as predicted for general magnetic shapes.
Another interesting asymptotic case is that of typical ion/electron velocities of the
same order of magnitude. Denoting by Ff (resp. FY) the distribution function of the
ions (resp. electrons) in the position-velocity phase space (z,v) € R3 x R3, the starting

Vlasov equations are now (see (1), (2) for comparison)

O FF +v -V, FF + i(E(t,x) +vAB(2)) -V, Ff =0, (t,z,v) € Ry x R*xR?® (19)

my

OFE +v-V,Ff — (BE(t,z) +vA B (2)) Vo FE =0, (t,z,0) € Ry x R x R3. (20)

€
€

The same ordering as previously 7;2—2 = g = Ee = % >> 1, leads to the models

E(t 1

OFF + vV, FF + (6 2) @) oA b(x)) YV FE =0, (t,2,0) € Ry x R® x R
€

(21)
leE(t 1

O, FF +v-V, F* — (—M + wel@) v A b(:c)) VL EFE =0, (tz,v) € Ry xR xR3
e m €

(22)

where m = m;, w, = w,;. Clearly, the limit model for the ion density is similar to (16).
When neglecting the parallel component of the electric field (i.e., E-b = 0) it happens
that at the lowest order the electron density satisfies the same model as the ion density.
But the ions/electrons behave differently when first order corrections are taken into
account. In particular the ions/electrons deviate differently from the magnetic lines.

With the notations
Ff=F+eF! +&*F?+ .., FF=F, +cF} +2F2 4 ...
under the assumption of similar ion/electron velocities we prove

Proposition 2.2 Assume that the electric and (rescaled) magnetic field are given and
smooth, such that E(t,z)-b(z) = 0.
0) The zeroth order ion/electron densities F; resp. F, are solutions of the same limit

model (similar to (16))

O Fije +b(2) @ b(2)v - Vo Frye + Qif,p) v+ Vo Fyye = 0 (23)
where
() = 2N i) — 0 bia) (amb W) T AZW)

9



and

Lo = v Ab(z)| b(z) — (v-b(z)) - |(Z /\b[E(Im)))|b(x)

i) The mean electron drift (up to second order corrections) is given by

Jps (Fe+€F})(v— (v-b) b) dv _. END
JpsFe dv B

it) The mean ion drift (up to second order corrections) is given by
i (F 4+ eF1) (0 = (v-8) B) dv
fR3Fi dv N

EAb  VEODAV.B (VP V2 b AV, frapi(z, v)F; dv
o — L) k()b
B + 2w, B + (wc 2w, (2)b(z) A n(z) + e ngFi dv

3

where

v 2 Bt 2, 0) do\ 2 s (v 2 Lx,v) dv\ 2
R e e I R

and p(z,v) = mlv A b(z)|*/2B(z), k(x) = |0,b b(x)| is the curvature of the magnetic

lines and n(x) = 0,b b(x)/k(x) is the first normal to the magnetic lines.

3 First average operator and the ion limit model

The concern of this section shall be the introduction of the first average operator
needed for the obtention of the ion/electron limit models, as ¢ — 0. We present in
detail the ion model, in order to facilitate the understanding of Section 4. Recall that
in this section, we suppose that the ions and electrons have momenta of the same order

of magnitude.

3.1 First average operator

Our study is based on the construction of average operators, corresponding to
characteristic flows preserving the Lebesgue measure. We work in the L?(R® x R?)

framework and we define the operator
Tu=div, (we(z) upAb(z)), uwe D(T)
D(T) = {u(z,p) € L*(R* x R®) : div, (w.(x) up Ab(z)) € L*(R* x R?*)}.

10




The notation || - || stands for the standard norm of L?*(R® x R?). We denote by
(X, P)(s;z,p) the characteristics associated to the vector field (0,w.(z)(p A b(z))),

that means

dX dpP
0 4 we(X(s)) P(s) Ab(X(s)), (X, P)(0)= (z,p). (24)
It is easily seen that z, |p A b(x)|, (p - b(z)) are left invariant along the characteristic
flow (24). Notice that each vector p € R? can be decomposed into its parallel part |

with respect to the magnetic field lines and its orthogonal part p,, like

p=p +p., ol +Ip>=1pP,

with
p = (p-b(x)) b(x) = b(x) @ b(x)p, pi:=blx)A(pAbx))=(I—blx)®b)p,

and where the symbol v ® v, with u,v € R?, stands for the matrix (u;v;)1<; j<3. The
reader has to distinguish between the two different notations p; and *p given in (17).
Straightforward computations yield the formulae X (s;z,p) = z and

P(s;x,p) = cos(we(x)s) po + sin(we(x)s) pL Ab(x) + py.
The trajectories (X, P)(s;x,p) are Tp(z) = -2 periodic for any initial condition

we(z)

(z,p) € R3xR3 and therefore we introduce the average operator along these trajectories
cf. [5]

Te(x)
(u) (z,p) = zj)/o w(X(s;z,p), P(s;x,p)) ds
- = [ AN @ () o)

for any function u € L*(R? x R?), where S(z) = {w € S? : b(z) - w = 0}. It is easily

seen that

Proposition 3.1 The average operator is linear and continuous. Moreover it coincides

with the orthogonal projection on the kernel of T 1i.e.,
() L* (R x R?) — ker T
and

/ /(u — () dpdz =0, V¢ ckerT.
R3JR3

11



Proof For any function u € L*(R?® x R?) we have for a.a. z € R?

2 1 =, ,
| {u) |*(z,p) < () /0 u”(z, P(s;x,p)) ds.

Taking into account that for any z € R3 the map p — P(s;x,p) is measure preserving

// a:pdpdx<// (x,p) dpdz
R3JR3 R3JR3

saying that (-) € L(L*(R* x R*), L*(R® x R?)) and || (-) ||z(r2raxre), 2®sxrsy) < 1. It

one gets

is well known that the kernel of 7 is given by the functions in L? invariant along the

characteristics (24). Therefore we have
ker 7 = {u € L*(R*® x R*) : 3 such that u(z,p) = v(z, |p A b(z)|, (p- b(z)))}

Notice that for any u € L?(R3xR3) its average (u) depends only on z, |[pAb(z)], (p-b(x)).
Therefore (u) € ker 7. Pick a function ¢ € ker 7 i.e.,

39 1 p(z,p) =v(@, [p Ab)], (p- b(x))) € L(R® x RY)

and let us compute I =[5, [ps(u — (u))¢ dpdz. Using cylindrical coordinates along
b(x) axis yields

I—/]R3/ W(x,r, 2 (/S(x)u(x,rw—l—zb(a})) dw—27r<u>) rdrdzdz =0

and therefore (u) = Proj,, ru for any u € L*(R? x R3). In particular (u) = u for any
u € ker 7 and || <> ||L(L2(R3><]R3),L2(]R3><R3)) =1. I

The above result allows us to characterize the closure of the range of 7. Indeed, since

(-) = Proj,, 7 and 7* = —7 we have
ker () = (ker 7)* = (ker 7*)* = Range 7.

Moreover we have the orthogonal decomposition of L*(R3 x R?) into invariant functions

along the characteristics (24) and zero average functions i.e., L?(R3 x R?) = ker 7 &+

u = (u)+ /R3/R3u— ) dpdz = 0.

If the magnetic field remains away from 0, the range of 7 is closed, leading to the

ker (-) since

equality Range 7 = ker (), which gives a solvability condition for 7u = v. For the

sake of the presentation we recall here the Poincaré inequality cf. [6]

12



Proposition 3.2 Assume that inf,cgs B(x) > 0. Then T restricted to ker (-)
7 :D(T)Nker(-) — ker (),

is a one to one map onto ker (-). Its inverse belongs to L(ker (-),ker (-)) and we have

the following Poincaré inequality
2
lull < =|Tull, Vue D(T)Nker ()
0
where wy = = infyeps B(x) > 0.

Proof By the previous computations we know that Range 7 C ker (-). Assume now
that u € D(7) Nker (-) such that 7u = 0. Since (-) = Proj,,+ we have u = (u) = 0
saying that 7 |ker( is injective. Consider now v € ker (-) and let us prove that there is
u € ker (-) N D(7T) such that 7u = v. For any a > 0 there is a unique u, € D(7) such
that

a Uy + Tuy = v. (25)

Indeed it is easily seen that the solutions (u,)s>0 are given by

Uo (2, p) = / e®v(x, P(s;x,p)) ds, (x,p) € R* x R®.

Applying the average operator to (25) yields (u,) = 0 for any o > 0. We are looking
now for a bound of (||ua|)aso. We introduce the function V'(s; z, p) = fso v(z, P(t;2,p)) dr.
Notice that for any fixed (x,p) the function s — V(s;x,p) is T.(x) periodic, because
(v) = 0 and thus ||V (s; 2, )| r2ms) < Te(x)||v(x, )| L2(rs) for any s € R. Integrating by

parts we obtain

ue(z,p) = —/ e*0,V ds = / ae*V (s;x,p) ds

implying that

[ta (2, )|l L2 @e) < / ae®||V(s;z, )| 2me) < Te()l[v(z, )l r2@e) < Tollv(z, )| r2ms),

_ 27

where Ty = ool After integration with respect to x we obtain the uniform estimate
|lua|| < To||v]| for any « > 0. Extracting a sequence («,), such that lim,, .. a, =0,

lim, o0 Ua, = u weakly in L2(R? x R?) we deduce easily that
we D(T), Tu=v, (u) =0, [ul| <Dl

saying that (T!ker<.>)_1 is bounded linear operator and || (T|ker<.>)_1 | £ker(y kery) < To-

[

13



3.2 Ion limit model

Using the properties of the average operator (-), we can easily derive the limit model
(16) for the ion distribution, stated in Proposition 2.1 (i). Presenting a complete
rigorous justification of the expansion (10) is not one of the major priorities in this
paper. The main objective is to provide a robust method for analyzing the asymptotics
of linear transport equations like (7) and how to extend it to multi-scale problems like
(8). Nevertheless a rigorous weak convergence result is presented in Proposition 6.1.
We emphasize that the method we employ here has been studied in detail in [5] (see
also [4]) for linear transport problems with even more general dominant advection
fields, with characteristic flows not necessarily periodic. We refer to these papers for a

complete mathematical analysis justifying rigorously the asymptotic behaviour.

Proof of Proposition 2.1 (i)
Let us recall that Ansatz (10) yields the evolution equation for the zeroth order distri-

bution function f;
atfi+%.foi_‘_eE(tax)'vpfi—{'Tfil =0, (26)
under the constraint 7 f;(t) = 0. This constraint implies that there is a function

gi = gi(t,z,r, z) depending on time ¢ and the invariants z,r = [p A b(x)|, z = (p- b(z))

such that we can write

fit;x,p) = gi(t, z, [p A b(2)], (p - b(2))). (27)

Under the hypothesis in Proposition 3.2 the equality ker () = Range 7 holds true and

therefore (26) is equivalent to
p
(Oufi+ 2 Vofi+ eB(®) -V, f:) = 0. (28)

It remains to average the time, position and momentum derivatives of the dominant
term f;. It is easily seen that the time derivative and the average operator are com-
muting since the characteristic system (24) is autonomous. Taking into account that
fi € ker T we obtain

(Oufi) = 0 (i) = Oufs. (29)
For computing the averages of the space and momentum derivatives we apply the chain

rule to (27) and we average only the derivatives of the invariants since the derivatives of
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gi; depend only on time and the invariants and thus are constant along the characteristic
flow (24). Assume for the moment that g; is smooth. By direct computations one gets
for any (x,p) such that p A b(z) # 0

-b(x

2= (O :p®p)+0,9; (00 :pRp).
p/\b(x)|( PR D) gi ( PR D)

and

0r9i
[p Ab(z)]
Here the notation U : V stands for the contraction Z‘:’ =1 WijVij of two matrices U =

(uij), V = (vi;) € Msxs(R). Recall that p — (I — b(x) ® b(z))p is the orthogonal

I (I = b(x) ® b(x))p + 0.9i b(x).

projection and p — b(z) ® b(x)p is the parallel projection with respect to the plane
oriented by the magnetic field. It is easily seen that

2
W =p1 e =0 @) @ b)) + I bi) @ b0)
Taking into account that 'd,b b = 2V,|b|> = 0 we deduce that
. 2
<£ Y, fi> e A (AL CO) R AN Cl I P 2LV CO L
m m 2m
(30)

and

(eE(t) -V, fi) =e(b(x) - E(t,x)) 0.9;. (31)

Combining (28), (29), (30), (31) yields the following Vlasov equation in the phase space
(z,r,2) e R* x R% xR

0hgi + = b(x) Vg — = div,b 0.g; + <r_2 div,b + e(b(z) - E(t, x))) 0.9; = 0. (32)

m 2m 2m

Notice that the magnetic momentum r?/(2mB(z)) is left invariant by (32). In particu-
lar (32) (supplemented by initial condition) is well posed in the phase-space (z,r, z) €
R? x R% x R without any boundary condition at » = 0. It is possible to reformulate
this equation in order to write a Vlasov equation for the dominant ion distribution f;
in the phase space (x,p). For this it is sufficient to express the derivatives of g; with

respect to the derivatives of f;

p—(p-b)b
g = O0ifi, 0.9 =b(x) -V, fi, Orgi= |p+b|) “Vyfi
t0.bp
g Ji= Co-Voli) 175
leading to the ion Vlasov equation (16). O
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Certainly the above arguments are formal. The rigorous derivation of the ion limit

model (16) was postponed to Appendix, cf. Proposition 6.1.

Remark 3.1 As before, the invariance of the magnetic momentum |pAb(z)|?/(2mB(z))
guarantees the well-posedness of (16) for p A b(z) # 0. Notice also that for any (x,p)
such that p A b(x) # 0, w;(x,p) remains bounded, since
p p—(p-b()) b>
Obb(x) ——— ) = ( 0,0 b(x) - )
(0100 i) = (0000 25505

Remark 3.2 The previous computations show that for any function f satisfying the

constraint T f = 0 we have
<% Vof +eE - fo> = b(z) @b@:)% Vof + (eb®bE + wi(w,p) Lp) - Vof (33)

which means that, by averaging, the transport operator 2.V +eE-V, reduces to another
transport operator, associated with the vector field (b(x)@b(x) 2, (eb@bE+w;(x, p) *p)).
An equivalent method for determining the effective transport operator is to search for

a field n = (n.,n,) such that the equality

(£ -Vof +eB-Vyf) =1 Voo f (34)

holds true when f belongs to a complete family of prime integrals for T. Since in our
case, (34) should be satisfied only for functions in ker T, we can assume without loss
of generality that n - (0,w. p Ab) = 0, which is equivalent to n, - (p Ab) = 0. Other
five equations can be obtained by using the invariants x,|p A b, (p - b). Indeed, taking
f=ux;,1€{1,2,3} in (34), yields

Moy = <&> _ b b, i€ {1,2,3)}.

m m
Taking f = (p - b) implies

lp A b|?
m

divyb + el - b.

t _ [P A
nr-(ﬁmbp)+77p-b—<m (*0.b p) + eE b>

Fventually one can get the last equation appealing to the invariant |p Ab|. Actually the
computations simplify a little bit when using the invariant |p|* instead of |p A b|. We

obtain
Np-p=(eE-p)=ce(E-b)(p-b).

Finally we retrieve the effective transport operator in (33).
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Remark 3.3 It is casily seen that any prime integral of -V, +eE -V, is also a
prime integral of its averaged transport operator. For example, when the electric field
derives from a potential E = —V ¢ then

(%-Vx—FeE-Vp) (%—I—egb) —0
which 1mplies

(b(m) ® b(w)% Va4 (eb ® bE + w;(x, p) p) - Vp> (% + egb) = 0.

Remark 3.4 Nearly the same arguments apply for models with a time dependent mag-
netic field. In this case we have fi(t,z,p) = gi(t,x, |pAb(t,z)|, (p-b(t, z))) and therefore

(p-b)

[p A D

Ocfi = 01gi — O0rg; (p : atb) + 0.9 (p : 3tb)~

Averaging at any fixed time t yields (0, f;) = Oyg; since ((p- b)) = 0. Therefore the
limit model satisfied by g; in the phase-space (x,r, z) does not change, but now, coming

back in the phase-space (x,p) gives
O f —|—b®b% - Vofi + (eb @ bE + w;i(t, x,p) Tp) - V,fi=0

where, in this case, the frequency w; is time dependent

A b(t
wi(t, x,p) = AIGE] div,b — P

p
o ] <6tb+(6xbb)®bm>.

4 Electron limit model

In this section we derive the limit model satisfied by the dominant electron distribution
fe in (12) and given in Proposition 2.1 (ii). First we assume that all particles (ions and
electrons) have typical momentum of the same order, that means that we are starting
from the model (7), (8). Next we investigate the case of comparable velocity units.

But first, one more average operator need to be introduced.

4.1 Second average operator

As has been noticed before, the analysis of the electron distribution is more complex,

the Vlasov equation (8) involving not only the scale € but also 2. Plugging the Ansatz

17



(12) into (8) leads to the time evolution equation
Ouf. = B-Vyft+ = Vofl = Tf2 =0, (35)

for the dominant term f. depending on the first and second order fluctuation terms

1
e

2 which have to be removed by using the constraints (13), (14). The divergence
constraint (13) yields that there is a function g. = g.(t, z,r, 2) such that

fe(tamap) = g€<t7'x7 ‘p/\ bl’p ’ b)

But f. also satisfies the second constraint (14), given by
p 1
(L9, =(Tf) =0,
m

Performing the same computations as for the ion distribution f; (which is possible since

the electron distribution f, also belongs to ker 7), this last constraint writes

2
% b(x) - Vige — % div,b 0,9, + ;_m div,b 0.g. = 0. (36)

Therefore the second average operator to be considered, in order to eliminate the

fluctuation term fl of (35), will be that with respect to the characteristic flow

20 hx(s) (37

AR Z(s)R(s) .
PR — div,b (X(s)) (38)
% _ 32(2 div,b (X(s)) (39)
(X, R, 2)(0) = (2.1, 2). (40)

Observe that r? + 22 is a prime integral for the field
2

% b(z) -V, — % div,b 9, + ;—m div,b 9. (41)

and therefore R?(s)+ Z2(s) is left invariant by the flow (37), (38), (39). The magnetic

momentum
_ b)) 0
plw,p) = 2mB(z)  2mB(x)

is another invariant, provided that the magnetic field is divergence free. Notice that

the characteristic flow (37), (38), (39) preserves the measure dv = 2rrdxdrdz i.e.,

/’ ;MX&@@%WDWZ/ W@,rz)dv, VseR,
R3xR4 xR

R3xR4 xR

18



for any function y € L'(R®* x R, xR ; dv). Indeed, for any y € L'(R3 xR, x R ; dv)

the solution of (32) corresponding to the initial condition x is given by
g(t,z,r,2) = x((X,R, Z)(—t;x,1,2)).
Observe that (32) can be written into conservative form
2 2r r?
0(2mrg) + div, (27r7‘g—b) — 0, (27r7‘g—divwb> + 0. | 2rrg—-div,b ) =0
m 2m 2m

implying that

d
—/ g(t,x,r,z)dv =0, teR
dt R3xR4 xR

and therefore
/ X(X,R, Z)(—t;x,7,2)) dv = / x(z,r, 2z)dv, teR.
R3xR; xR R3 xR xR

We need two other invariants for solving (37), (38), (39). Generally a confinement
region is supposed to be filled by nested magnetic surfaces, each surface enclosing
the next. We consider here a simplified geometry, i.e., the framework of 27 periodic
functions with respect to x3 and cylindrical magnetic surfaces with axis parallel to
es = (0,0,1). More precisely assume that the field of unitary vectors b is given by

Lo +e; L
R RV

b(x) =

x = (x9, —x1,0). (42)

It is easily seen, by direct computations, that the scalar functions B, which are 27
periodic with respect to x3 and satisfy the constraint div,(Bb) = 0, are those depending
only on p and x3 + 0, where 1 = pcosf, x5 = psinf. Indeed, since div,b = 0 the

divergence constraint div,(Bb) = 0 is equivalent to b- V,B = 0, that is
2904, B — £10,,B + 0,,B = 0.

Taking into account that

89 = xlamz — x28:21 )

we obtain

—09B + G%B =0,

whose invariants are p = (2 + 22)1/? and 3 + 6.
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Proposition 4.1 Assume that the direction of the magnetic field is given by (42). The
characteristic flow of (37), (38), (39) is then given by

sz , sz
Xi(s;x,r 2) =21008 | — —= | + 228in | ——— | ,
my/1+ p? my/1+ p?

, sz sz
Xo(s;x,r, 2) = —x18in | — — | + 29c08 | ——— | ,
my/1+ p? my/1+ p?

sz
m\/l—l—pQ’

Proof Since div,b = 0, we have (R, Z)(s;x,r, z) = (r,z). The components X1, Xo, X3

Xs(s;z,r, 2) =23+ R(s;z,r,2)=r, Z(s;z,rz) =z

satisfies

dX1 . z XQ(S) dXQ . z Xl(S)

ds om T X (52 + Xa(s)2 s m /T4 X1(5)2 + Xa(s)?
dX3 . z 1

ds B E \/]. + X1(8)2 + X2(8)2'
Clearly p = \/x? + 22 is left invariant and therefore our conclusion follows immedi-

ately. Notice that for any z # 0 the characteristics (X, R, Z)(s;z,r, z) are T(p,z) =
22m/1 + p? periodic in R? x R/(27Z) x Ry x R and that for z = 0 we have

(X, R, Z)(s;x,r,0) = (z,7,0).

1

Let us now introduce the average operator with respect to the flow given in Proposi-
tion 4.1. It is easily seen that the 27 periodic functions with respect to x3 and constant
along the above flow are those depending only on p, x3+ 6, r and z. We introduce the

first order differential operator

L
) z rte
Tv=div, | 2———2 |,
m /1 + x? + 3
2z tr+4oes

E\/l%—x%—l—x%

Here Liﬁ(]R3 x Ry x R ; dv) stands for the space of 27 periodic functions with respect

D(Th) = {veLi(RS xRy xR; dv) : divx< v) € LZ(R* xRy xR dl/)}.

to x3, measurable and such that

2m 1/2
ol = (/ [ rv<x,r,z>12du) - oo
r2Jo Jr,JR
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To this differential operator we associate the average operator along the trajectories of

Proposition 4.1 (see [5]), given by

1
O (@r2) = Jim 7 [ (X R Z) i) s

If z =0 (and thus for a negligible set) one gets (v), (z,r,0) = v(x,r,0) and if z # 0 we

have

T(p,2)
(), (x,r,2) = T(;,z)/o v(X, R, Z)(s;x,r,2)) ds
1 2m

= 5= ’U(R(—Oé> t(x17x2)7x3 + a,T, Z) da
2 Jo

1 2

= — v(R() Yz, 22), 13 — a7, 2) da
2 Jo

where R(«) is the rotation matrix of angle «

cosa —Ssin«
R(a) = , aeR.

sinov  Cos o

Actually (v), depends only on p,z3+ 6,7, 2

1 27

(), (x,r,2) = By v(pcos(a+0), psin(a+0),z3+ 60 — (a+0),r, z)da
T™Jo
1 2m

= — v(pcosa, psina, x3 + 6 — a,r, 2) da
2 Jy

and therefore (v), € ker 7;. The next propostion is similar to Proposition 3.1.

Proposition 4.2 The average operator (-), is linear and continuous on L3, (R* x R, x

R ; dv). Moreover it coincides with the orthogonal projection on the kernel of Ty i.e.,

() LER® xRy xR dv) — ker Ty

/RQ/O%/M/R(U — ())) dv =0, V¢ €kerT,.

Proof For any function v € L% (R® x Ry x R ; dv) we have

and

1 27
| (), |*(z,7,2) < %/ v?(pcosa, psina, x3 + 60 — o, 7, 2) da.
0
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Integrating with respect to z € R? x [0, 27[ and using polar coordinates one gets for

almost all (r,z) e Ry xR

2m
//|( P dx<— (/ / / (pcosa, psina, xz + 0 — arz)pdxgdﬁdp) da
r2J0 Ry Jo
27
// v (x, 7, 2) do
r2J0

Multiplying by 277 and integrating with respect to (r,2) € Ry x R yields

27 2 2
/ / / /(v)? dyg/ / / /1)2271'7’ dzdrdx:/ / / /v2 dv
r2Jo JrJR r2Jo JriJR r2Jo JryJR

saying that (-); € L(LL(R® x Ry xR ; dv), LL(R?* x Ry x R ; dv)) and || (), ||z < 1.
Pick a function ¢ € ker 7 i.e.,

Ix : U(w,r2) =x(p, a3+ 0,7,2) € LL(R® x Ry xR ; dv)

and let us show that fRZ R+ fR )Y dv = 0. We are done if we prove that
fR2 v))Y dz =0, (r,z) € Ry xR. For (r,z,a) € Ry x R x [0, 27 we can write

by using polar coordinates (p, ) with angles measured with respect to «

27 27
/ /Uw dz / / /v(p cos(0 — ), psin(0 — ), z3,7, 2)x(p, 23 + 0 — , r, z) p degdfdp
R? ryJo Jo

2 p2w
:/ / / v(pcos(0 — a), psin(0 — a), x5 + a,r, 2)x(p, x3 + 0,1, 2)p drsdfdp.
R4

Taking the average with respect to «a € [0, 2] we obtain

/ / W dx—/ / / x(p,x3+0,r, z) / (pcos(0 — a), psin(f — a), x5 + a,r, z) dapdrsdddp
R? Ry

2m p2m
:/ / / X(p,xs+ 6,7, 2) (v), (pcosb, psinb, xs,r, z)p drsdddp
Ry

/R/ ) d

since
1 27
by v(pcos(f — a), psin(f — a), x5+ a,r, 2) da
T Jo
0
= — v(pcosu, psinu, 3+ 60 —u,r, z) du
2m 0—2m

2

= — v(pcosu, psinu, xg + 0 —u,r,z) du
2m Jo

= (v), (pcosB, psinb, xs, 1, 2).

22



The previous computations show that fRQ R, Jg (v )¢ dv = 0for any ¢ € ker Ty
saying that (v), = Proj,zv for any v € L4 (R® x ]R+ x R ; dv). In particular
(v); = v for any v € ker7y and || (-), ||z = 1 (notice that ker7; # (), for example

exp(—xzf — a3 —r? — 2%) € ker Tq). O

Remark 4.1 The key point in the construction of the average operator (-), is that the
measure v is left invariant by the flow (37), (38), (39). The reader can convince himself

that for any function ¥ € ker Ty the following formal computations hold true (see also

[5], [22] pp. 57)

A2AQﬂA+A<v>1¢dV = TETOOT/ /w/%/&/ (X, R, Z)(s;x,7, 2))b(w,r, 2) dv dt
_ TETOJ/ /RQ/%/RJW (X, R, Z)(s: 2,7 2)) dv dt
:TETOO_/ /R/ /RJ 7 (e, ) dv dt
= /R/O /R+/Rv(x,7’,z)¢(m,r,z) dv.

The previous result also gives the orthogonal decomposition of Li(R?’ xRy xR ; dv)
into invariant functions along the flow (37), (38), (39) and zero average functions i.e.,

L% (R? x Ry x R; dv) =ker Ty @ ker (-), since
2m
v=toht =) [ [ [w-ee, a0
r2Jo JRr,JR
Observing that 7; is skew-adjoint on L% (R® x Ry x R ; dv) we also deduce that
ker (-), = ker(Projy, 1) = (ker ;)" = (ker 7;")" = Range 7.

In particular Range 7; C ker (-),.

4.2 Comparable ion/electron momentum units

The derivation of the electron limit model requires long computations, since double

average is needed. For the sake of the presentation, it is done in several steps.
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Proof of Proposition 2.1 (ii)
Let us assume that the magnetic field is given by (42). Recall that f. satisfies the
constraint (13) saying that

fe(taxap) = ge(t7x7r = |p A b(l')|a Z=p- b(l’) ) )
and that g. verifies the constraint (36) (which is a consequence of (14)) implying that
ge(t, 7, 2) = he(t,p = (22 + 22)V% s = 25 + 6,7, 2).

Elimination of the second order correction f2
Before investigating (35) observe that (14) allows us to determine the zero average
part of the first order correction f! in terms of the leading order distribution f.. Indeed

we have the decomposition in L?(R3 x R3)
fl =gttt =IpAblz=p-b)+ fL (f1) =0
and therefore by (14) one gets
T =L.v.p, (f) =0 (43)

By (36) we know that <% -V, fe> = 0 and thus Proposition 3.2 guarantees the solv-

ability of (43). Actually we can write

p p p p p
—_ vmfe = - vxfe - <_ : va:fe> = (_ - u) 'v:cge
m m m m m
b — _
9.9, F o, - POP = (P®D) vog (o0 2EP (p®p)
Ip A D m m
and straightforward computations imply
_ pAb
T =) === (44)

T p®p— (pep) =—p$b® E(p.b)bjuﬂ _ |:Z(p-b)b+§:| ®p$b. (45)

Therefore the zero average distribution fel is given by

x Ab -b Ab _[3
fel = _p : nge - azge - 81".98 P aa:b +t8a:b : P & _(p : b) b+ ]_? .
mwe Ip A D mwe 4
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The time evolution equation for f. comes by (35) after eliminating the distributions

1 f2. Applying the average operator (-) allows us to get rid of f?
(Oufe = eB V) + (L Vaglta pAblp-0) + (£ VoY =0, (@7)
Since f.(t,z,p) and g (t,z,[p Ab|,p-b) satisfy the constraint (13) we have as in (29),

(30), (31) (and by taking into account that div,b = 0)

P

p
O1) = 0ger (e B+, £) = e(b- ) 0.g. (£ Tugl) b @b 2 v,g0

Plugging the above expressions into (47) yields
D190 — ¢ (b- E) azge+<%vzf;>+71g;:o. (48)

Applying (-); to this equation will eliminate the term 77g}. The difficult task is now
to give an explicit formula for the average <% V.f €1> in terms of g, by using (43). It
happens that this average also reduces to a transport operator { - V,, . in the phase

space (x,r,z) (see Remark 3.2).

Computation of the field ¢

Indeed, for any function g. = g.(x,r, z) satisfying the constraint 7;g. = 0 we have
p A\
(B, ) =€ Viars g (49)
m

where fel is the unique solution of

<f~el> =0, TfEZEVJ;ge—{— azge_p—barge axb p®P .
m [p A b m

Since (49
field &€ =

has to be satisfied only for functions g. € ker7; we can assume that the

6907 67"7 52:) Vel"iﬁes

A~ ~—

& -b=0. (50)
Other four equalities are obtained by imposing (49) when g, is one of the invariants
p=+/12+ 122, s =15+0, r 2 For example taking g. = (r? + 22)/2 we get f! = 0 and
thus
Consider now g. = p. In this case (46) gives

_Vaup pAb_p
m We MW,

felz (Vap AD)
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and therefore

meel = -

SR

( p V.B

m?w. B

By direct computations one gets

RV e
VopAb=—bh— YT/

p

€3
p

1 1 /1L o2
02(Vap ANb) = 5 0b — 5 bEVap— e ® Vs (%)

1 1 1+ 2
Tr(0:(Vap A D)) = [ divab = 25 b Vap = Oz, (@) —0

1

p

1 2
b-(@x(VmpAb)b):;b-&rbb—%vxp-b—bgb-vx (—Vﬂ)) — 0.

P

Notice that for any matrix A(x) and vectors n(x), x(z) we have

[p A DI

(p@p:Alr)) = 5

[p AP

(Tr(A) —

b- Ab)

{((p-np-x) = 5 (m-x—m-b)(x-b)+

Taking the average of (52) yields

pr al __’p/\b‘Q .
<m V:cfe>— 2m2w? Vate: (Vap

and therefore (49) implies

+(p-b)*b- Ab (53)

(p-b)* (- b)(x - b). (54)

Ab) = lp ADI? \/1+ p? O0,B

2mw, p B

¢ xl-l—f o r* /14 p* OB (55)
Z‘Ip x2p_2m2wc P B
Consider now g. = s = x3 + 6. In this case
<f>—0 Tfl +}923131 51@
m mp
and therefore
< Ab L
fel — _(p )3 + X (p/\ b) P11 +p2332 1 +p2
mw, Mwep? Mwep?

We deduce that

Mwep? mw,

p (p1,p2,0) 5, P1%1 + Dako 1+ p? V.B /14 p?
L fi= L g STy PR g (Y -
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implying that
2+p2 i \/1+p2 IlaxlB—Fl’gamB
P2/ 1+ p? P’ B

(p-0)?*  IpADP 9,B 1+ p?
m2wer/1 +p2  2mPw. B P

Consequently the choice g. = s = x3 + 0 in (49) leads to

~ 1+ p? A b|?
(2w ft) = 0 iy - 00

m2w.p? 2m2w,

Finally taking g. = z we obtain
Tf! = (axb : M) (=0
m

and by (45)

f;=4n}bw (1 +3b @ b)(@,b + 10,0 )M[b] : p® p)

where M [b] is the matrix of the linear map p — b A p

0 —bs by
M [b] = b3 0 —by
—by by 0

By direct computations one gets

1 b®63 b®b
—(I+3b®b)(0,b +'0,b)M[b] = —
T+ 3OV + 100N = — — T

and thus the distribution fel can be written

jro ! ps(p-b)  (p-b)°
©omwe \ 142 1+p2 )

The transport term ~ . szel appears like

Pogq o P VeBIpp-b) (p-b)
m e m2w, B |\ /1+p2 1+p°
D d 1 d 1 9
— | — | -b) b - | — b
p ps 2(0-0) 1
: — 0,0 p. 57
* m?we | \/14p2 1+ p? P (57)
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It is easily seen that
_ oAb

(p-V.Bp3) = 5 0,B.

(p-VuB)=(p-0)(b-V.B)=0, (p-Vup)=(p-b)(b-V.p)=0

(p-"0,bp) = (0,0 : p@p) =0.

For the last term in (57) use the formula for & € {1,2,3}

3 - b)|p A b?
wopnd = @bk |00 - 2 parp|posr TPy g e e 08
to obtain
-b)|p A bJ?
(ps (p- "0:bp)) = % ((9:b b)3 + ("0, b)3) = 0.

Taking the average of (57) we deduce

<£ . fo§> _ (p-b)pAb* 0B

m _2m2wcy/1+p2 B

and therefore the equality (49) with g. = z becomes

r’z 0,B

Sz: - .
2m2wer/1+ p2 B

The solution of the linear system (50), (51), (55), (56), (58) is

22 r? V.B
S = mec@:Cb bAb) = 2m2wcb " B
rz? V.,B r’z V.,B
r= —— - (0:bbAD), & =— —E (9.bbAD).
¢ 2miw, B (0:bbAD), € 2miw, B (0:b b AD)

Remark 4.2 Notice that it is also possible to compute the field £ in (49) by working
on <% : Vmﬂl>, with fel coming from (46), but the computations would be much more
complex. Actually we have used the invariants of T only for simplifying the calcula-
tions. Therefore, up to this step we don’t need a complete family of invariants to be
available for T;. The computations can be done for general magnetic shapes (recall that

the main motivation when restricting to (18) was the need of invariants).

Elimination of the first order correction ¢!

Plugging the term <% . szel> =&V, ge in (48) we obtain the equation
atge —€ (b : E) azge +€ : Vz,r,z Je + ﬂgi =0 (59)
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under the constraint 7;g. = 0. The last step to be accomplished is to eliminate 77 g}

in (59) by applying the average operator (-),
<atge —€ (b : E) 8296 + f ' vz,r,z ge>1 - Oa 7’196 = 0.

We obtain thus
atge + X Va:,r,z Je = 0 (60)

for some field x = (xu, Xr, X) satisfying

<_e (b ’ E) 0:9e + & - vx,r,z ge>1 =X vz,r,z Je (61>

for any function g. € ker 7; (see Remark 3.2).

Computation of the field y
It is sufficient to impose (61) when g. belongs to the family of invariants p =
\/m, s =x3+0, r,z and to assume that x,-b = 0. Taking g. = r and g. = 2z one
gets
Xr = (&)1s Xa=(—e(-E)+&),.

Since B depends only on the invariants p, s it is easily seen that (¢,), =&, (£.); = &

and
1

T or

(b-E(t)), /0 ﬂ(b-E(t))(pcosa,psina,s—a) da.

Assuming that E(t,z) = —V,¢(t, z) for some 27 periodic potential with respect to x3

and observing that

di{¢(tapcosavp81naas —a)} =14+ p* (E-b)(pcosa,psina, s — a)
a

we deduce that
(b - E(t))1 =0.

Applying now (61) with g. = p leads to

T T2 T )
Xz + Xz = <§m1 + &a, >
P P P P/

r? /14 p? 0,B

2mlw,. P B
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Finally the choice g. = s = x3 + 6 implies

T2 T ) I
— Xz ﬁ—i_xim ?+Xm3 - <_§a:1 F""f@ ?+§z3>1
_ 1 {22 (L4 ) apB} |
m2wey/1+ p? 2p B

We have obtained the same equations as for ¢ (this is due to the fact that the magnetic
intensity depends only on p, s and that the electric field derives from a potential, which

ensures that (b- E(t)), = 0). Therefore x = &.

Remark 4.3 For computing the field x in (61) we really need a complete family of
invariants for 7. Therefore we have to restrict ourselves to particular magnetic shapes,

for example (18).

Vlasov equation for the leading order electron density f.
Let us now re-write the equation (60) in the standard phase space (x,p) by using

the formulae

p—(p-b)b n t0.bp

ae:a e 8ze:b'v e 8re:—'v e Vxe:vme_ -V e T 1

19 1S g ples Org Y ] g Je="pV,f DA D
Thus we obtain the electron Vlasov equation

atfe + (UGD + UCD) : foe + we(x,p) Lp ' vpfe =0 (62)

where vgp (resp. vep) are the magnetic gradient (resp. curvature ) electron drifts

IpAb? bAV,.B (p-b)?
= =——"—(bANOb D
vap 2m?2(—w,) B ep m2(—w,) (b1 0.0 b)

and the frequency w, is given by

t9.bp  [pAb|(p-b) V.B
Ip A b 2m2w, B

we(r,p) = —(vap + vep) - S(bA 8D D).

1
The just presented asymptotic analysis has been performed under the assumption
that all particles (ions and electrons) have typical momentum of the same order, saying

that the electron velocity is much larger than the ion velocity

) m; 1
—“=—"=—->>1.
(% Me 2
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Averaging with respect to the fast cyclotronic motion led to the ion model
Oufi+blx) @ ()L Vo fi+ (eb(e) @ b(@) E +wilw.p) 'p) - Vpfi =0, (63)

whereas the double averaging yield the Vlasov equation (62) for the electron motion.
The behaviour of ions and electrons are very different; the ions are advected along the
parallel direction whereas the electrons are advected along the orthogonal directions
with respect to the magnetic field. Only the ions remain confined at the leading order
around the magnetic lines, whereas the electrons are submitted to orthogonal drifts
(magnetic gradient drift, magnetic curvature drift) at the leading order and not at the
next order, as for the ions. This is precisely due to the assumption that the typical

electron velocity is much larger than the typical ion velocity.

4.3 Comparable ion/electron velocity units

We will investigate the asymptotic behaviour of (21), (22) for general smooth mag-

netic shapes and constant electric potentials along the magnetic lines
E(t,x) = —=V.¢(t,x), b-V,.p=0. (64)

We will see that neglecting the parallel component (with respect to the magnetic field)
of the electric field will simplify a lot the computations. In particular we don’t need to
use double average when determining the electron limit model, only simple average is
sufficient. From the physical point of view neglecting the parallel electric field comes
by considering the MHD closure, see [18] pp. 231. The fundamental assumption of the

MHD consists in assuming that the velocity is given by

E N B

= (Vb bt~
V=Vt

(65)

Alternatively we write the MHD Ohm’s law £ + V' A B® = 0 thus ensuring both (65)
and £/ -b=0.
Obviously the study of (21) is identical to that of (7) leading to a limit model

similar to (16) but in the phase space (x,v)

OuF; +b(z) @ b(x)v - Vo F; + Qi(x,p) *v- V,F =0 (66)

31



where
0u(e.p) = 22N i) — 0 b(a) (axb W) T A”bw)

and
v— (v-b(z)) b(z)
[v A b(z)]

It remains to analyze (22). Plugging the Ansatz F° = F, + eF! + &?F? + ... in (22)

o= v Ab(@)] b(w) — (v b))

yields
TF, = w(z)(0Ab) - Vo F, = 0 (67)
E
—% V,E. —TF' =0 (68)
ek 1 9
OF. +v-V,F, =~ — . V,F! ~TF =0 (69)

The constraint 7 F, = 0 implies that there is a function G, = G.(t,z,r, z) depending

on time ¢ and the invariants x,r = |v A b(z)|, 2z = v - b(x) such that
F.(t,z,v) = G.(t,z,|v Ab(x)|,v-b(z) ).

As before let us decompose the density F into a constant part along the flow of 7°

and a zero average part
Fl(t,z,v) = Gt z,r = v Ab(z)|,z =v-b(x) ) + FL, <F1> = 0.

Observe that by (68), (64) we can write

~ E v—(v-b)b E
TR = 2. v—(v-b)b 0,G. = — = . T(wAb) dG, (70)
m |v A b mwe|v A b
which allows us to determine the zero average part of F!
- ek (vEp - V)
Fl=———  (vAb) 0,G. = ———2 0,G. 71
© mwelvAD (vAD) |v A b (71)
where vgp = £82 is the electric cross field drift. Actually the computation (70) shows

that ¢£.V,F € Range 7 = ker (-) for any function F' € ker 7. Therefore applying the
average operator to (68) doesn’t yield any other constraint for the leading order term

F.. In particular we have
E
(52 VGt lo A b)) o+ o) )} ) =0
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and we don’t need double averaging for identifying the time evolution equation for F,.

Indeed, taking the average of (69) allows to eliminate both % - V,G! and TF?

E .
<8tFe +v-V,F, — % : vvF;> = 0. (72)

We are done if we compute the average of % -V, F ' in terms of the density F, by using
(71).

Proposition 4.3 Assume that F* = —9,G(z,|v A b|,v - b)(vep - v)/|v Ab| for some

function G = G(z,r,z). Then we have

<§-VUF1> =0.
m

Proof We check easily that
—(v-b)b

. bl.v-b)} = 2G 2 G
Vo{0.G(z,|v ANb|,v-b)} = G Y +02.G
V(UED'U): vep  (vep-v) v—(v-b) D
Y oAb lvADl  JuAb|? lv A D
and therefore
- . — (v-b)b 0,.G (vgp - v) v—(v-b) b
_vvplzw g2 V=W bbb g oyl G _
ol 177 Toan T T A [T T Toad] Jond)
Using the formula (v ® v) = %(I —b®b) + |v)|?b ® b yields
~ 0*G 0,.G
o 1 _ r T
(VoF") = 55 v+ g v
and finally (<2 -V, F1) = 0. -

Performing similar computations as those in (30) we deduce that

v-b)|vAD|

2
(v-VmFJ:(b@b)v-vIGe_( ; [v A D]

div,b 0,G. + 5 div,b 0,G.

and after performing the change F.(t,z,v) = G.(t,z,7 = |[v Ab(z)|,z = v - b(x) ) the

limit model (72) reduces to
OF, + b(x) ® b(x)v - Vo F, + Qi(z,p) “v - V,F, = 0. (73)

Notice that in this case the leading order distributions F;/F, for the ions/electrons
satisfy the same model (cf. 0) in Proposition 2.2). This is due to the fact that the
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electric potential is constant along the magnetic lines i.e., the electric field does not
accelerate any particle along the magnetic lines. Comparing (21), (22) we may expect a
different behaviour between ions and electrons, since the electron Coulomb acceleration
is much stronger than the ion Coulomb acceleration (because m. << m;) but this
occurs only in the orthogonal directions with respect to the magnetic lines. And since
at the leading order (i.e., after averaging with respect to the fast cyclotronic motion)
the orthogonal electric field doesn’t play any role to the particle dynamics, we obtain

similar Vlasov equations for ions and electrons cf. (66), (73).

4.4 Drift velocities

At the leading order, both particle species are confined along the magnetic lines. But
specific drift velocities in the orthogonal directions are expected at the next order.

Indeed, let us compute the current densities of the first order corrections.

Proof of Proposition 2.2 (i) Multiplying (68) by v yields after integration

E
/Fee—dv+wc/ FlvAabde =0
R3 m R3

implying that
EAND

/Fel(v—(v-b)b)dv:/Fedv :
R3 R3 B

Taking into account that the dominant electron density has no current in the orthogonal

direction we deduce that the electron mean velocity in the orthogonal directions is given
by the electric cross field drift vgp as

43(Fe+£Fj)(U— (v-b) b) dv :g/

R3

Fl(v—(v-b)b)dv= 8/ F, dvvgp.  (74)

R3
1

It remains to compute the ion drifts. Multiplying (11) (written in (x,v) phase
space) by v and integrating with respect to the velocity yields

E
Gt/ﬂvdv+divx/Fiv®vdv—e— Fidv—wc/Fil(v/\b)dv:O. (75)
R3 R3 m Jgrs R3

As mentioned before the current of the dominant density F; is parallel to the magnetic

field

/ Fivdv:/ Fi(v-b)dv b
R3 R3
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and thus, by taking the vector product of (75) by b, we obtain

E
/El(v—(v-b)b)dvz/ i do T/\b—l-ﬁ/\lex/F,‘U@Ud’U. (76)
R3 R3

R3 We
The last term in the above equality can be expressed in terms of magnetic gradient

drift vgp and magnetic curvature drift vep.

Lemma 4.1 Let us consider the orthogonal (resp. parallel) velocity Vi (resp. Vj)
given by

eR,

o= (5t

b(z t dv\ /2
Vit = (St P EC D0 e g,
ra x,v) dv
Then we have

b 2 AV, B
—Adivz/ﬂumdv — LAV, “(I’”)Fidwﬁi/ﬂdu
R3 R3

\(t, 2, v)(h)>1/2

|2
txv

We R3 (& 2wc B
VE oy
I
B F
+ ( "5 c) E(x)b(x) A n(x) /11@3 i dv (77)

where p(x,v) = mlv Ab(z)|?/2B(x), k(x) = |0,b b(x)| is the curvature of the magnetic
lines and n(x) = 0,b b(x)/k(x) is the first normal to the magnetic lines.

Proof We have

b2
/Ev@vdv = /Fi(v-b) dvb®b+/F v r b dv (I —b®0D)
R3 R3 R3 2
V2
= VQ/Fidvb(x)be(a:)jL?L/Edv([—b@b).
R3 R3

Using the formula div,(aA) = A(z)V,a + a(z)div, A for any smooth scalar function
a(x) and matrix function A(z) and taking into account that div,b ® b = 0,bb+ div,b b

one gets

We

b F; dv

— Adiv, (vu / Fidvb® b) Wi Jpo £ dv k(2)b(z) A n(z).
R3

Similarly we obtain

b 2 2 2 b B

—szﬁ/ﬂmuw®wzmvzn/ﬂ@%ﬂl/ﬂmlﬂL

We 2 Jgs 2w Jgrs 2we Jprs B
Vi

2w,

/ Fy dv k(z)b(z) An(z)
R3
and our conclusion follows immediately. O
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Based on Lemma 4.1 we finish the proof of Proposition 2.2.

Proof of Proposition 2.2 (ii) Combining (76), (77) yields

/(E—i—&ﬂl)(v— (v-b)0b) dvze/ F'(v — (v-b)b) dv

]R3

EAb V2 bAV,B v:ooy?
- Jal L 2 V2D R
€/1R3 i do 5 T . B + (wc 2%) k(x)b(z) /\n(x)]
+oanv, [y
R3 [

and therefore the ion mean velocity in the orthogonal directions is given by

€
We 2w,

EAb V2 bAV,B (VP V2 b AV, fesi(z, v)F; dv
I + . B + (— — — | k(x)b(z) An(x) + o oo Fr dv

(78)
-

The formula (78), (74) clearly emphasize the specific behaviours of the ions and
electrons. When first order corrections are taken into account the ions deviate along
the orthogonal directions and both electric and magnetic drifts are observed. The
electrons deviate as well along the orthogonal directions, but only the electric cross

field drift occurs.

5 Conclusion

The aim of this paper was to rigorously investigate the ¢ — 0 asymptotics of the
ion/electron Vlasov equations, where the small parameter ¢ accounts for the elec-
tron/ion mass ratio as well as the fast cyclotronic motion. Depending on the initial
assumption one makes, concerning the order of magnitude of the ion/electron momenta
or velocities, different limit models are obtained. Electrons and ions behave differently
with regard to the considered e-order as well as the considered motion direction (par-
allel or perpendicular to the magnetic field lines). The rigorous asymptotic analysis
performed in this paper can be extended to several other transport problems, involving

multiple scales.
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6 Appendix

Motivated by the formal considerations in Proposition 2.1 (i) we establish here the

following weak convergence result

Proposition 6.1 Assume that the electro-magnetic field (E, B b) is smooth i.e., E €
Li (R; WEHR(R3))3, b € W2>(R?)3, B € WH(R3) such that inf,cgs B(x) > 0. For
any € > 0 let ff € L®(Ry; L*(R? x R3)) be the weak solution (by characteristics) of
(7) satisfying the initial condition f£(0) = fi* € L*(R® x R?). Then there is a sequence
en \ 0 such that (fi"), converges weakly x in L>=(Ry; L*(R? x R?)) towards the weak

solution of the problem (16), understood in D'({(t,x,p) : p Ab(x) # 0}), with the
initial condition f;(0) = (fi).

Proof Clearly we have for any ¢ > 0,t € R

[ [t apio = [ [ (50 s

and therefore there is a sequence €” \, 0 and f; € L®(R,; L*(R® x R?)) such that
lim, . o [ = fi weakly x in L>(R,; L*(R® x R?)). Using the weak formulation of
(7) with test functions n(t)e(z,p), n € CLHRy),p € CHR? x R?), we deduce after

multiplication by &”

/ 77/ fiwe(pAb)-Vyp dpdzdt = lim / 7]/ firwe(pAb) - Ve dpdadt =0
Ry R3JR3 R, R3JR3

n—-+o00

implying that 7 f;(t) = 0,t € R,. Therefore there is a function g; = ¢;(t, z,r, z) such
that fi(t,z,p) = gi(t,z, |p Ab(z)|, (p-b(x))). We use now the weak formulation of (7)
with C? test functions n(t)¢(z, p) with compact support in the open set {(¢,x,p) €
R, x R®*xR® : pAb(z) # 0} and such that 7y = 0. Notice that these test functions
can be written 7(t)¢(x, |[pAb(z)], (p-b(z))), where ¢ = ¢(x,r, 2) are C'! functions with

compact support in R? x R x R. We obtain

—n(0) / St dpde — / n'(t) / fere dpdadt
R3JR3 Ry R3JR3

— / 77(15)/ I <£ -Vep+ek - Vpgz)) dpdzdt =0
Ry R3JR3 m
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and letting n — 400 yields
—n(0) /3 f‘“gp dpdzr — / n'(t)/ fzgo dpdadt (79)
R

= [ w0 [ [ 5 (EVapter- Vi) dpasdt o
+

Let us denote by ¢gi* = ¢i*(z,r,2) the function such that (fi) (z,p) = ¢g™(z,[p A
b(x)|, (p-b(x))). Since 7 = 0 we have with the notation dv = 2rrdzdrdz

/ / f"o dpda — / / (f") o dpda = / g dv. (30)
R3JR3 R3JR3 R3><R+><R

Notice also that

/ fz(t,x,p)go(x,p) dpdl’ - / gi(tvxarv Z)Q[J(I,T, Z) dl/, te R-‘-' (8]‘>
R3JR3

R3xR4+ xR

Similarly, since 7 f; = 0 we have

/Rs Rsfi (% -Vyp+ek - Vpg0> dpdz = /R3 Rsfi <<% . vx¢> + (eE - vp@) dpdz.

Notice that ¢ is smooth, vanishes in a neighborhood of the set {(z,p) : p Ab(x) =0}

and 7¢ = 0. Therefore we can apply (30), (31), leading to the formula
[ (2 Vo) + b Vm) dpds (52)
R3JR3

2
- / - {— bV — = dlvxb By + (L div,b + e(b - E)) azw} dv
R3><[R+><R 2m
Combining (79), (80), (81), (82) yields
— 00 [ gredn- / 00 [ g v (83)
R3xR4 xR Ry R3xR4 xR

2
/ / {— b-Vap— — lemb o) + {— div,b + e(b - E)] Z@/J} dvdt =0
R+ RSXR+XR 2

saying that g;(0) = ¢ and
, 2b 2r . rr
0y (2mrg;)+div, | 2mrg;i— | —0, (27r7“gl-— dlvxb> +0, |27rg; | — diveb+e(b-E) )| =0
m 2m 2m

which is equivalent to (32). Since the magnetic momentum r2/(2mB(z)) is left invari-
ant by (32), it is easily seen that (32) (supplemented by initial condition) is well posed

in the phase-space (z,r,z) € R? x R% x R without any boundary condition at r = 0.
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In order to write a Vlasov equation for the dominant ion distribution f; in the phase

space (z,p), we express the derivatives of ¢ with respect to the derivatives of ¢ in (83)

—(p-b)b
\ A D]

t0.bp

LB AD £ 0
lp A b 7

aﬂﬂ = b( ) p@a r¢ V;D 2 xw VIQO ( p'vp(p)

leading to the following weak formulation, valid only for smooth test functions 7(¢)(z, p)

vanishing near p A b(z) = 0 and satisfying the constraint 7 =0

0) / / <me> ¢ dpdx — /n’/ fio dpdadt — /n/ [iA -V (5 pyp dpdadt = 0(84)
R3JR3 R, JR3JR3 R, JR3JR3

where
Alt,2,p) = (b(@) @ b(@) 2, eb(w) @ b(@) B(t, o) + wila, p) “p) -
We intend to introduce a Lagrange multiplier in order to eliminate the constraint

T =0. By (30), (31) we know that

<CL ’ V(I»p)gp> =A- v(r,p)@a a(tu Iap) = <%7 eE(ta I’))

for any smooth test function 7(t)¢(z,p) vanishing near p A b(z) = 0 and satisfying
the constraint 7¢ = 0. We claim that <div(x7p)A> = 0. Indeed for any function
© € C1(R3 x R3) such that T = 0 we have

//dlv(x7p)Ag0dpdx = —/ /A-V(%p)go dpdz
R3JR3 R3JR3
= —/ /<a-V(z7p)go> dpdx
R3JR3
= _/ /a.V(x,pyp dpdx
R3JR3
= / /div(xﬁp)a @ dpdxr =0
R3JR3

saying that <diV(I7p)A> = 0. By Proposition 3.2 we deduce that there is a unique
A = Az, p) with zero average such that 7\ = —div(, ) A. Observe that A-V(, )+ AT
leaves invariant the zero average functions. Indeed, for any smooth functions y, ¢

vanishing near p A b(z) = 0, satisfying (x) =0, 7¢ = 0 we have

/ / (A VipX +ATX)p dpdz = / / (div(zp) (xA) + T (Ax))e dpdz
R3JR3 R3JR3

= —/ /XAV@,W dpdz
R3JR3

= —/ /X<G'V(x7p>¢> dpdz
R3JR3

= —/ / (x) <a . V(x,p)<,0> dpdz =0
RrR3JR3



implying that <A “ViepX + )\Tx> = 0. We establish now a weak formulation for f;,
valid for any smooth function, let say ¢, vanishing near p A b(x) = 0. Observe that
() also vanishes near p A b(z) = 0 and therefore (84) holds true with the test function
(). It is easily seen that

/Rg R3<f2“> (¢ = (¢)) dpdz = 0, /RS | filt.zp) (e~ (9) dpde =0, 1€ R,

and since ¢ — () vanishes near p A b(x) = 0 we have

/R3 " (A V@p+AT) (= () dpdz = /IR o (A~ Vip) +AT) (¢ = () dpdz =0.

Finally the formulation (84) is equivalent to

0 [ [myeans — [o[ [ o apasar (55)

- /77/ Ji(A-Vigp + AT )p dpdxdt =0
R,J/R3JR3

for any smooth function vanishing near p A b(z) = 0, saying that f;(0) = (f*) and
O fi + divig ) (fiA) + T(Afi) =0 in D'({p Ab(x) # 0}).

Since div, ;) A+ 7T =0 and 7 f; = 0 the previous equation reduces to (16).
]

Acknowledgements. This work was supported under the ANR EGYPT team. The

authors address thanks for their warm hospitality and support.

References

[1] H.D.I. Abarbanel, Hamiltonian description of almost geostrophic flow, Geophys-
ical and Astrophysical Fluid Dynamics, 33(1985) 145-171.

(2] J.S. Allen, D. Holm, Extended-geostrophic Hamiltonian models for rotating shal-
low water motion, Physica D, 98(1996) 229-248.

[3] N.N. Bogoliubov, Y.A. Mitropolsky, Asymptotic methods in the theory of non-

linear oscillations, Gordon and Breach Sciences Publishers, New York, 1961.

40



[4]

[5]

(6]

[7]

[10]

[11]

[12]

[13]

M. Bostan, The Vlasov-Poisson system with strong external magnetic field. Finite

Larmor radius regime, Asymptot. Anal., 61(2009) 91-123.

M. Bostan, Transport equations with singular coefficients. Application to the
gyrokinetic models in plasma physics, research report INRIA, hal:inria-00232800,
submitted 2009.

M. Bostan, Gyrokinetic Vlasov equation in three dimensional setting. Second

order approximation, hal-00431289, submitted 2009.

Y. Brenier, Convergence of the Vlasov-Poisson system to the incompressible Euler

equations, Comm. Partial Differential Equations 25(2000) 737-754.

A.H. Boozer, Physics of magnetically confined plasmas, Rev. Modern Phys.,
76(2004) 1071-1141.

A.J. Brizard, T.S. Hahm, Foundations of nonlinear gyrokinetic theory, Rev. Mod-
ern Phys., 79(2007) 421-468.

F. Charles, L. Desvillettes, Small mass ratio limit of Boltzmann equations in the
context of the study of evolution of dust particles in a rarefied atmosphere, to

appear in J. Stat. Phys.

J.-Y. Chemin, B. Desjardins, I. Gallagher, E. Grenier, Mathematical geophysics:
An introduction to rotating fluids and the Navier-Stokes equations, Oxford Lec-
ture Series in Mathematics and Its Applications 32, The Clarendon Press, Oxford
University Press 2006.

P. Degond, B. Lucquin-Desreux, Transport coefficients of plasmas and disparate

mass binary gases, Transport Theory Statist. Phys, 25(1996) 595-633.

E. Frénod, E. Sonnendriicker, Homogenization of the Vlasov equation and of the

Vlasov-Poisson system with strong external magnetic field, Asymptotic Anal.

18(1998) 193-213.

E. Frénod, E. Sonnendriicker, The finite Larmor radius approximation, SITAM J.

Math. Anal. 32(2001) 1227-1247.

41



[15]

[16]

[17]

[19]

[20]

[21]

[22]

F. Golse, L. Saint-Raymond, The Vlasov-Poisson system with strong magnetic

field, J. Math. Pures Appl. 78(1999) 791-817.

T. Goudon, P.-E. Jabin, A. Vasseur, Hydrodynamic limit for the Vlasov-Navier-
Stokes equations. I. Light particles regime, Indiana Univ. Math. J. 53(2004) 1495-
1515.

V. Grandgirard, M. Brunetti, P. Bertrand, N. Besse, X. Garbet, P. Ghendrih,
G. Manfredi, Y. Sarazin, O. Sauter, E. Sonnendriicker, J. Vaclavik, L. Villard, A
drift-kinetic semi-Lagrangian 4D code for ion turbulence simulation, J. Comput.

Phys. 217(2006) 395-423.

R.D. Hazeltine, J.D. Meiss, Plasma confinement, Dover Publications, Inc. Mine-

ola, New York, 2003.

R. G. Littlejohn, A guiding center Hamiltonian : A new approach, J. Math. Phys.
20(1979) 2445-2458.

R. G. Littlejohn, Hamiltonian formulation of guiding center motion, Phys. Fluids

24(1981) 1730-1749.
J.-M. Rax, Physique des plasmas, Cours et applications, Dunod 2007.

M. Reed, B. Simon, Methods of Modern Mathematical Physics, Vol. I, Functional
Analysis, Academic Press 1980.

R. Salmon, New equations for nearly geostrophic flow, J. Fluid Mechanics

153(1985) 461-477.

J. Vanneste, O. Bokhove, Dirac-bracket approach to nearly geostrophic Hamil-
tonian balanced models, Physica D Nonlinear Phenomena 164(2002) 152-167.

42



