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The finite Larmor radius regime : collisional setting
and fluid models

Mihai BOSTAN *, Aurélie FINOT f

Abstract

The subject matter of this paper concerns the derivation of fluid limits for
gyro-kinetic models. The arguments apply for any collision kernel satisfying the
usual conservations (mass, momentum, kinetic energy) and possessing a produc-
tion entropy sign. We describe the set of equilibria in terms of several moments,
we determine the average collision invariants, and we write the associated macro-
scopic equations and the entropy inequality.

Keywords: Finite Larmor radius regime, Fokker-Planck-Landau equation, Euler
equations.

AMS classification: 35Q75, 78A35, 82D10.

1 Introduction

Let f = f(t,x,v) be the presence density of a population of charged particles of mass
m, charge ¢q. Motivated by the magnetic confinement, we concentrate on the dynamics
of this population in presence of a strong magnetic field, by taking into account the
collision effects [14, 15, 16, 22, 25]. The particles are transported under the action of
the electro-magnetic force q(E + v A B), and their density fluctuates also due to the
collision mechanism

8tf+v-me+%(E—|—v/\B)-va: Q(f), (t,x,v) e Ry x R® x R,
We supplement the above equation by the initial condition

f(0,2,0) = f™(x,v), (z,v) € R* x R
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The appropriate collision operator when studying the magnetic confinement is given
by the Fokker-Planck-Landau kernel

Qrpr(f) = divy /RB (v =V = v'PS(v =) (f()(VF)(v) = F)(VH)) dv'
where o > 0 is the scattering cross section, and S(w) = I3 —w ® w/|w|? represents the
orthogonal projection on the plane perpendicular to w € R3\ {0}. The computation
of the effective collision kernel, under strong magnetic fields has been done for both
linear (Boltzmann, Fokker-Planck) and non linear ( Fokker-Planck-Landau , Boltz-
mann) operators [5, 7, 8 9, 10, 13]. In these works, completely explicit expressions
for the effective collision kernels have been emphasized. In particular, their equilibria
were identified and fluid models were derived, by linearizing around these configura-
tions. Nevertheless, these derivations require a huge amount of computations. Here we
propose a different approach which allows us to identify the equilibria of the average
collision kernels, without having to compute explicitly the effective collision kernels.
The main point is to observe that the effective kernels still satisfy a set of balances,
and that a H Theorem is available as well. We concentrate on the finite Larmor radius
regime. For simplicity we suppose that the magnetic field is uniform B = *(0,0, B).
We take into account the collision effects as well. More exactly, we distinguish between

e the perpendicular dynamics, generated by
b(z,v) - Vi = 0104, + 0204, + w(v20y, — 010y,), w=—

e the collision mechanism, given by the Fokker-Planck-Landau kernel

e the parallel dynamics, generated by

a(z,v) - Vi, = 030, + 1. V.
m

We assume that the perpendicular dynamics evolves on a much smaller time scale than
the typical collision time, and that the collision time is negligible with respect to the
time scale on which evolves the parallel dynamics

T << Ty << T”. (1)

This asymptotic regime is characterized by two small parameters ¢ > 0,7 > 0 which
represent the ratio ——~ and T;,—“’l“ We intend to analyze the behavior of the family

Tcoll
(fo7)er>0 when first ¢ = ;:ﬂn — 0 and then 7 = T;—‘ﬁ“ — 0. We appeal to average

methods [3, 4, 6, 11, 12, 21] and we derive a fluid gyro-kinetic limit, at least at the
formal level, for the problems

8tf5’7+a($a U)-ijvfeﬂ——f—b(l‘, U)'Vx,vf(w— = QFPL(f&T(t))(xv U), (t’ Z, U) € R+ XRg XR?)
(2)
70, ,0) = f(w,0), (z,v) € R xR (3)

where for any presence density g = g(z,v), the notation Qppr(g)(z,v) stands for

Qrpr(g(z,-))(v).



The perpendicular dynamics is given by the characteristic flow associated to the
vector field b -V,

dXx d

E = t<vl(t; Z, U)a VZ(t; Z, U)a 0)7 d_]t) =W t(v2<t; Z, U)a _vl(t; Z, U)a O)

where (X, V)(0; z,v) = (z,v). This characteristic flow, denoted by Z(t; z) = (X (¢; z,v), V(t; z,v)),
z = (z,v), is T, = 2w /w periodic, and writes

X(t;z,v) = (T+w (I, — R(—wt))0,235), V(t;z,v) = (R(—wt)T,v3)

where we have used the notations T = (x1,22),7 = (vy,v2), 0 = (vg, —v1). We
denote by R(f) the rotation of angle § € R in R?. The above expressions come
easily, by observing that T ++ ¥/w, x3, [0, v3 are left invariant by the flow (X,V). In
particular, the Larmor center T ++ 7/w and the Larmor radius [v]/|w| are conserved

by the perpendicular dynamics, whose time scale is given by the cyclotronic period
_ 2 _ 2
T.= 2=
We proceed by smoothing out the oscillations due to the fast cyclotronic motion.
More exactly, we search for a new family of presence densities such that at any time t,
fe7(t) appears as the composition between F'=7(¢) and the fast oscillating characteristic

flow of b -V,

[Tt x,v) = FT (8, X, V), with Z = (X, V) = (X, V)(—t; z,v).
It is easily seen that

OFT(t,Z) = 07 (t, 2(t; 2)) + b(Z(1; Z)) - (V. f77)(t, Z2(t; Z))
and

alt, 2(6 7)) - (V- 7)1t 2(5 7)) = alt, 2( 7)) - 0Z(—t; 2(t 2)) (V2 F) (1, 2)
=0Z(—t; 2(t; 2))a(t, Z(t; Z)) - VzF=7(t, Z).

With respect to the new unknowns, the problem (2), (3) becomes

OF= + 0Z(—t; Z(t; Z))a(t, Z(t; Z)) - V2 F="(t, Z) = Qppp(F(t, Z(—t; ) (Z(t; Z))
(4)

FT(0,X,V) = f™(X,V), Z=(X,V)eR®xR®
We introduce the family (¢(t)):cr given by
p(t)a = 0Z(—t; Z(t;-))a(Z(t;-))

for any vector field @ = a(z), and also the notation Gy = G o Z(t;-) for any presence
density G. Therefore the equation (4) writes

OFT + () (a(t) - Vxy Fo" = Qppr(F7(t) ), (6, X,V) € Ry x R® x R,

Notice that the transport term ¢(t)(a(t)) - Vx,yvF=7(t) has three dependencies with
respect to time :



e the dependence t — F*7(t) is slow, since the new presence density F=7(t) has
been obtained from the old presence density f©7(t), after smoothing out the fast
oscillations due to the cyclotronic motion ;

e the dependence t — a(t) is slow, since the parallel dynamics evolves on a much
larger time scale as the perpendicular dynamics ;

e the dependence through the group parameter ¢t — (t) is fast, corresponding to
the time scale given by the cyclotronic period.

Similarly, the collision term evolves on both slow and fast time scales, the dependence
t — F=7(t) being slow, and the translations along the flow of b - V., being fast. We
are face to a two time scale problem, and thus, the limit model when € \, 0 comes
by averaging with respect to the fast time variable, while keeping frozen the slow time
variable

OF + (a(t)) - Vxy FT = <QFPL> (FT()), (t,X,V)€R, xR*xR®  (5)

where
1 1 [Te

W=7 [ etad (Qere)(B)=7- [ Qeratreat

After performing the homogenization with respect to the cyclotronic motion, we focus
on the second asymptotic procedure, that is, 7 = Toon/Tj — 0. We deduce that at any
time ¢, the limit presence density F'(t) = lim,\ o F7(t) is an equilibrium

(Qees) (F(1) =0, t>0

As in the case of the standard Fokker-Planck-Landau kernel, we prove that any equi-
librium is parametrized by a set of moments (see Proposition 4.5), whose evolutions
are obtained thanks to the conservation laws associated to the collision invariants (see
Proposition 4.4). We mention that, due to the gyro-average effect in the plane orthogo-
nal to the magnetic lines, the fluid model is a system of conservation laws in the parallel
direction. This model does not depend on the specific form of the collision kernel, but
only on its equilibria, invariants and production entropy. Therefore, we formulate our
main result in terms of general collision kernels verifying the H Theorem satisfied by
the Fokker-Planck-Landau operator cf. Theorem 4.1.

Theorem 1.1 Let Q) be a local in space operator, homogeneous of degree d, verifying
the statements 1. and 2. of Theorem 4.1, and whose equilibria are the Maxwellians.
We denote by (f*7)cr>0 the solutions of the problems (2), (3) (with uniform electro-
magnetic field and collision operator Q) ), where e, T are small parameters characterizing
the regime (1). Therefore we have

lim limy f27(, X X, V), V(6 X, V) = F(5, X, V)

where

F(t,X,V)= anM% (V = U)My(Vz — Us)M,(wX + +V —-Y)



and n(t, X3),0(t, X3), u(t, X3), U(t, X3), Y (t, X3) verify the equations
o + Ox,(nUs) =0, (¢, X3) € Ry xR (6)

B,(nU) + dx, (nU3U + n*(0,0,0)) = n-L 4(0,0, E5(t)), (t,X3) € Ry x R

nLt
m

9,(nY) + Ox,(nU;Y) = n-L YE(t), (t,X;) € Ry x R

m

0 U pf [UPN] 4
Oy [n (M—Q + = 5 + — 5 + O0x, |nUs _0 + -I— 5 = nUngg(t)

Y2 p U? U Y2 pf U 9y 11
— Y' E
(9t[n<,u+ 2 w—0 2 TOxa nUs { 2 w—0 2 "m

and the inequality

n n
8t (nln m) + 8X3 (nUg In 203/2> < O, (t,Xg) € R+ x RR. (7)

n—=0 n—=0

The initial conditions are given by

/ o dvdX = n', / ™V dvdX = n™U™, / (WX +1V) dVdX =Y
R2/R3 R2/R3

R2/R3

) |V _ Uin’Q o ) Minein ein
n X — - - R
/Rz R3 / 2 dvd " pmn — gm + 2

wX 4+ LV V2 72 . . ‘ ingin
/ / f]n |w + v ’ |v| dVdX — n]n uln _ /II/ . .
R2JR3 2 ILLm — fin

Our paper is organized as follows. The properties of the Fokker-Planck-Landau kernel
are recalled in Section 2. The moment method, for the derivation of the Euler equations,
is revisited in Section 3. In Section 4 we concentrate on the average collision operator.
We investigate the structure of its equilibria and invariants, in order to apply the
moment method, in the gyro-kinetic framework. The last section is devoted to the
derivation of the Euler equations, corresponding to the average collision mechanism.

2 The Fokker-Planck-Landau kernel

We recall briefly the main properties of the Fokker-Planck-Landau collision kernel
17, 18, 19, 20].



Proposition 2.1 (Mass, momentum, kinetic energy)
For any smooth distribution function f = f(v), with nice decay at infinity (for example

compactly supported), we have
W’

Qrpr(f) dv =0, Qrpr(f)vdv =0, Qrpr(f) — dv =0.

R3 R3 R3
Proof. We introduce the notation
Aw,0) = o(jo =Dl — 0 PS (0 =) [F )V (0) = FRITHW), 0,0 €RE, v # 0
such that
Qrpr(f)(v) =div, [ A(v,?) dv', v e R®.

R3
Obviously we have

Qrpr(f) dv = / divv/ A(v,v") dv' dv = 0.
R3 R3 R3

The momentum balance follows immediately integrating by parts and thanks to the
anti-symmetry of A

A, v") + AW, v) =0, v, €R® v #0.
We obtain

RgQFpL(f)U dv = — /RS/R3 Av, ') dv' dv = —% /RSXRS[A(U,’U/):I,;A(U/,U)] d(v,v") =0.

Similarly, taking into account that *S(v —v')(v —v") = S(v —v')(v —v') = 0, one gets

|v|2
QrpL(f) dv = Av, ") dv' - v do
r3 JR3

//A ) dv -0 dof
R3 JR3

R3

=

1
= —= [A(v,v") v+ AV, v) - v ] d(v, ")
2 Jrsxmrs
1
= ——/ [A(v,v") + A(W',v) ] -0 d(v,v") = 0.
2 Jraxms > -

~~
=0

We will use the notion of collision equilibrium and collision invariant.
Definition 2.1

1. A distribution function f = f(v) is called a collision equilibrium of the Fokker-
Planck-Landau kernel iff Qrpr(f) = 0.

2. A function ¢ = c(v) is called a collision invariant of the Fokker-Planck-Landau
kernel iff

Qrpr(f)(v) c(v) dv =0

R3
for any distribution function f = f(v).
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We recall now a well known result, the H Theorem, which allows us to identify the
equilibria and invariants of the Fokker-Planck-Landau kernel.

Theorem 2.1 (H)

1. For any smooth distribution function f = f(v) > 0, with nice decay at infinity,
we have the inequality

[ 1w r@ens(s) v <o. (8)
R3
2. Let f = f(v) > 0 be a smooth distribution function, with nice decay at infinity.

The following assertions are equivalent

(a) The distribution f is an equilibrium, that is, Qrpr(f) = 0.
(b) The distribution f achieves the equality in the inequality (8)

/ In f('U)QFpL(f) dU =0.
RS
(¢c) The function c(v) = In f(v) is an invariant, that is

Qrpr(g)c(v) dv =0

R3
for any distribution function g.

Proof.
1. We use one more time integration by parts and Fubini Theorem, combined to the
positivity of the matrices S(v —v'), v,v" € R3 v # v

€A (=)

lv—v2

Sv—v):E®E&= v#£vV, € eR.

It is easily seen that

[ r@enstn do==3 [ (Vi) = (Vin )] Alw.!) dfos )

| ollo= D= P psw)sw )

(VI )) — (VI )] @ [(VIn)() — (Vi H()] d(w, )
——5 [ olo= D= vis@sw)

0 =) A LTI () = (T )] d(o,0') 0.

2. All the implications are straightforward, excepting (b) = (a). In order to prove
(a) when assuming (b), observe that by the previous computations we have

/R3 y o(lo = v'Dlo = ' f(0) () (0 = ) A[(VIn f)(0) = (VIn ))(o) ] d(v,0') =0

7



and therefore
(v=)A[(VInf)(v) = (VIn f)(v')] =0, v,0 € R®.

Taking v' = v + s€, with £ € R?, s € R, one gets

A VInf)(v+s6) — (Vin f)(v)

S

3 =0

and letting s — 0 yields
END*InfE=0, € €R. (9)

The equality (9) implies immediately that for any v € R3, there is a = a(v) € R such
that
9*In f(v) = a(v) L.

It is easily seen that V,a = 0. Actually we have
OpyOp, In f = 0,,0,, In f =0, vER?

saying that 0,, In f depends only on v;. Therefore V,, ,,a(v) = V, 4,00, (0p, In f) =
£(0,0). Similarly we show that V,, ,,a = %(0,0). Finally the function In f writes

2
lnf(v):a%jLﬁ-v%—% veR? (10)
with o, v € R, 8 € R?, and we check immediately that Qppr(f) = 0. =

3 The Euler equations

The study of the equilibria and invariants plays a crucial role when deriving macroscopic
limits from microscopic models [1, 2, 23, 24]. When the collision frequency is very large,
the presence density goes toward an equilibrium profile in velocity, parametrized by
several macroscopic quantities, as density, mean velocity, temperature. The evolution
of these quantities follows thanks to the collision invariants. Any invariant leads to
a conservation law in the physical space phase. Appealing to the moment method,
we derive the Euler equations from the Boltzmann equation cf. [1, 2]. We intend to
apply the same method for studying the fluid models in the gyro-kinetic framework.
Before doing that, we revisit the moment method in the context of the standard Euler
equations. More exactly, let us consider the fluctuations of the presence density f, due
to the free transport and collisions

8tf +v- fo = QFPL(f), (t,a:,v) € R+ x R? x R? (11)

f0,7,0) = f™(x,v), (v,v) €R* xR

When the collision mechanism dominates the transport, at any time ¢ and any position
x, the distribution function f(¢,z,-) is a collision equilibrium. By Theorem 2.1, we
deduce that for any t € R,z € R3, the function In f(¢,z,-) is a linear combination of



L,v, [v[?/2 cf. (10). We obtain that f is a Maxwellian, i.e., there are n = n(t,z) >
0,u =u(t,z) € R3 6 = 0(t,z) > 0 such that

t — Mn x),u(t,x T ) Mn’u = B ! R
f(t,,v) w06 (V) Muwov) = g exp ( 26 ) '

The macroscopic quantities n(t, z), u(t, z), 6(t, ) satisfy a system of conservation laws
which comes by appealing to the collision invariants 1, v, [v]?/2

fdv+div, | fodv= | Qppr(f)dv=0 (12)
R3 R3 R3
fudv+div, fv®vdv:/ Qrpr(f)vdv=0 (13)
R3 R3 R3
v \2 - v |2 lol*
f dv + lex f QFPL(f) 9 dv =0. (14)
R3

It is enough to express the moments of f in terms of the macroscopic quantities n, u, 6.
By direct computations one gets

/ Mn,u,e(v) dv = n, / Mn,u,@(v) vdv = nu
R3 R3

/ My uo(v)v@vdo = / My o) (v—1u)® (v—u)dv+ / Mypuo(v)u®udv
R3 R3 R3

=n(0l3 +u®u)

2 1 3 2
/ Mnug(v)ﬁdv:—tmce/ Mywo(v)v®@vdo=n _9+M
RE 2 2 RS 2 2

2 _ 2

/Mmu,e( )M v dv —/ My u0(v )M(U—U)dv—kn 30+M u
R3 2 R3 2 2 2
ul

:ASMn,u,e(v)(v—u>®<v—U> d““”(é ‘7)

(5, |ul?
= (29+ 2)u

Therefore the system (12), (13), (14) leads to the Euler equations

om + div,(nu) =0, (t,z) € R, x R? (15)
Or(nu) + div, (nu @ u) + V,(nf) =0, (t,7) e Ry x R? (16)
2 2
O [n (g@ + |UQ| >] + div, [ <29 + %) u} =0, (t,x) eR. xR®.  (17)

The above system also possesses an entropy inequality. Multiplying (11) by (1 + In f)
we obtain

O(fInf)+v-Vo(fInf)=1+Inf)Qrpr(f)

9



and integrating in velocity, using the mass balance and the production entropy inequal-
ity (8) yield

fIn f dv+ div, flnfvdv:/(1+1nf)QFpL(f)dv§O.
RB

R3 R3

Finally, as f = M,, , 0 we have

In f dv = 1 L W el I _3
fde= L F I oo g | dv=nh 27?9 (2n0)3/2 ”

_ n |v — ul? _ 3
Rsflnfvdv—/RSf{ln(@ﬁe)g/z) 59 ]Udv_nln<27r93/2) — g

Therefore we obtain

8, [n (mm—gﬂ + div, {n (mﬁ—g) u] <0

or equivalently, thanks to the continuity equation (15)

O, [nln <93/2>] + div, [nln (93/2) u} <0. (18)

We remark that the limit model (15), (16), (17), (18) does not depend on the expression
of the collision kernel (here the Fokker-Planck-Landau collision operator), but only
on the properties mentionned in Theorem 2.1. It is well known that the Boltzmann
operator also verifies the statement in Theorem 2.1. Thus if in (11) the Fokker-Planck-
Landau kernel is replaced by the Boltzmann kernel, we obtain the same limit model
(15), (16), (17), (18). Similarly, we will see that the fluid models with strong magnetic
fields will depend only on the physical balances and entropy inequality, but not on the
specific form of the effective collision kernel. In other words we do not need to compute
explicitly the average collision kernel, but only to establish a corresponding H theorem,
in order to investigate the entropy production and the structure of its equilibria and
invariants.

4 The average collision operator

A collision operator acts only in velocity : to any velocity distribution function f =
f(v), it associates another velocity distribution function Q(f)(v),v € R3. In partic-
ular, if f = f(x,v) and g = g(x,v) are two presence densities such that f(z*,v) =
g(z*,v),v € R3, for some z*, then Q(f(x*,-))(v) = Q(g(z*,-))(v),v € R3. We say that
the operator () is local in space. It is also possible to consider the collision operator as
a transformation on the set of presence densities : to any presence density f = f(z,v),
it associates another function of (z,v), given by Q(f)(z,v) = Q(f(z,-))(v). From now
on, the collision operators are supposed acting on the set of presence densities, but we
use the notation Q instead of Q. Notice that the space locality writes : for any presence
densities f = f(z,v),g = g(x,v) and any 2* € R3 such that f(z*,v) = g(z*,v),v € R?,
we have Q(f)(z*,v) = Q(g)(z*,v),v € R3. The notions of collision equilibrium and
invariant become

10



Definition 4.1 Let Q be a collision operator acting on the phase space (z,v) € R3xR3.

1. A presence density f = f(x,v) is called an equilibrium of Q iff

Q(f)(z,v) =0,(z,v) € R* x R”.

2. A function ¢ = c¢(x,v) is called an invariant of Q iff

/Rs R3 Q(f)(x,v)c(x,v) dvdr =0

for any presence density f = f(x,v).
Theorem 2.1 adapts easily to presence densities on the phase space (z,v) € R3 x R3.

Theorem 4.1 Let () be the operator defined by

Q(f)(x,v) = Qrpr(f(z,)(v), (z,v) € R* x R?
for any smooth presence density f = f(x,v), with nice decay at infinity.

1. For any presence density f = f(x,v) > 0, we have the inequality
/ / In f(z,0)Q(f)(x,v) dvdx < 0. (19)
R3JR3

2. Let f = f(x,v) > 0 be a presence density. The following assertions are equivalent

(a) The presence density f is an equilibrium of @, that is, Q(f) = 0.
(b) The presence density f achieves the equality in the inequality (19)

/ / In f(z,v)Q(f)(x,v) dvdx = 0.
(¢c) The function c(x,v) = In f(x,v) is an invariant of Q, that is

/}R3 » Q(g)(z,v)e(z,v) dvde = 0

for any presence density g.

Proof.
1. The inequality (19) is a direct consequence of the inequality (8)

|| wraante due = | (/R In £ (2, 0)Qrro(f (2, ) (0) dv) dr < 0.

2. Clearly (a) implies (b). Conversely, let f = f(z,v) verifying

/R/R In f(z, 0)Q(f)(z, v) dvda = 0. (20)

11



By (8) we know that for any x € R we have

/R I f Q) ) do = / {2, 0) Qe (F(, ) (o) dv <0

and by combining to (20), we deduce that

/Rs In f(z,v)QrpL(f(z,))(v) dv =0, ze€R>

Appealing to the implication (b)) = (a) of Theorem 2.1, one gets that Q(f)(x,v) =
Qrpr(f(z,-)(v) =0, (z,v) € R® x R3, saying that f is an equilibrium of Q.

Let us check that (b) implies (¢). Let f = f(x,v) be a presence density verifying (20).
Thanks to the previous arguments, we know that f(z,-) is an equilibrium of Qppy, for
any x € R3, and therefore a Maxwellian, parametrized by n(z),u(z),6(z). Therefore,
for any € R3, ¢(z,v) = In f(x,v) is a linear combination of 1,v, |v|?/2

n(z) v — u(x)]?

] =In M, =1 -
n f(x, U) N M (z),u(z),0(x) (U) n (271'0(.1'))3/2 20(1')

and thus an invariant of Qrpy, (cf. Proposition 2.1). We deduce that for any presence
density g = g(z,v) we have

/11@3 - Q(g)c(x,v) dvde = /R3 ( 5 Qrprlg(z, ) (v)e(z,v) dv) de — 0

saying that ¢ = In f is an invariant of Q).
For checking (¢) = (b), we take g = e“ = f. O

Remark 4.1

1. The previous arguments show that the presence density f = f(x,v) is an equi-
librium of the Fokker-Planck-Landau operator iff for any x € R3 there are
n(:z),u(:v), 9($) such that f(ma ) = Mn(z),u(x),e(m)

2. A function ¢ = c¢(x,v) is an invariant of the Fokker-Planck-Landau operator iff
for any x € R3, ¢(x, ) is a linear combination (with coefficients depending on x)
of 1,v, [v[*/2.

From now on, we work with local in space operators () verifying the statements in
Theorem 4.1, whose equilibria are the Maxwellian M, () u(z),0(2)(v),n > 0,60 > 0. We
have noticed that the derivation of the fluid limit, in the gyro-kinetic framework relies
essentially on the identification of the equilibria and invariants of the average collision
kernel. We will concentrate on how the properties of a collision operator propagate to
its average version. For example, if @ is local in space, then (@) is local with respect
to the parallel space coordinate. This is a consequence of the fact that x3 is the only
space coordinate which is left invariant by the flow Z = (X, V). It is not the case of
the perpendicular space coordinates. Actually only the Larmor center is left invariant
by this flow
- YVt z,v) ]

X(t;x,v) + =T+ —.
w w
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Proposition 4.1 Let Q) be a local in space operator. Then the average operator
1 [T
@ F) =7 [ Q)
cJo
1s local with respect to Xs.

Proof. Let ' = F(X,V),G = G(X,V) be two presence densities such that for some
X3 € R we have o o o
F(X,X;,V)=G(X,X3,V), (X,V)eR.

As X3(—t; T, X3, v) = X}, we have for any ¢t € R, (T,v) € R®
Fi(T, X3,0) = F(Z2(=:7,X5,0)) = G(Z(=4,T, X3,v)) = G4(T, X3, v).

In particular
F (Z,X3,)=G_(7,X},"), teR, T€R?

and since @ is local in space, we deduce that
QF.) (T, X5,) =Q(G_)(7, X},"), teR, T €R?

saying that

Q(F*t)('a '7X§7 ) = Q(G*t)('a ’7X:;7 ')7 teR.
Using one more time the invariance of the parallel space coordinate along the flow
Z = (X,V), we obtain

QNFEX5V) = [ QU)EET. X5, v))
1 [T

— 4 [ Q@ )EET X))
Tc 0

=(Q) (G (X, X3, V).

[

The properties mentionned in Theorem 4.1 allow us to characterize the equilibria and
invariants of the average collision kernel.

Proposition 4.2 Let () be an operator verifying the statements 1. and 2. of Theorem
4.1.

1. A presence density F' = F(X,V) is an equilibrium of (Q) iff for any t € R the
presence density F_; is an equilibrium of Q).

2. A function C = C(X,V) is an invariant of (Q) iff for any t € R, the function

C_; is an invariant of Q.

Proof.
1. Obviously, if F'is such that Q(F_;) = 0,t € R, then
I
(Q(F) == [ Q(F)dt=0.
cJo

13



Conversely, let F' = F(X, V) be an equilibrium of (Q)). We deduce that

Te
O—// F)nF(X,V)dVdX = // / Q(F_y) dtIn F dVdX
R3JR3 r3Jrs 1t

T
= —/ / Q(F_,);InF dVdX dt
R3JR3

Te
= —/ / Q(F_)In F_; dvdx dt.
R3JR3

Notice that for any ¢ € R we have cf. (19)

/ Q(F_4)InF_; dvdx <0
R3JR3

and therefore

/ Q(F_y)InF_;dvdz =0, t€R.
R3JR3

We deduce that Q(F_;) = 0 for any t € R (we use the implication (b)) = (a) in the
second statement of Theorem 4.1).

2. Let C = C(X,V) be a function such that C_; is an invariant of @ for any t € R.
Then for any presence density G = G(X, V') we have

/RS/RS@(G) (X,V) dVdX = /R/R /Q \, dt C(X, V) dVdX
:_/ /RBRSQ C(X,V) dvdX dt
:—/TC/RBRSQ 1) C—y dvdx dt =0,

-~

=0

Conversely, let C'= C(X, V) be an invariant of (Q), that is

/ / C(X,V)dVdX =0
R3JR3

for any presence density G = G(X,V). Taking G = e we obtain

0—// C(X,V)dVdx
R3JR3

/R/RT / " Q)0 dC(X,V) dvax

= / Q(e“ ), C(X,V)dVdX dt
R3JR3

Tc
= — / Q%) C_; dvde dt.
TC R3JR3

As before, combining to the inequalities
/ Q(e“*)C_y dvdz <0, teR
R3JR3
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we deduce that
/ Q) C_ydvdr =0, teR
R3JR3

saying that C_, = Ine® is an invariant of @ for any ¢ € R (we have used the
implication (b) = (c¢) in the second statement of Theorem 4.1). O

Remark 4.2

As for the operator Q, a presence density F' = F(X, V) is an equilibrium of (Q) iff
C' =In F is an invariant of (Q). Indeed, a presence density F is an equilibrium of (Q)
<= F_; is an equilibrium of Q) for anyt € R <= In F_; is an invariant of Q) for any
t € R <= InF is an invariant of (Q).

In order to identify the invariants of (@), we need the following lemma.

Lemma 4.1 Let QQ be an operator verifying the statements 1. and 2. of Theorem 4.1.
Let C = C(X,V) be an invariant of (Q). Then b -V zC is also an invariant of (Q).
Moreover b- N z(b-VzC),b-Vz(b-Vz(b-Vz(C)),... are invariants of (Q).

Proof. We know that C} is an invariant of () for any ¢ € R. By linearity, we deduce
that (Cy1p, — Cy)/h is an invariant of ) for any t € R, h # 0. Passing to the limit when
h — 0, one gets that (b- Vz(C), is an invariant of @) for any ¢ € R. By the second
statement of Proposition 4.2, it follows that b - VC' is an invariant of (Q). O

We notice the following properties of the average kernel.

Proposition 4.3 Let () be an operator verifying the statements 1. and 2. of Theorem
4.1, and whose equilibria are the Mazwellians.

1. Let o = a(X3) be a function. If C = C(X,V) is an invariant of (Q), then aC' is
also an invariant of (Q).

2. Let C = C(X,V) be an invariant of (Q). Then for any presence density G =
G(X,V), we have

/ / Q) (G)C(X,V)dVdX =0, X3€R.

3. Assume also that the operator Q) is local in space, and homogeneous of degre d
(QNf) = NQ(f) for any presence density f = f(x,v) and any X € R, ). Then
for any presence density F = F(X,V) and function « = a(X3) > 0, we have
(@) (aF) = a®(Q) (F) and

/ / (Q)(F)InFdVdX <0, X3eR. (21)

Proof.

1. Let C = C(X,V) be an invariant of (Q)). By Proposition 4.2 we know that C_; is an
invariant of @, for any ¢ € R. For any function o« = a(X3), we have a_; = «, implying
that (aC)_; = aC_;. Since C_; is a linear combination of 1,v, |v]?/2, with coefficients
depending on z, the same occurs for aC_;. Therefore (aC')_; is an invariant of ) for

15



any t € R, saying that aC' is an invariant of (@), cf. Proposition 4.2.
2. Let G = G(X,V) be a presence density. For any continuous, compactly supported
function o = «(X3), we know that aC' is an invariant of (Q)) and thus

O—// a(X3)C dVdX = / (X3) (// CdVdY) dX;
R3JR3 R2JR3

saying that
// (@) (G)C(X,V)dVdX =0, X3€R.
R2JR3

3. Let us consider X3 € R and o* = a(X3) > 0. The traces of the presence densities
aF and o F coincide at X3 = X3. As @ is local in space, we deduce by Proposition
4.1 that (@) is local with respect to the parallel space coordinate, implying that the
traces of (@) (aF") and (Q) (o*F') coincide at X3 = X3. Thanks to the homogeneity of
) we have

and thus we obtain for any X5 € R, (X,V) € R®
(Q) (aF) (X, X3, V) = (") (Q) (F)(X, X5, V) = (a(X3))"(Q) (F)(X, X3, V).

In particular, if F' is an equilibrium of (@), then o F is also an equilibrium of (Q)). Let
us establish (21), for any presence density F'. Thanks to (19) we deduce

1 [T

/RB/R31HF(X,V)<Q>(F)C1V<1X /R?)/RglnFXV)T Q(F_), di VX

Te
:_/ // InF Q(F.,), dVdX dt
R3JR3
= —/ / / lnF_tQ(F_t) dodz dt S 0.
TC 0 R3JR3

For any function a = a(X3) > 0 we have

[ [ e @@r) +mrat@ )] avax = [ [ mar) @) @F) avax <o.
22)

As (Ina)_; = Ina is an invariant of @, for any t € R, we deduce by Proposition 4.2
that In « is an invariant of (Q)

/Rg / Ina(X3) (@) (aF) dVAX = 0.

16



Therefore (22) becomes

/R;a(Xg)d/RZ/RS InF (Q) (F)dVdX dX3 <0

//lnF F)dvVdX <0, X3€R.
R2/R3

implying that

Remark 4.3 The Fokker-Planck-Landau operator is homogeneous of degree 2.

In the sequel we determine explicitly the invariants of (Q).

Proposition 4.4 Let () be an operator verifying the statements 1. and 2. of Theorem
4.1, whose equilibria are the Mazwellians. Let C be an invariant of (Q). In particular
we know by Proposition 4.2 that C is an invariant of () and therefore there are two
functions o = «(X),vy = v(X) and a vector field f = 5(X) such that

|V|2

C(X,V) =a(X)—— +B(X) -V +~v(X), (X’V)GRSXR3'

1. The functions o and (3 depend only on the parallel space coordinate.

2. There are a function § = §(X3) and a vector field { = ((X3) such that
BX) =0(X3) X +((X3), X eR%.

3. There are a function n = n(X3) and a vector field E = Z(Xg) such that

X7

2

Y(X) = n(X3) + [C(X3) + w C(Xs)] - X — wd(X3) =, X € RS,

4. For any fivzed X3 € R, C(-,, X3,-,,+) is a linear combination of

V?
1, X—|—— V, X + %
W

w 2 w

Vo v © v

whose coefficients depend on X3. Conversely, any linear combination of this kind
is an invariant of (Q).

Proof.
1. By Lemma 4.1 we deduce that b - VxC is an invariant of (Q)), and thus of @,

cf. Proposition 4.2. There are two functions & = a(X),5 = 7(X) and a vector field
3 = B(X) such that

b'VXy\/C: CY( )

implying that

45

(V-Vxa)—-



or equivalently

V.-Vga=0 (23)

- s
(V. -Vx)B-V = Q(X)T (24)
~w B+ V=5, f=0 (25)

5 =0.

The equality (23) implies that the function a depends only on X3. We established
that the coefficient of the term |V|?/2 in any invariant of (Q) depends only on X3. As
b-VxyC is also an invariant of (@), we deduce that & depends only on X35. By taking
V =10,0,1) in (24) we obtain & = 0, implying that

((V-Vx)B)-V+(V-VxB)Vz=0, VeR? V3eR.
Therefore V33 = 0 and the matrix d¢f3 is anti-symmetric
Ox, 01 =0, Ox,P2+ 0x,01 =0, Ox,02=0.

2. It is easily seen that

Vidx, B2 = H(0%, B2, Ox,0x,B2) = '(—0x,0x, 51, Ox,0x, B2)
= !(=0x,0x, B1,0x,0x,52) = '(0,0)

and therefore, there is a function § = §(X3) such that
Ox, 01 = —0x, P2 = 0(X3).
Notice that
V(B — X20(X3)) = "(0x, 1, 9x, 51 — 6(X3)) = *(0,0)

V(B2 + X10(X3)) = "(9x, 82 + 6(X3), Ox,82) = *(0,0)
implying that there is a vector field ¢ = ((X3) such that
BX) = 6(X3) ~X + ((Xs).

As b- VxyC is also an invariant of (Q), there are a function 0 = 0(X3) and a vector
field ¢ = ¢(X3) such that

B(X) = 0(X3) “X 4 ((X3).
3. In order to determine the function v we appeal to (25)
W[6(X3) *X +{(X3)]+ VY =wB+ VY = LE = —0(X3)X 4+ E(Xg).

By taking the divergence with respect to X, we obtain the compatibility condition
0 =0 and

Vv =((X3) + w[lE(Xg) — (5(X3)7]

18



Therefore there is a function n = n(X3) such that

= _ _ X2
3(X) = n(Xa) + [EX) + 0 C0x0)] - X — wn(X)
4. Combining the previous three statements, we deduce that
VP S T
CX,V) = a<X3)T + B3(X3) Vs + [0(X3) X + ((X3)] - V +n(X3) (26)

+ [:(Xg) +wt((X3)] - X — wé(Xg)’ "

e <

= 060) + 0%+ T (X =L )+ 430 L+ 6

2 1Y/
+a(X3)|V| —w5(§3) (‘YJF v

2 w
Conversely, we claim that any function given by (26) is an invariant of (Q)). Obviously,
the functions n(X3), 53(X3)Va,
P
W

are invariants of (), and are also left invariant by the flow of b- Vx . By Proposition
4.2 we deduce that all the above expressions are invariants of (). It remains to justify

that LZ(Xg) -V is also an invariant of (). For any ¢ € R, the function

[:(XS) +wi(Xs)] - (7+ 7V> 7 a(Xg)W2| ’ w5(-§3) <‘7+ TV

(HC0x) - V) = <0(Xa) - RV

—t

is an invariant of (), and thus LZ(Xg) -V is an invariant of (Q), cf. Proposition 4.2. —

Once that the invariants of (Q)) have been identified, the equilibria of (Q) follow
thanks to Remark 4.2. Any equilibrium of (Q) writes F(X,V) = e“XV) where C is
an invariant of (Q)). Therefore, for any fixed X3 € R, In F(+,-, X3, -, -, ) has the form
(26).

For any dimension N and temperature T > 0, we denote by M2 the Maxwellian

2
0] ), w e RY.

Mg (w) = 2rT)V2 P (_ﬁ

For simplicity, we will write My (w), the dimension of the phase space being that of
the Maxwellian argument.

Proposition 4.5 Let QQ be an operator verifying the statements 1. and 2. of Theorem
4.1, whose equilibria are the Mazwellians. Let F = F(X,V) > 0 be an equilibrium of
(Q) such that the following moments are well defined

VP 1w X LT — (712 .
// F{Lv,wX#V, VI X+ VI~ |V } AVdX, X; eR.
R2/R3

2 2

19



Then there are n = n(X3) : R = R0 = 0(X3) : R — Ry, pu = p(X3) : R = Ry,
U=U(X3):R—=R3andY =Y (X3) : R — R? verifying n > 0,u > 0 > 0 such that
F(X,V)= w2n(X3)MLaG(V — UD)M(Vz — UM (wX + TV = Y).

nw—

The functions n > 0, > 0 > 0 and the vector fields U,Y are uniquely determined by

[ [ rxvavad=nos). [ [ Ry avas =aeues)

/ / F(X,V)(wX + 1V) dVdX = n(X3)Y(X3)

vouUp w0
POV =2 qvdax = n(x) (22 12
/R/R (X V) gk dVaT = () (425 + 3

7 J___?Z____Z o 0
// o X VYWV =UF Gy — i) (- 20
R2JR3 2 ,LL—H

Proof. By Proposition 4.4, up to a factor (depending on X3), the equilibrium F writes

S e Sl

V= L5u(Xs)]> |u(Xs))? (Vs — uz(X;3))?
o E (st

(e

and thus

F(X,V) = w*n(Xs)M o (V — L SMo(V = ug) M, (X + 1V = 7),

s
n—0 o —
By introducing the notation U = (ﬁﬂ, ug), we obtain

F(X,V)= an(Xg)M%(V — UD)M(Vz — UM, (wX + TV = Y).

"
It is easily seen that

/ /F AVdX =n [ Mo (V=T Mo(Vs = Uy) | My@X + T = V) dwX) aV
R2J/R R2

3 Rr3  m—°

=n | M (V-U) dV/Mg(Vg,—Ug) dVz =n
R

R2 n—0

and
/ / FVAVAX = n | Mo (V= TWMo(Vs = Us)V | M(wX + TV = V) d(wX) dV
R2J/R 0 R2

3 R3 K=

= n(X3)U(X3)
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/R/R FV3 dVAX = n(Xs)Us(Xs), /R/Rp X + 17) dVdX = n(Xa)F(Xa).

We concentrate now on the quadratic moments. Thanks to the formula

2
N
M?(w)ﬂdw:—T
RN 2 2
we obtain
T2 . 7772 . . 2 .
//Fudmx://Fudde+//FMdVdX
R2JR3 2 R2JR3 2 R2JR3 2

V-U? - Vs — Us)?
R

d
5 Vs

=n | Mu (V-U)

R2 n—0 2

and

w—0
The concentration n(X3), the velocity U(X3) and the Larmor center Y (X3)/w express

easily in terms of the moments [5,[ps F{1,V,wX+*+V} dVdX. It remains to determine
0, i thanks to

- 2 . 7 J___?2____2 o
nK:// VU yax nG:// pleX T V=YP=V=UR oy
R2 ]R3 2 ]R2 ]R3 2

7 J___?2____2 o 0
// Fx, XV 2| V-0l dVdX:n(X3)< —“—).
R2/R3

Notice that we have

y J___?Q o 2 o
n(Xa)(K(X3)+G(X3))=// pleX 7V 2' B0 jvaX >0, X, e R.
r2JR3

We have to solve the system

o 0 0
LS =K -t =G
1

w—0 -0
We search for v := 4 > 1 verifying
o v
g:'u_ﬁzy_E:2yy_2
0 0 v 1 .
K BH+5 Hts 3v—1
or equivalently
G
200 =1 =3S(r—1)—2(S+1) =0, S:%>—1.

35+4/952+16(S+1) . . _
1 . Combining to the relation 5 + u =

The only solution v > 1isv =1+
K + G, we obtain

K+ G K+ G
9:1+ >0,;L:V9:V1+ > 60> 0.
§+V §+V
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5 The Euler gyro-kinetic equations

We are ready to write the fluid model corresponding to the limit system (5), when
7\ 0. Clearly we have

(p(t)a(t))(X, V) = 0Z(—t; Z(; X, V))a(t, Z(t; X, V))
= V30x, + (I — R(wt)) g(t, X(t; X, V) V¢
+ %R(wt)ﬁ(t, X(tX,V)) - Vi + %Eg(t, X(t; X,V))dy,
and thus the average with respect to the fast dynamics writes

(alt) (X.V) = / (p(8)a(t))(X. V) ds

[ (= RO 0 X XV Vi L (ROE, B, (5 X.V)) ) s

For simplicity we assume that at any time ¢ the electric field E(t) is uniform (the
arguments apply as well for non uniform electric fields, but the computations are more
complicated and involve additional terms). In this case, the average vector field simply

writes .
TE(t)

<a(t)> (X7 V) ’ vX,V = 5 VY + ‘/38)(3 + %Eg(t)avg

and the equation (5) becomes

TE(t)
B

At any time ¢, the limit presence density F'(, -, ) = lim;\o F7 (¢, -, ) is an equilibrium
of (@), and therefore there are n(t, X3), 0(t, X3), u(t, X3), U(t, X3), Y (¢, X3) such that
+

O F™ +

'VYFT+‘/E’18X3FT+%E3(I€)8V3FT = <Q> (FT)v (t7X7 V) € R+XR3XR3'

F(t,X,V) = wn(t, Xg)./\/l%(v —U)Mp(Vz = Us)M, (wX + +V = Y).

n—

Recall that for any invariant of (@)) we have, thanks to Proposition 4.3

// Q) (G)C(X,V)dVdX =0, Xz€R

for any presence density G = G(X,V). We deduce that the limit presence density
satisfies

// (t, X, V)C(X, V) dVdX+8X3// ViF(t, X, V)C(X, V) dVdX
R2/R3 R3

LE()
/]R?/Rd VxC F(t,X,V)dVdX — /W/R —E3 )0, C F(t,X,V)dVdX =0

for any invariant C'. We are done if we consider the invariants
LV, oX+V, V22, (wX +HV2—|V])/2.

We justify the fluid model stated in Theorem 1.1.
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Proof. (of Theorem 1.1)
The continuity equation follows by using the invariant C' = 1

O / / F dVdX + 0y, / / V3F dVAX = 9;n + dx,(nUs) = 0.
R2JR3 R2JR3

In order to use the invariants V and wX ++ V, we need to compute the moments of

V3V and Vz(wX +1 V). We obtain

/ / FV3V dVdX = / / (V5V,0) dVdX + / / F(0,0,(V3)?) dVdX
R2/R3 R2JR3 R3
= n(UsU, 0) 4 n(0,0,0 + U2) = n[UsU + (0,0,0)]

/ / FVs(wX + V) dVdX = nUsY
R2/R3

implying the balances for the momentum and the Larmor center

o, / / FV dVdX + 0y, / / FV3V dVAX = 8,(nl) + dx, (nUsU + n (0,0, )
R2JR3 R2JR3

= (0,0, %Eg(t)n)

/ / (WX + V) dVdX + 0k, / / FVi(wX + *V) dVdX = 0,(nY) + Ox, (nUsY)
R2JR3

q 1+
= = "FEt)n.
LB

We compute now the moments of the invariants [V|?/2, (|wX ++ V|?> — |V|?)/2

2 2 2
// ’V’ dVdX = // |V U‘ dVdY+// Fﬂ dvdx
R2 R3 R2 ]R3 R2 R3 2

N u—e) 2 2

X4 L7712 _ (72 o
//F|“ + VIE-WVE vax
R2JR3 2

_// F|w7+LV—?|2+|7|2—|V—U|2—|U|2
n R2JR3 2

-~ Y2 ud  |UP
_"(’“‘+2 wn—0 2 )

and

dvVdx
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The corresponding fluxes are given by

2 2 2
// Fvg‘vl dVdX = // Fvg’v’ dVdY+// FV3V—3 dvdx
R2 R3 R2 ]R3 R2 R3 2

H/’Q V2

=nUs | M_w (V-TU)- dV+n//\/l9V}, Us)Vs- Vs

R2 u—0

_ po U] 0, U3
—nUS( _9-1— 5 +nUs 2+ 5

(V3 —U;s + U3)2
2

+7’L/M9(VE>,—U3) (VEJ,—U?,)

_ u9 30 |UP

X 4 L7272 o 0 V2 (T2
// Fy X VEZWVE gy — o, (- 29 R 1OTY
R2JR3 2 ,LL—Q 2 2

dVs

and

We obtain the equations

2 2
// |V| dVdX+8X3// FV},|V| dVdx
R2JR3 R3

/u9 U] u9 U] q

Y 13712 _ |17/12 . 7 13712 _ |17/]2 .
at// ploX+ V-V dVdX+6X3// P V= VE Gy ax
R2JR3 2 R2JR3

2
_ Yp? o owe |UP Yp e U
_at[”(“+ 2 Ta—g 2 )| T et T T T
- LYE@) -V

m

It remains to establish the inequality (7). Multiplying (5) by (1 4 In F'7), integrating
with respect to (X, V), using (21) and passing to the limit for 7\, 0, lead to

// FlanVd7+aX3// FViln F dVdX <0.
R2/R3 R2JR3

Taking into account that
wn vV —U|? (- Us)? B |wX + LV —Y?
NI
—0

82 20 24

InF=1In -
(27T)5/2/L 2
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we obtain

2
// FInF dVdenlan - §n
r2JR3 (2m)s/22e22 2
u—o
and
w?n )

FV;ln FdVdX =nUsln ——— — =
/ﬂ£2/R3 31n n 311(2#)5/2%_%2 2

implying that

wzn

—_— — _n
293/2
(27r)5/wu7 2

2

wn 5
8t[nln +'8X3 7105h1z5;;;;;%55 —'5
n—0

Combining to the continuity equation (6), one gets

n n
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