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Abstract. The subject matter of this paper concerns the derivation of asymp-
totic models in collisional plasma physics, under the action of strong magnetic
fields, motivated by the magnetic fusion context. The limit procedure reduces
to averaging with respect to the fast giration motion of particles around the
magnetic lines. We investigate the Fokker-Planck collision operator and we com-
pute its gyroaverage. It is shown that the averaged collision operator still satis-
fies the usual physical conservations (particle, momentum, energy) and ensures
relaxation towards local Maxwellian distributions. This formalism applies for
inhomogeneous magnetic fields in three dimensional setting.
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1 Introduction

One of the main topics in plasma physics, motivated by the magnetic fusion, concerns the
evolution of charged particles in a tokamak, subject to very large magnetic fields. We appeal
to kinetic models of Fokker-Planck type, for several species of particles s € S (electrons and
ions). We denote by fs = fs(t,z,v) the distribution function of the species s, depending on
time ¢, position € R? and velocity v € R®. The quantity fs(¢,x,p) dzdv represents the
particle number of species s at time ¢, inside the infinitesimal volume dxdv around (z,v).
The time evolution of the distribution fs, when taking into account the collisions between
all species, is described by the Fokker-Planck equation

Fs ;
Oifs+v-Vafs+ == -Vofs =Y Qus(fs, fo), (t,v) Ry x R? xR (1)

ms

where mg denotes the mass of the species s, F, is the Lorentz force acting on the particles
of species s and Qs (fs, fsr) is the Fokker-Planck collision operator between particles of
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species s and s’ cf. [14]

Quelfu o)) = =mdiv, [ oo = vl =l 2)

S

(0= 00) (e P (Tuf)0) = 2 LT £ 0) ) don

The equation (1) states that the rate of change of f, along the particle trajectories in the
phase space (x,v) are due to the collisions between particles. Here pss = mgmg /(ms+mg)
is the reduced mass of the pair {ms, my}, 055 = 045 > 0 stands for the scattering cross
w e w
section and S(w) =1 — % is the projection onto the plane orthogonal to w € R3\ {0}
w
(the notation v ® w, with v,w € R3 stands for the matrix (v;w;)1<; j<3). Obviously we have
for any species s, s’

/ st’(f37 fs’)(’U) dv = 0.
RS

Taking into account that div,Fs = 0, one gets after integration with respect to (z,v)

d
—/ fs(t,z,v) dvde =0, t € Ry (3)

saying that the particle number is conserved for any species. It is well known that the
momentum and energy are conserved as well when no force is applied. These statements
are straightforward consequences of the following standard results.

Lemma 1.1 Assume that (fs)s are smooth enough with sufficient rapid decay as |v| — +oo.
Then we have

P ZZA3mstssz(fs,fsz)(v) dv =0 )

s s/

W::ZZ/}RSmJUQ'st'(fs,fs/)(v) dv = 0. (5)

s s’

Proof. Notice that
msts’(f57 fs’)(v) = div'u /3 Ass’(”» Ul) dUl
R

with

1 1
Asst (val) = ,uisla‘ss/(|v—v1|)|v—’l)1|35(’l}—1}1) <mf8’ (Ul)(vva)(U) T lfS(U)(vva’)(Ul)) .
Taking into account that piss = pgrs, Tss = g5, S(—w) = S(w),w € R3, it is easily seen
that
Assr(v,01) + Agrs(v1,v) = 0.

Integrating by parts, interchanging the indexes s,s’ and the variables v,v; one gets by the
previous equality that P = —P. Similar manipulations yield, by taking into account that
S(v—wv1)(v—wv1) =0, that W =—-W. O
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Assuming now that Fs; = 0 and multiplying (1) by mgv, msﬂ

2
with respect to v

Oy (Z/ msv [ dv) + div, <Z msv @ v fs du) =P=0
S R3 S RS

one gets after integration

<Z/ fg dv) + div, (Z mQTQqu dv) =W =0.
RS

Integrating with respect to x implies the momentum and energy conservations

d d |v]?
- sUfs dvde =0, — s— fs dvdz = 0.
dt;/RS | msvfs dvda dtzs:/Rs/Rsm g fs dvda

Another classical property of the Fokker-Planck operator is the relaxation towards a Max-
wellian equilibrium. The entropy dissipation rate Y >/ [ea(1+1n fo) Qs (fs, for)(v) dv is
given by the following lemma whose proof is left to the reader.

Lemma 1.2 Under the hypotheses of Lemma 1.1 we have

_ZZ/RS(l +1nfs)st'(fs,fs')(U) dv
1 2
22;4343“35'085'<lv—vll>v—vllfs<v>fs/<m>

e (Tl Vel )

D :

dvidv > 0.
mg mgr

Multiplying now (1) by 1+ In fs and observing that F, - V, fsIn fs = div,(fs In fiFs), one
gets after integration with respect to v

at (zs:/Rsfslnfs d'l)) +d1Vz <§s:/R$'Ufsh’lfs d’l}) +D(t,$) =0.

Integrating with respect to x yields the dissipation of the entropy H

dH
= Z/ fs(t,z,v)In fs(t, z,v) dvde, — = — [ D(t,z) dx <0.
R3JR3 dt R3

In particular we have H(t) + fo fRS ) dadr = H(0), implying, after standard manipu-
lations, that

/ D(t,x) dedt < 4o00.
R, JR3
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Assuming that the distributions (fs)s relax towards some equilibriums (Fs)s as t — 400,
we deduce, at least formally, that lim,_, | o [ps D(t, z) dz = 0 saying that

1 2
WY L L peeetio = oDlo = onl o) P (o)
2

v, InF, v, In F.
(v—01) A ( -~ (v) — -~ (vl)) dvyde dz = 0.
For any s,s' € S,z € R?, v,v; € R3 we obtain
Vo, In Fy VyIn Fy
_ Al == - =0. 6
R e e ) (©

We conclude by appealing to the following easy result
Lemma 1.3 Assume that F = F(v) > 0 is a smooth (C?) integrable function satisfying
(v —v1) A (VyInFy(v) — Vo InFy(v1)) =0, v,v; € R3. (7)
Then F' is a Mazwellian.
Proof. For any w € R3, h € R, taking v; = v + hw in (7) implies

V,InF(v+ hw) —V,InF(v) A

h w =20

and therefore
(VZInF(v)w) Aw =0, v,w € R3.

We deduce that for any v,w € R? there is A\(v,w) such that V2In F(v)w = (v, w)w. In
particular for the canonical basis {e1, 2, e3} of R? we have
v?)F(v)el = Ai(v)eiv i€ {17233}

Since V2 1n F(v)(e1 +e2) = A(v, e1 +e2)(e1 +e2) we deduce that A;(v) = Aa(v) = A3(v) and
finally, for any v € R? there is A = A\(v) such that

V2InF(v) = \v)I.

For any i € {1,2,3} we have 9,,V,InF = A(v)e; and thus 9,, In F' does not depend on
v2,v3. We deduce that A(v) = 92 InF does not depend on vz, v3 and finally A(v) is a
constant function

I X E€R such that V2InF(v) = M, v € R3.

Integrating with respect to v we deduce that In F' is a quadratic function of v and therefore
F is a Maxwellian

n mlv — ul? 3
F(v) = M, 41(0) ;= ——————exp (—) , veR
2nT/m)>/? 2T

parametrized by some concentration n, mean velocity v and temperature T (m is the particle
mass). Notice that T' > 0, since F' is supposed to be integrable. O
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Coming back in (6) with s = s’ we deduce that any distribution Fj is a local Maxwellian
Fs($, U) = MnS(I)7uS($)7TS($)(U), ($,U) € R3 x R3.

Taking now s’ # s one gets

Vo 1n Fy
&(av)_

mg mgr

== (e )

and (6) implies that all the distributions (F;)s have the same temperature and mean velocity
Ts = Ty, us = uy. Finally there are v = u(x) and T' = T'(x) such that

ns(z) mslv — u()[? 3
Fy(z,v) = M, = —— —_— ), R~ .
(z,v) e (2) u(2),T(z) (V) (QWT(z)/ms)g/Q exp ( 2T (1) v E seS

The Lorentz force
Fs(t,x,v) =qs (E(t,x) +vAB(x))

corresponds to the electro-magnetic field (E,B), ¢s being the charge of the species s. As
usual, we prescribe the initial distribution for each species s € S

fs(0,z,v) = fin(z,v), (x,v) € R® x R3, (8)

Generally we close (1) by adding equations for the electro-magnetic field (E,B) (i.e., the
Maxwell equations or the Poisson equation). Here we neglect the self-consistent electro-
magnetic field, assuming that the magnetic field is stationary, divergence free and that the
electric field derives from a given electric potential E(t) = —V,¢(t). We investigate the
asymptotic behaviour of (1), (8) when the magnetic field becomes large

B(z)

Bf(z) = , B(x) = B(z)b(z), div,(Bb) =0, 0 <e<<1
for some scalar positive function B(z) and some field of unitary vectors b(z). We assume
that B, b are smooth. Clearly, the dynamics in (1) is dominated by the transport operator

lqu(x)
€ My

(vAD(x)) - Vs

Moreover, assuming that f& = f, +efl + 2f2 + ... holds true for small £ > 0 and letting
e N\ 0, it is easily seen that the leading order term f; belongs to the kernel of 75 =
%@) (v A b(z)) - V. Indeed, plugging the above ansatz in (1) gives at the lowest order the

divergence constraint 7 fs = 0 and to the next order the evolution equation

Oufo+v-Vofs+ %E(t, 2) - Vofs+ Tofl = ZQSS«fS, for)- 9)

S

Determining a closure for the dominant term fs requires to eliminate the first order distri-
bution f! in (9). For doing that, observe that the kernel and range of T, are orthogonal and
therefore, it is sufficient to project (9) on the kernel of T;. Moreover, it can be shown that
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the orthogonal projection on ker 75 coincides with the average operator along the charac-
teristic flow associated with T cf. [4]. Following the method in [5], averaging the left hand
side of (9) leads to the transport operator

ds

S

(Or+ Az Vot Ay - Vo) fs :zatfs—kb@bv-vwfs—k( b®OE + w(x,v) lU) -V fs

where the frequency w(z,v) is given by

_ o Ab(a)]
2

v

w(zv) oA b))

divyb — (v - b(z)) <5‘mb b(x) - ) , vAb(z) #0

and for any (z,v) such that v A b(z) # 0 the symbol “v stands for the velocity orthogonal
to v in the plane determined by b(x) and v such that its coordinate along b(z) is positive

0 = (0 b(x)b(z)

o= o Ab@)] bla) = (v b)) — 2o

Neglecting for the moment the collisions, we obtain the limit model
8tfs + Ay - va:fs + Ay - vvfs =0
whose particle trajectories (X (7), V(7)) in the phase space (z,v) are given by

dX d

B A X @)V () = (0X) - V) b(X), O =
At the lowest order the particles are advected along the magnetic lines. The plasma is
confined by the magnetic field.

For rigorous studies of collisionless models for strongly magnetized plasmas we refer to
[2], [3], [4], [5]. The analysis of the Vlasov or Vlasov-Poisson equations with large external
magnetic field has been performed in [8], [9]. The nonlinear gyrokinetic theory of the Vlasov-
Maxwell equations can be carried out by appealing to Lagrangian and Hamiltonian methods
[7], [15], [16]. It is also possible to follow the general method of multiple time scale or
averaging perturbation developped in [1]. For the numerical approximation of the gyrokinetic
models we refer to [13], [10], [11].

Coming back to (9), in the presence of collisions, we are left with the difficult task of
averaging the Fokker-Planck operator, in the right hand side. It is one of the key ques-
tion for predicting the confinement properties of magnetized plasmas, since the effect of
collisions cannot be neglected. We expect that averaging the collision operator will lead to
a similar operator, satisfying the usual physical properties : particle, momentum, energy
conservations and the relaxation towards a local Maxwellian equilibrium. It turns out that
a linearized and gyroaveraged collision operator has been written in [18], but the imple-
mentation of this operator seems very hard. We refer to [6] for a general guiding-center
bilinear Fokker-Planck collision operator. Another difficulty lies in the relaxation of the
distribution function towards a local Maxwellian equilibrium. Most of the available model
operators, in particular those which are linearized near a Maxwellian, are missing this prop-
erty. Very recently a set of model collision operators has been obtained in [12], based on
entropy variational principles.

Ay(X(7), V(7).
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The aim of this paper is twofold. First we compute the effective Fokker-Planck colli-
sion operator, averaging with respect to the fast gyromotion of charged particle moving in a
nonuniform magnetic field. This approach relies on a central result in ergodic theory i.e., von
Neumann’s ergodic theorem [17] pp. 57. Moreover, these calculations follow by basic manip-
ulations and do not appeal to any special mathematical tools, as the Lie-transform method,
push-forward and pull-back transformations, noncanonical Poisson brackets, action-angle
coordinates, etc. Another advantage is that this method provides an explicit formula for
the averaged collision operator, expressed in terms of the standard phase space coordinates
(z,v), which facilitates its implementation in a simulation code. One deduces the following
expression for the averaged Fokker-Planck collision operator c¢f. Theorem 5.1

Qus(for fo)) () = —div, / 12,0 ([0 — v ][0 — 0
R3

S

1

mgr

Salv — 1) (Wlbf (0)(Vo ) (v)

where Sy p(w) = S(v Ab) o S(w).

Second, we investigate the main properties of the averaged collision operator. We es-
tablish the particle, momentum, energy conservations and the relaxation towards a local
Maxwellian equilibrium. Therefore this reduced collision operator is well adapted for gy-
rokinetic simulations.

The outline of the paper is the following. In Section 2 we recall briefly the main prop-
erties of the average operator. In Section 3 we investigate the transport operator in the
Fokker-Planck equation. Section 4 is devoted to the computation of the averaged collision
operator. The main properties of the averaged collision operator are discussed in Section 5.

fs(v)(vasf)(M)) v,

2 Average operator

The concern of this section is to introduce the main tool of our study, the average operator
cf. [4], [5]. For the sake of the completeness we recall here the main results. We work in the
L?(R3 x R?) framework and define the operator

Tu = divy (we(z) wv Ab(x)), ueD(T)

D(T) = {u(z,v) € L*(R3 x R?) : div, (we(z) uv Ab(z)) € L*(R? x R3)}

where w.(z) = %(m) is the rescaled cyclotronic frequency of a charged particle of mass m

and charge ¢. The notation || - || stands for the standard norm of L?(R3 x R?). We denote
by (X, V)(s;z,v) the characteristics associated to the vector field (0,w¢(x)(v A b(x))), that
means

dX  dv

ds 7 ds
It is easily seen that x, |[v A b(x)|, (v-b(x)) are left invariant along the characteristic flow
(10). Straightforward computations yield the formulae X (s;z,p) = z and

V(s;x,p) = cos(we(x)s) b(x) A (v Ab(x)) + sin(we(x)s) v Ab(x) + (v-b(z)) b(x).

= we(X(s)) V(s) AB(X(s)), (X, V)(0) = (,0). (10)
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The trajectories (X,V)(s;x,v) are T.(z) = w?&) periodic for any initial condition (x,v) €

R? x R? and therefore we introduce the average operator along these trajectories cf. [4]

Te(x)
ﬁ/o w(X(s;z,v),V(s;x,v)) ds

= 2i u(z, v Ab(x)| w+ (v-b(x)) b(z)) dw
™ S(z)

(u) (, v)

for any function u € L?(R3 x R3), where S(z) = {w € S% : b(z) -w = 0}. Notice that the
kernel of 7 is given by the functions in L? invariant along the characteristics (10). Therefore
we have

ker 7 = {u € L*(R* x R®) : Jw such that u(x,v) = w(z, |v Ab(z)|, (v-bx)))}.
The proof of the next result can be found in [5].

Proposition 2.1 The average operator is linear continuous. Moreover it coincides with the
orthogonal projection on the kernel of T i.e.,

(u) € ker T : / /(u—(u>)cpdvdm=0, Vp€ekerT.
R JRs

The above result allows us to characterize the closure of the range of 7. Indeed, since
() = Projye, 7 and 7* = =7 we have

ker (-) = (ker 7)* = (ker T7*)* = Range 7.

Moreover we have the orthogonal decomposition of L?(R? x R?) into invariant functions
along the characteristics (10) and zero average functions i.e.,

w= () + (u— (1)), /Rg/Rgu— () (u) dvdz = 0.

If the magnetic field remains away from 0, the range of T is closed, leading to the equality
Range 7 = ker (), which gives a solvability condition for Tu = v. We have the Poincaré
inequality cf. [5]

Proposition 2.2 We assume that inf,cps B(x) > 0. Then T restricted to ker (-) is one
to one map onto ker (-). Its inverse belongs to L(ker (), ker(-)) and we have the Poincaré
inequality

27 q
< — =— inf B 0 11
Jull < 2Z1Tull, w0 =2 inf Ba) # (1)

for any u € D(T) Nker (-).
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3 The transport operator average

We intend to find a closure for the dominant distribution fs after eliminating the first order
distribution f! in (9). The idea is to apply the average operator to (9). Indeed, discarding
the species index here, we have under the hypotheses of Proposition 2.2

Tf' € Range T = ker (-)

saying that <T f 1> = 0. In this way, averaging (9) leads to a zeroth-order model whose left
hand side (coming by averaging the transport operator) is given by

<8tf—s—v~V$f+%E-va>:... (12)

Recall that the previous average is to be computed under the constraint 7 f = 0, implying
that there is a function g = g(t,x,r, 2z) depending on time ¢, and the invariants x,r =
[v AD(x)|, 2z = (v - b(x)) such that

[t 0) = gt o Ab()], (v-b(x))). (13)

Certainly, the limit model should be completed by the average of the collision terms appear-
ing in the right hand side of (9). This will be done in the next section. Now we concentrate
on the derivative averages. It is easily seen that the time derivative and the average operator
are commuting since the characteristic system (10) is autonomous. Taking into account that
f € ker T we obtain

(Onf) = 0i (f) = Ocf. (14)

For computing the averages of the space and momentum derivatives we apply the chain rule
to (13) and we average only the derivatives of the invariants since the derivatives of g depend
only on time and the invariants and thus are constant along the characteristic flow (10). By
direct computations one gets

(v-b(z))

(0zb ;v @)+ 0.9 (Oxb 1 v @)

and
Org

Vol = v Ab(z)|

(I —=b(z)@b(x))v+ 0.9 b(x).

Here the notation U : V stands for the contraction Zf’ =1 WijVij of two matrices U =
(uij), V = (vij) € M3zx3(R). It is easily seen that

_ JuAb(@)?

5 (I —b(x)@b(x))+ (v-b(z))? b(x) @ b(x).

(v) = (v-b(2)) b, (vOV)
Taking into account that ‘d,b b= 1V, [b]> = 0 we deduce that

(v-b(x)) v Ab(2)]
2

[v A b()|?

(v-Vyf)=blx)@b(x)v - V,y9— div,b 0,9 + div,b 0.g. (15)
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and

q -4 :
(LEW)-Vuf) = L) Bt.2)) 0.9. (16)
Combining (12), (14), (15), (16) yields the following transport operator in the phase space
(z,r,2) e R xRy xR
2r r q
Org + 2 b(x) - Vyg — 5 divb 0rg + 5 div,b + %(b(x) -E(t,x)) | 0.9 =... (17)

It is possible to write the left hand side of the previous equality in terms of the distribution
f = f(t,z,v) in the phase space (z,v). For this it is sufficient to express the derivatives of
g with respect to the derivatives of f

B B _v—(v-b)b
atg - atfv 829 - b(l‘) vaa arg - |1} A b| va
t9,bv
_ _ (L. i
vmg = v"ﬂf ( v vvf) |’U A b|
leading to
Of+b(x)@b(x)v-Vuf + (%b@ bE + w(x,v) Lv) “Vuf=.. (18)
where (0 )b
Lo=lvAblb=(v-b v—(v-b)b
v=loAblb= (o) Sl
and

o0y — 2@

divyb — (v - b(x)) <8Ib b(z) - M) .

4 The collision operator average

We average now the terms Qss (fs, fs/) appearing in the right hand side of (9), under the
constraints T, fs = 0, 7o fs = 0. By the definitions of 7y, T/, notice that ker 7, = ker Ty
and therefore f, fo satisfy the same constraint. The distributions fs, fs» depend only on
t,x,[v Ab(z)], (v-b(x)). It is easily seen that the average operator is not depending on the
species s and therefore we will omit the index s when averaging i.e., (-), = () = (-),..

The Fokker-Planck collision operator can be decomposed in gain and loss parts

st’(fs; fs’) = Qig/(fsa fs’) - Qs_s/(fsyfs’)

where
msQ;/(fmfs’)(U):din/ Al (v,o1) dvi, meQL (fs, for)(0) =divy [ AL, (v,v1) doy
R3 R3

and
) 1
Af (0,01) = p2yoss (Jv —vi]) v — 01 P S(v — Ul)ﬁfs’ (v1)Vy fs(v)
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1

ATy (0,01) = 120 (o = vi)lo = 01 S0 - v1)——
S

fs(v)vvfs’ (Ul)‘

Both gain and loss operator appearing as a divergence with respect to v, we start by estab-
lishing a commuting relation between the operators (-) and div,,.

Lemma 4.1 For any smooth field A = (A1, Aa, As)(x,v) we have

(divy A) = div, {<A v (v b(x))b> v — (v-bx))b

oAb ) ToAb@) +<A"’>b}'

v—(v-b(z))b
lvAb(z)]
we have for any functions x = x(z), ¢(x,v) = ¥(Jv Ab(x)], (v-b(z)))

Proof. We introduce the notation e,(v) = , or simply e(v). By Proposition 2.1

/ /diva x(z)p(z,v) dude :/ / (div, A) x(z)p(z,v) dvde (19)
R3JR3 R3JR3
implying that
div, A p(x,v) dv = / (div,A) p(z,v) dv, =€ R (20)
R3 R3

In the sequel we fix x € R3 and we compute (div,A) (z,-) as function of v, using the
characterization (20). Integrating by parts, the left hand side of (20) becomes

— | A Vypdv = — [ A-(0¢e(v)+ 09,4 0b)dv
R3 R3

—/Rgarw (A-e(v)) dv—/RS&zw (A-b) dv. (21)

In the last equality we have used the fact that 0,1,0,% depend only on the invariants
r = |vAbl,z = (v-b). The next step consists in integrating by parts with respect to the
cylindrical coordinates with axis parallel to b. We obtain after computations

/R35'r1/1<A.e(v)> dv = /R/RﬁTwA.e(v» o e

_/R . P(r, 2) (&« (A-e(v)) + 1 (A 6(1}») o drds

r

~ [ ) (Tt et (o) + o (A-e(e)) ao

= - /ngo(x,v) div,{(A - e(v)) e(v)} dv (22)

|v A D
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since divye(v) = 1/|v A b|. Similarly one gets

/Rsazzp (A-b) dv = /}R/]R+ 0. (A-b) 2mr drdz
= —/ P(r,z) 0, (A-b) 2mr drdz
R JR,
= [ e VoA b
R&
= — /ngo(xw) div,{(A - b) b} dv. (23)

Combining (20), (21), (22), (23) yields

/Rscp div,{(A-e(v))e(v) + (A-b) b} dv = /Rng (div, Ay dv

for any function ¢ depending only on r = |[v Ab|, z = (v-b). Since the functions (div, A) and
1
div,{(A-e(v)) e(v) + (A-b)b} =0, (A-e(v)) + - (A-e(v))+ 09, (A-b)

satisfy the same property, we deduce that (div,A) = div,{(A4 -e(v))e(v) + (A - b) b}. O

In order to average the gain/loss collision operators, we apply Lemma 4.1 with A*(v) =
fR3 A;ts/ (v,v1) dvy. We split these computations in four steps. The notation R, p, or simply
R, stands for the rotation of angle a around the axis parallel to b

Rov=cosabA(vAD)+sina (vAb)+ (v-b)b.
The map v — R,v is orthogonal for any a and the average operator also writes

1

2m
(u) (x,v) = —/ u(z, Ryv) da, (7,v) € R® x R®.
2m Jo

Lemma 4.2 Assume that fs = fs(v), fs = fs(v) depend only onr = |vAb| and z = (v-b).
Then, with the notation d = (v — vy)/|v — v1|, we have

(A ee@) = [ oo = olo - ol o fu(w)
R3 mg
[(Vofa(0) - e()) [d A () = (Vo fuv) - b)(d-b)(d- e(v))] doy.

Proof. Observe that for any o we have e(Rov) = Rae(v),v € R and S(Row)Rov =
R (S(w)v),v,w € R3. The computations follow by performing orthogonal change of vari-
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ables and applying Fubini theorem
1 27
(AT e(v) = — (AT(R) - e(Rav)) da
2 0
1

27
= — (/ Al (Rav, Ravr) - e(Ryv) dvl) dov
271— 0 R3

1 27
= 5| [teeeto—ubp-up

<SRQ(U - vl)mifs/(Ravl)VUfs(Rav) . Rae(v)> dv; dev. (24)

S

Since fo(v1) = go(lvr A b, (v1 - b)) we deduce that fo(Rav1) = fo(v1). Similarly, since
fs(v) = gs(Jv AD|, (v-b)) one gets V,, fs = Orgse(v) + 0.gsb implying that

Vo fs(Rav) = 0rgsRae(v) + 0,9sb = Ro(0rgse(v) 4+ 0.gsb).
Therefore, the calculations in (24) lead to

(A%t = [ 1dooao=nblo = ol
1

- / 12400 (0 — 01 — 1P fu (1)
R3 mg

[(Vofs(v) - e(v) [d A e()]* = (Vo fo(v) - 0)(d - b)(d - e(v))] dvr.

1

ms

fsr(v1)(Orgse(v) + D.gsb) - (S(v —vy)e(v)) duy

Lemma 4.3 Under the assumptions in Lemma 4.2 we have

@) = [ o= nblo =l o foo)
(Vo fs(v) - b)d A b2 — (Vo fs(v) - e(v))(d-b)(d- e(v))] doy.

Proof. Using the same notations one gets

1 27
(AT b)) = s (AT(Ryv) - b) da
1 2

= — ( A:;, (RQU, Ral}1) -b dU1> da
271— 0 3

R
1 2m ) 3
= 5| [ teto—ubp-ul

(SRa(v - vl)mifs/(Ravl)vas(Rav) . b) dv; da

= /RS WasrTssr ([0 —v1])v = v1|3mifsf (v1) (S(v = v1)(9rgse(v) + Dzg5b) - b) duy
(25)
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= [ o=l =l )
[(Vofu(0)- DIAABE = (Vo .(0) - e(w)d-D)(d- e(w)] don.

Combining the expressions obtained in the Lemmas 4.2, 4.3 we deduce

Proposition 4.1 The average of the gain operator is given by

ms (QF, (fs, fsr)) = div, {/RS pigoss (Jv —vi])|v — v1|3mif5, (v1)Sup(v = v1)Vy fo(v) dv1}

where Sy p(w) = S(v Ab) o S(w).
Proof. Applying Lemma 4.1 with the field AT one gets
1

ms

ms (QL, (fs, f&r)) = div, {/ pg s (Jv = v1])Jo = v1]* — fo (v1)CF (v, 01) dvl}
R3

where the field C* (v, v1) is given by

CH(v,01) = [(Vofs(v)-e(v)) [dAe(®)]* = (Vofs(v) -b) (d-b)(d- e(v))] e(v)
+ [(Vofs(v) - 0) [d AP = (Vofs(v) - e(v)) (d-b)(d - e(v))] b.

Notice that C* = C" + C5 where C;f = (V, fs(v) - e(v)) e(v) + (Vo fs(v) - b) b and
C3 = ~[(Vufs(v) - e(v)) (d-e(v)) + (Vo fs(v) - b) (d-b)] [(d-e(v)) e(v) + (d - b) b].

Since the distribution f, satisfies the constraint (v A D) - V,, fs = 0, we can write

Vo fs(v).

cizvvfs(w—(vvfs(v) ”“’) b

Junb) Jonb]
For the same reason we have
CF = —(Vufs(v) - d) [e(v) ® e(v) +b@ bld = —(S(v A b) 0 (d & d)) Vo fs(v).
Finally, taking into account that V, fs(v) = S(v A b)V, fs(v) one gets the formula
CH(v,v1) = (S(wAb) = S(wAb)o(d@d)) Voyfs(v) = Syp(v —v1)Vyfs(v)

and our conclusion follows. O

Notice that the averaged gain operator has similar structure as the Fokker-Planck gain
operator in (2), the main point here being that the map S should be replaced by S, .
In this way the averaged gain operator depends explicitly on x, through the direction of
the magnetic field b = b(x). The collision mechanism is not anymore uniform in space
and depends on the magnetic shape. We expect a similar expression for the loss operator.
Actually we can prove
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Proposition 4.2 The average of the loss operator is given by

e (Qo(fur o)) = div, { / 12004 ([0 — 02} [0 — 01 P —— Fa(0)Sop(0 — 01) Vo fur(01) dvl} .
R3 mgs

We need to establish analogous results for A~ (v) as those in the Lemmas 4.2, 4.3. The
reader can easily check

Lemma 4.4 Under the assumptions in Lemma 4.2 we have
(7)) = [ il =Dl = ol (0
{(vas’ (v1) - e(v1))[ (e(v) - e(v1)) — (e(v) - d) (e(v1) - d) |
~(Vufo (1) -b) (d-b)(d - e(v)) } dvy
and
(am0) = [ ol ubl - uP - n0)
R3 mg
[(Vufs(v1) - b)(1 = (b-d)?) = (Vo fr(v1) - e(v1)) (d-b)(d - e(v1))] dvr.

We can establish now the conclusion in Proposition 4.2

Proof. (of Proposition 4.2) As for the gain operator we write

1

mgr

ms (Quy (fs: for)) = divy {/RS 1205 ([ = v1]) v — v1 P — f (v)C (v, 01) dvl}

where the field C~ (v, vy) is given by
- = {(vas'(vl) ~e(v1)) [ (e(v) - e(v1)) = (e(v) - d) (e(v1) - d) ]
~(Vufo(vr) ) (d-B)(d- e(v) } €(v)
+ [(Vofo(v1)-b) (1= (d-5)*) = (Voo (v1) - e(vr)) (d-)(d - e(v1))] b
or equivalently C~ = C + C5 with
Ct (v,01) = (Vo fo(v1) - e(v1)) (e(v) - e(v1)) e(v) + (Vo for(v1) - b) b
Cy (v,v1) = =[(Vu for (v1) - e(v1))(d - e(v1)) + (Vo for(v1) - b)(d - b)] S(v Ab)d.
Using the equality
(Vo fo(v1) - e(v1)) e(v1) + (Vo for(v1) - 0) b= Vo for (01) (26)
it is easily seen that
Cy (v,v1) = S(WAD)V, for(v1), Cy (v,v1) = —(Vyfe(vr)-d) S(vAb)d.

Finally one gets
C™(v,v1) = (S(WAD)oS(v—11))Vyfs(vr)

and our conclusion follows. O
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5 The limit model

The computations in the previous sections allow us to derive, at least formally, a closed
system for the dominant distribution functions ( fs)s. The rigorous justification of the asymp-
totic limit below is beyond the scope of this study. More details can be found in [4]. The no-
tation (Qss ) stands for the averaged collision operator, i.e., (Qss') (fs, fs/) = (Qss' (fs, [s7))-

Theorem 5.1 For any € > 0 we assume that (f5)s solve the problem

O STV A B g 2 () Vg5 = 3D Quuf S, (1,2,1) € Ry XBIE?
| S 1)
f20,2,0) = £ (2,v), (z,0) R xR? s€S

where wes(x) = qsB(x)/ms,s € S. Therefore the limit distributions fs = lim.o f5 solve
the problem

8tfs +b®bv- va:fs + (nq;b@@bE—&—w(m,v) lU) 'vvfs = Z <st’> (fafs’) (28)

s/

Qud (fu o)) = mdivy [ suowello = uDlo =’

S

000 = 00) (o) (Vufo)(0) =~ F0)(Vufuon)) o

under the constraints (v Ab(z)) -V, fs =0,s € S and with the initial conditions

fs(0,z,v) = <f;n> (z,v), (z,v) €ER3*xR3 seS8.
Proof. The limit equation (28) follows immediately by applying the average operator
to (9), for any species s, and by replacing the expressions obtained in (18), Proposition
4.1, Proposition 4.2 for the transport operator average and gain/loss operator averages. It
remains to justify the initial conditions. Multiplying (27) by the test function n(t)¢(x,v),

with n € CH(Ry), o € CHR? x R?), such that the constraint (v Ab(x)) -V, = 0 holds true,
we obtain easily after integration by parts and taking the limit as € N\, 0

d s

—/ fsp dudm:/ /fs <U~Vz<p+ el E-vao) dvdx—i—g / /str(fs,fsr)go dvdz
dt Jgs Jrs Rr3 JRS3 Mg " Jr3JRs

and

lim/ fs(t,z,v)p(z,v) dvdx:/ /fsin(x,v)go(z,v) dvdz.
t\O Jr3.JR3 R3JR3

Since the function ¢ satisfies the constraint (v A b(z)) - V,¢ = 0, we have by the definition
of the average operator

As/ﬂksf‘in(x’“)@(%”) dvdx = /Rs/Rs<f‘in> (2, ) (z, v) dvdz

and thus the initial condition for fs (which satisfies the same constraint at any time ¢t € R)
must be f,(0) = (fi*),s € S. O
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In the sequel we inquire about the standard conservations of the model (28). We expect
that the limit solutions (fs), satisfy the particle, momentum and energy conservations, when
no force is applied. It is easily checked, based on Lemma 1.1, that the averaged collision
operators (Qss ) satisfy the same conservations as the collision operators Qg .

Lemma 5.1 Under the hypotheses in Lemma 1.1 we have

[ (@ (g0 o =0 (29)
X [ mer(@ue) (i fi)o) dv =0 (30)

;;/ﬂggmslg<st’>(fs,f5/)(v) dv=0. (31)

Proof. The first statement is obvious, since (Qss) (fs, fs) is a divergence with respect to
v. For the second one we use the decomposition v = v — (v) + (v) = v — (v) + (v - b) b.
Therefore

[ 0@t dv = [ = (0)+ (@0 D) (Quu(s f) o
R3 R3

/Rs(v B) b (Qusr (fo, for)) dv
— / (’Ub) bQSs,(fsny/) dv
R3

where in the last equality we have used the variational characterization of the average
operator, with the test function (v - b) b. Using now (4) one gets

;;/Rgmsv <st’>(fs>fs’)(v) dv = ;;/}Rdms(vb) sts/(fsafs/)(U) dv

— b®bZZ/RSmstSS'(fS’fS’)(v) dv =0.

s s

The last statement comes easily in a similar manner from (5) by using the test function
[v]?> = |v AB? + (v-b)2. O

It remains to justify the relaxation towards a local Maxwellian. As usual we multiply the
equation (28) by 1+ In f, and we obtain

S

8t(fslnf5)+b®bv'vw(f81nfs) + (ﬂ;b@bE+w(I7v) lfu) -Vv(fslnfs)
= > (1+Inf) (Qu) (fo for)-
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In order to perform integration by parts it is worth to write the above equation in conser-
vative form. By direct computations one gets

div, (b ® b v) + div, (s;sb@@bEjLw(m,v) lu) = m(awbb. (v —(v-b) b))

and therefore we obtain

O(fslnfy) + divw(fslnfsb®bv)+divv{fslnfs (b@bE+w(x v) Lv)}

- félnféf((;))wab( S b))+ S L) Qur) (o ).

Notice that the extra term in the conservative form gives no contribution when integrating
with respect to (z,v) since fsIn fs depends only on the invariants and v — (v - b) b is zero
average. Therefore we deduce

dtZ/Rd [ Jowm, dvdx—ZZ/Rs/R 1+ 10 £.) (Quwr) (for for) dvdz = 0

and finally we obtain the same entropy dissipation as in Lemma 1.2 since

- ;;/RS/RBUHHJ‘;)<stf>(fs,fs/) dvda
= —ZZ/S/RQ 10 £)Qus (fo, f) dvda

= St [ [ -l

s,s’

Ty e O )

mg mgr

2
dvydo da.

The distributions (fs)s relax towards local Maxwellians with the same temperature and
mean velocity.
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