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ASYMPTOTIC-PRESERVING SCHEME FOR THE
FOKKER-PLANCK-LANDAU-MAXWELL SYSTEM IN THE QUASI-NEUTRAL
REGIME.

SEBASTIEN GUISSET*, STEPHANE BRULL f, EMMANUEL D’HUMIBRES !, AND BRUNO DUBROCA §

Abstract. This work deals with the numerical resolution of the Fokker-Planck-Maxwell system in the quasi-neutral
regime. In this regime the stiffness of the stability constraints of classic schemes causes huge calculation times. That is why,
we introduce a new stable numerical scheme consistent with the transitional and limit models. Such schemes are called
Asymptotic-Preserving (AP) schemes in literature. This new scheme is able to handle the quasi-neutrality limit regime
without any restrictions on time and space steps. This approach can be easily applied to angular moment models by using
a moments extraction. Finally, two physically relevant numerical test cases are presented for the Asymptotic-Preserving
scheme in different regimes. The first one shows the efficiency of the Asymptotic-Preserving scheme in the quasi-neutral
regime whereas the second one on the contrary corresponds to a regime where electromagnetic effects are predominant.

Key words. Asymptotic-Preserving scheme, Fokker-Planck-Landau equation, Maxwell equations, quasi-neutral limit,
angular M1 moments model.

1. Introduction. This work deals with non-homogeneous collisional plasmas described by a kinetic
model. The plasma is considered as a mixture of electrons and ions. Each species is characterised by its
distribution function which corresponds to particles density in the phase space. In this work the Fokker-
Planck-Landau equation describes electron transport and consider binary collisions between particles
whereas Maxwell equations are used to describe the evolution of electromagnetic fields. For the sake of
simplicity, we assume that the plasma consists of electrons and one ion species considered as immobile.
This approximation is relevant due to the important mass of ions compared to the electrons mass. This
means our model is valid on time scales during which the ions motion can be neglected.

For the study of collisional processes, the two important physical scales are the mean free path and
the electron-ion collision frequency. The mean free path represents the average distance travelled by an
electron between two collisions with an ion. The electron-ion collision frequency represents the number
of electron-ion collision per unit of time. When the electronic plasma period is very small compared
to the electron-ion collisional period and the Debye length is very small compared to the mean free
path, the plasma is designated as quasi-neutral and the Maxwell-Gauss (also called Maxwell-Poisson)
and Maxwell-Ampere equations degenerate into algebric equations on collisional time scales.

Therefore to handle this type of situation a new class of methods, called Asymptotic-Preserving (AP)
methods has been developed. These methods have been introduced firstly by Shi Jin ([23]) in the context
of diffusive limits for kinetic equations. Consider a system (S,) depending on a parameter o and (Sp)
the corresponding limit system when « tends to zero. In our case « is the ratio between the Debye length
and the mean free path. A numerical scheme with time step At and space step Ax is called Asymptotic-
Preserving in the limit « tends to zero for the system (S,) if the scheme is stable independently of
the values taken by « and if the limit scheme obtained for v = 0 is consistent with the limit problem
(Sp). In this work the system (S,) corresponds to the Fokker-Planck-Landau-Maxwell system and (Sp)
corresponds to the Fokker-Planck-Landau-Maxwell system in the quasi-neutral limit. This regime has
been already studied in the context of fluid models ([8, 15]). In ([10]), the authors considered a two
fluid isentropic Euler system coupled with the Poisson equation. It is shown that the Maxwell-Poisson
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equation can be reformulated into an elliptic equation which does not degenerate at the quasi-neutral
limit. In ([9]), this approach is generalised to the Euler-Maxwell model with a strong magnetic field.
A kinetic model consisting in a two fluid Vlasov-Poisson system has also been investigated in ([12]). In
([14]), an Asymptotic-Preserving scheme is proposed for the Euler-Maxwell system in the quasi-neutral
regime. The Maxwell equations are reformulated to enable the computation of the electrostatic field
even in the limit regime. The development followed to express the electric field is well known in physics

([71:[2])-

The present paper deals with the construction of an Asymptotic-Preserving scheme for the Fokker-
Planck-Landau-Maxwell system in the quasi-neutral limit. The strategy adopted is similar to the one
in ([14]), nevertheless to our knowledge, it is the first time that such schemes are considered for kinetic
models with true collision operators. This fact is very important to deal with collisional plasma because
the collision frequency v must follow the Coulombian interaction law (v ~ 1/[v|?). To perform realistic
simulations in plasma physics, Coulombian interactions must be used. Therefore, relaxation operators
are not relevant from a physical point of view. Moreover up to now, Asymptotic-Preserving schemes
for the quasi-neutral limit have been developed either for fluid description of plasma or for collisionless
plasmas.

Asymptotic-Preserving schemes have been recently used for numerous applications in the context of
strong magnetic fields ([13, 4]) for the gyro-fluid limit as well as in fluid mechanics for the hydrodynamic
limit ([23, 24]). Other applications can be found for example in [21, 16, 11, 5].

Kinetic descriptions are accurate but can be too numerically expensive to be used for many real
physical applications. An alternative way could be to consider a fluid description based on average
quantities. Nevertheless, macroscopic descriptions are often not accurate enough. For example, in the
context of inertial confinement fusion, the distribution functions considered can be far from equilibrium
and in this case the fluid description is not adapted. Moreover kinetic effects like non local transport
([3, 28]) or the development of some instabilities ([17]) can be important on long collisional time scales and
are not captured by fluid simulations. At the same time, kinetic codes are usually limited to short time
scales and cannot reach time scales studied by fluid simulations. It is therefore an important challenge to
describe kinetic effects using reduced kinetic codes on fluid time scales. Then angular moments models
represent intermediate models between the kinetic and fluid levels. They are less numerically expensive
than kinetic models and more accurate than fluid models. They are constructed by using an angular
moments extraction ([25, 29]) from the kinetic equations. But, there exists several moment models
whose differences come from the choice of the closure. For example, the very popular Py closure ([22])
does not ensure the positivity of the distribution function. Hence we consider in this paper a M; moments
model ([18]) based on an entropy minimisation principle. A Mj-Asymptotic-Preserving scheme is also
derived following the same method as in the kinetic case.

The paper is organised as follows. Section 2 introduces the Fokker-Planck-Landau-Maxwell system
and its quasi-neutral limit. A reformulation of the Fokker-Planck-Landau-Maxwell system is presented in
the case of one dimension in space and one dimension in velocity. The model is considered with electric
fields and collision operators. Then, the method is generalised for full multi-dimensions problems with
electromagnetic fields and collision operators. Section 3 introduces in detail the numerical construction
of an Asymptotic-Preserving scheme for the reformulated system of section 2. Section 4 deals with
the construction of an Asymptotic-Preserving scheme for the M; moments model from the kinetic one.
Finally, section 5 presents two physically relevant numerical test cases for the M;-Asymptotic-Preserving
scheme for different regimes. The first one shows the efficiency of the Asymptotic-Preserving scheme
in the collisional quasi-neutral regime whereas the second one on the contrary corresponds to a regime
where electromagnetic effects are predominant.
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2. The Fokker-Planck-Maxwell system and its quasi-neutral limit.

We firstly present the kinetic model then we introduce the quasi-neutral limit.

2.1 The Fokker-Planck-Maxwell system.

Consider a kinetic model for a plasma constituted of electrons and one ion species considered fixed.
Therefore the description is performed with a non-negative distribution function for electrons written
fe(x,v,t) with x € R™ the space variable, v € R™ the velocity variable, n = 1,2 or 3 and time ¢ > 0.
The mass and the charge of the electron are respectively written m. and ¢.. The coefficient ¢ represents
the speed of light in vacuum. The Fokker-Planck-Maxwell system writes

dfe

(2.1) aft FVVxfet LBV X B).VV . = Cuclfer fo) + Caal ),
OE 5 o

(22) E—C VxXB——g,

(23) VxE = Z—Z(ne — ni),

(24) aai]?ﬂ-VxXE:O7

(2.5) Vx.B =0,

where E and B represent respectively electric and magnetic fields. C.. and C,; are the electron-
electron and electron-ion collision operators. The expression of C,. and C,; are given by

(2.6) CoclFinf) = vesdivn( [ (v = VITVEOLY) = L)V L),

V’ER®
2.7) Ceilfe) = veadivy [S(¥) Vv fo(v)].
where
(2.8) S(u) = ﬁﬂuﬁld— u@ )

is the Landau tensor and Id is the unit tensor. The parameters v.. and v.; are positive physical
constants.

The ionic and electronic densities n; and n, write

(2.9) ni(x,t) = fi(x, v, t)dv, ne(x,t) = fe(x, v, t)dv.
Rn Rn

The electronic current j is given by

(2.10) Jj(x,t) = qe fe(x, v, t)vdv.
Rn
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2.2 Properties of the collision operators.

The electron-electron collision operator satisfies mass, momentum and energy conservation properties

1
(2'11) / Cee(feafe) v dVZO,

v2

while the electron-ion collision operator satisfies only mass and energy conservation

(2.12) / Coslf.) ( - ) dv = 0.

They both dissipate the entropy i.e.

(2.13) Cei(fe) lnge dv <0, / Cee(fea fe) lOg fe dv <0,

R

which implies that the Boltzmann entropy

(2.14) H(f) = /R (e logfe — fodv

is a Lyapunov function for the equation (2.1).

Properties.

(i) The equilibrium states of the electron-ion collision operator C; (i.e. Cei(fe) = O) are given by

the set of isotropic functions f.(v) = fe(|v])-

(i) The equilibrium states of the electron-electron collision operator Ce (i.e. Cee(fe, fe) = O) are
given by the Maxwellian distribution functions

)2
(2.15) fe(v) =ne (%)3/2 exp( — %),

where kp is the Boltzmann constant, n. is the electronic density, T is the temperature and u repre-
sents the mean velocity.

(#1) The equilibrium states for both collision operators (i.e. Cee(fey fe)+Cei(fe) =0 ) are given by
the isotropic Maxwellian distribution function

2

- Me 3/2 _ MeV
(2.16) folv) =ne (55) eacp( QkBT).
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2.3 Scaling for the analysis of collisional processes.

For the analysis of collisional processes three important parameters are introduced: the mean free
path A.; which represents the average distance travelled by an electron between two collisions, the thermal
velocity vy, and the electron-ion collision frequency v,; given by

kBT Vth
2.17 Vip = , Ve = .
( ) th Me Ae,i

These parameters enable us to scale time, space and speed
(2.18) t=veit, T=a/Nei, U=0v/v.
In the same way, we scale the electric field, the magnetic field and the distribution function

3
eE ~ eB ~ v

— _ th
— = B-= e
MeVthVe,i Mele,i o

(2.19) E =

no is the initial electronic density.

With these dimensionless quantities the system (2.1) becomes the following system where we have
omitted the tildes

0 1
O VX ~ V(B4 x B)) = L Cuclf )+ Ceil)
OE 1 o
o EVxBE0
(2.20) 0B -
ot +Vx X E = 0,

1
VxE=—(1-n),

VXB == 0,

Ve,i
w )

wpe represents the electronic plasma frequency, 8 = vy, /¢, n = ne/ng and Z the
pe
charge of the ions. In this work Z is taken equal to 1.

where a =

The dimensionless collision operators Ce.(f, f) and Ce;(f) write like in (2.6) for vee = ve; = 1.
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2.4 The electrostatic case.

In the electrostatic case with only one dimension for space (z € R) and one for velocity (v € R), the
system (2.20) can be written in the following form

0

ai; 00y f — BOyf = Colfs f) + Cos(f),
(2.21)

oOF B _i

ot o2’

where Maxwell-Poisson has to be satisfied at initial time.

Remark 1. Notice that the fourth equation of the system (2.20) called Maxwell-Gauss equation (or
Poisson equation) is not used. Indeed, the second equation of (2.20) called Maxwell-Ampere equation
and Poisson equation are equivalent if Poisson equation is verified at initial time.

The limit system (Sy) is obtained when the parameter « tends to 0 and corresponds to the quasi-
neutral limit. It can be written in the form

% —+ Uaxf — E&,f = Ce,e(fv f) + Ce,i(f)7
(2.22)

J=0,

with n = 1 at initial time.

When « tends to zero the Maxwell-Poisson equation degenerates into the algebric equation n = 1.
This condition has to be satisfied at initial time.

When « is equal to zero we lose the possibility to obtain the electric field from the Maxwell-Ampere
equation on collisional time scale. The limit is a singular limit, because the Maxwell-Ampere equation
degenerates into an algebric equation.

2.5 Reformulation of the Mazwell-Ampere equation in the simplified case.

The aim of this part is to provide a reformulation of the Maxwell-Ampere equation that is equivalent
and contains explicitly the quasi-neutral limit as a particular case when o = 0 for the electrostatic case
with only one dimension for space and one for the velocity.

Multiplying the first equation of (2.21) by v, integrating in velocity and using the definition of the
dimensionless current

(2.23) j= _/ fudv,
R
we obtain

(2.24) 9 + 830(/ v? fdv) — E/ 00, fdv = / Ce ivdv.
ot R R R
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In (2.11) we have seen that the calculus of [, v Cec(f, f)dv gives 0. It is important to notice that it
is not the case for the electron-ion collision operator (2.12).

The derivation in time of the Maxwell-Ampere equation in the electrostatic case leads to

07 ,0°E
2.2 = =—a"—.
(2.25) ot~ ¢ or
By using (2.24), we get
2 O°E 2
(2.26) oo —E [ v0,fdv= =0, (| v:f)dv+ [ Cevdv.
ot R R R
As
(2.27) E/ VO, fdv = —nFE,
R
the equation (2.26) becomes
’E
(2.28) aQa—Q +n.E = —8,0(/ v f)dv + / Ce vdv.

When the parameter a tends to 0, we find the limit problem
(2.29) neFE = —830(/ v fdv) + / Ce ivdv.
R R

So the electrostatic field writes

(2.30) g — —0e([pv?fdv) + Jy Ceivdv.

Te

In this part we have shown that the Fokker-Planck-Maxwell system (2.21) is equivalent to the
Fokker-Planck-Maxwell reformulated system

. 00 (0f) ~ 0u(EN) = Corc )+ Cealf)
: 0’E
QZW +n.E = —836(/R v f)dv + /RC'e,ivdv,

where Maxwell-Poisson has to be satisfied at initial time.

The limit system when o — 0 is the following one
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g{ + 0p(vf) = 0u(Ef) = Ceo(f, f) + Cei(f)

02 (J v? fdv) + [; Ceivdv

Te

(2.32) _
E =

where n = 1 and j = 0 at initial time.

The second equation of (2.21) imposes j = 0 when o = 0. This condition has to be satisfied at initial
time.

2.6 Reformulation of the Maxwell-Ampere equation in the general case.

In this part, we generalise the method of the previous part to a non-homogeneous collisional plasma
with magnetic field in multi-dimensions.

Multiplying this first equation of (2.20) by —v, integrating in velocity and using the definition of the
dimensionless current (2.23) we get

(2.33) —% —&—dwx(/nv®vfdv) - /ﬂ v(E+v x B).Vyfdv —/ Cei(f)vdv.
As
(2.34) / (vxB).Vyfvdv=jxB,

the same development as in the electrostatic case is performed.

The derivation in time of the Ampere-Maxwell equation in the general case leads to

9j 282E a? 0B
(2.35) 5= YoEte [Vx x 57

Finally the following form is obtained

2

o2
(2.36) a%T];:—i-neE—ij:—divx(/ v®vfdv)+@ Vxx— /Cez fvdv.

When o tends to 0 in (2.36) we find the limit problem

(2.37) neE = fdivx(/ v vfdv) +/ Cei(f)vdv +j x B.

n

So the electrostatic field writes
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—divx ([gn VO VAV) + [p, Cei(f)vdv +j x B

Te

(2.38) E =

In this part we have shown that the Fokker-Planck-Maxwell system (2.20) is equivalent to the
Fokker-Planck-Maxwell reformulated system

0
o v IxT ~ (Bt v X B)Vv] = Coalf ) + Coil)
2, O°E , o?
(2.39) a5 +nE—-jxB= —dwx(/" vevfdv)+ 52 [Vx x — /n Cei(f)vdv,
0B
- E-=
ot +Vx X 0

where Maxwell-Poisson and Maxwell-Thomson have to be satisfied at initial time.

Remark 3. The fifth equation of the system (2.20) called Maxwell-Thomson equation is not used.
Indeed the third and fifth equation of (2.20) called Maxwell-Faraday equation and Maxwell-Thomson
equation are equivalent if Maxwell-Thomson equation is verified at initial time.

The limit system of (2.39) when a — 0 is the following one

0
6{: +vaf (E+VXB)'va:Ce,e(fa f)+ce,2(f) 3
(2.40) nE—jxB= —divx(/ vevfdv)+ Ceivdv ,
n RTL
0B
E + Vx xE=0 s

where n = 1 and j = 0 have to be satisfied at initial time.

The second equation of (2.40) is called the Generalised Ohm’s law.

3. Discrete model.

3.1 Limitation of the classical numerical scheme.

A classical numerical scheme for the Maxwell-Ampere equation in the collisional regime writes

The stability of this scheme depends directly on the parameter . So, when « tends to 0, (3.1) can
not be used to calculate the new electric field E?H.
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The aim of the following part is to establish a numerical scheme which contains explicitly the quasi-
neutral case when o = 0. In this way, a new numerical scheme is developed for the reformulated
Maxwell-Ampere equation.

3.2 Construction of an Asymptotic-Preserving Maxwell-Ampere numerical scheme.

In this part the construction of an Asymptotic-Preserving scheme for the Maxwell-Ampere reformu-
lated equation is explained. In this first part the numerical scheme is constructed in the simplified case of
an homogeneous collisionless plasma. The next part extends the method to the general non-homogeneous
collisional case.

3.8 Simplified case of a homogeneous collisionless plasma.

Let us define the primal mesh M for the velocity variable v, decomposed into a family of rectangles
Mp—&-% =lvp_1,vp| Vp € {—py,ps} where v, = pAv and p € N represents the number of points which
discretize the velocity domain. Aw represents the energy discretisation step, which is fixed. Denote by
D its associated dual mesh consisting of cells D; =Jv, _1,v,,1[ where v, 1 = (p— 1)Av. In the same
way, a primal mesh A is defined for the space Varlable x, decomposed mto a farnlly of rectangles N, i+ =
i1, @[ Vi € {1,15} where x; = Az and ¢ € N represents the number of points which discretize the
space domain. Ax represents the space discretisation step, which is fixed. We denote by & its associated
dual mesh consisting of cells & =]x; 1,2, 1[ where z;_1 = (i — 2)Az. Let h;y (resp. Riy1py1) bean
approximation of h(x;,vp) (resp h(z;y1,v,,1)) for all distribution function h. Concerning the boundary
conditions the velocity grid is chosen large enough to have f; ,y = fipy =0 Vi € {1;1f}. It is considered
that there are no particles with such velocities.

The numerical scheme for the kinetic equation is chosen in the following conservative form

n+1 n n+1 £n _ n+1 £n
(3.2) fig! =iy B ipry — B iy
At Av )

where the computation of the fluxes is given by

p T Sl BT n
2 ) 9 (f i,p+1 i,p)'

(33) (EnJrlfn)z p+— - En+1(

Multiplying equation (3.2) by —v,Av and summing in p leads to

(3.4) At Lt +Z [(E +1f ,p+% - (B tf )i p*—] =0.

Then using the discrete definition of the current

(35) ]7, - — vafi,pAvv
p
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we get

-n+1

j’L jZn mn n n n
(36) B S (B ey — (BT, ] =0
p

A discrete integration by part gives

-n+1 .
Ji =g

(3.7) N

+ Z(UP - ”p+1)[(En+1fn)i7p+%] =0.

p

By noticing that v, — v,41 = —Aw, (3.7) becomes

-n+1 n
Ji —Ji n n
(3.8) e AUE [(E™*Lf )iprr] = 0.

p

Using the expression (3.3) for the flux, (3.8) writes

-n—+1 :n n n n+1
L Av) [Ei“( p’ Jiptly | |(flp+1 ; )} =0.

(3.9) At 2 2 “P

p

Remark 3. It is important to notice that

|E"H| n \En+1| n
(3.10) Z o1~ fip) Z o1 — fip) = 0.

Therefore, no linearisation nor approximation is required to compute El-”+1 from (3.9).

Using (3.10), (3.9) becomes

n+1l _ .n
(3.11) L S— N Ji AE"“Z it ”’“) 0.

The following scheme for the Maxwell-Ampere equation is used

ETL+1_ETL n+1
(3.12) i A S
At a?

Contrarily to the classical scheme (3.1) the current j in (3.12) is chosen implicit.

So from (3.11), it comes that
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Ertl _opn 4 Ert e+ fr
2 i 7 n+1 2,D i,p+1ly _
(3.13) —a A2 — AvE] Ep (72 ) =0,

which is the numerical scheme for the reformulated Maxwell-Ampere equation in the simplified case
of a homogeneous collisionless plasma.

By letting « to 0 in (3.13) we recover

(3.14) EMl =0,

3.4 Generalisation to a non-homogeneous collisional plasma.

In this part the method is generalised to the case of a non-homogeneous collisional plasma. An
Asymptotic-Preserving scheme is constructed for the second equation of (2.31).

By using a conservative discretisation for the Fokker-Planck equation we obtain

L (Ufn)H»%,p - (vfn)ifé,p (En+1fn)i,p+% - (En+1fn)i,p71

(315) 7Tt - - - L —Cn+ O
where
no 1 fiT,lerl - iy,Lp fi??pifz??pfl
(3.16) I S Y
and
_ Vp + Upt1
(3.17) Spry =51, )

The expression of S is given in (2.8). The numerical scheme for the operator Ce.; is not given,
because using (2.11) this term cancels in the calculation.

Using upwind fluxes, (3.15) leads to

v,pP P

Al 2Ax
Egﬁl{ il f{fp—l} - [E] [f;’lpﬂ — 2 ﬁp_l}

2Av

f'n+1 - I Jrvp{ irfl-Lp - fin—l,p} - ‘vP‘ {firf&-l,p - Zf;}p + fin—Lp}

—(m n
- Cee,i +

ei,i*
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Multiplying the previous equation by —v,Av and summing in p leads to

=2, f”HAU +2, U fipAY  Av

At : N [”5( ir1p — fin—Lp) - vPlUP‘( ir1p — 2fip+ fin—lmﬂ
P
1 n n n n n n
(3.18) +§ Z [ E; +1( ip+1 z‘,p—l) — |E; +1|Up( i1~ 2fip T fi,p—l)}
P
=— Z Cg; ivpAv.
P

Using (3.5), the computation of the previous equation leads to

-n+1 ‘n
JZ Jl AU n n n n
At 2Ax Z [Uz( i+l Fl*’) Uplvp‘( ir1p — 2fip+ fifl,P)}
(3.19) +5 Z |:UpEn+1( ip+l ‘%—1) - |E;L+1|vp( o — 2/ ﬁp—l)]
= - Z Cei,ivaU'

p

By using (3.12), we get

EMY—2Er+ EMY O Av
2 7 i 2 n n n n
—a”—* AL N [%( i+1l,p fifl,p) ”p|vp|( i1 — 2fip +fi*17p>]
P
1 n n n n n n
(3.20) +§ Z [ E; H( i,p+1 fi,pfl) — |E; +1|Up< i1~ 2T T fi,P*l)}
P
== CL vAv.
P
Moreover
(3.21) Z B o (Fipen = 207 + iy a) =0

Indeed a discrete integration by part gives

SE o (Flir = 2805+ It )= VB[ D 0l = J) = 2 vpt Pl = 1)),
p

p p

= 1B (0 = i) (i = 1)

p

_ —|E?“IA”[Z(f57p+1 - ﬁ”)}’

P
=0.

Finally, the Asymptotic-Preserving scheme for the second equation of (2.31) writes

13
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E’ZL+1 — 2E7,n + E;’n_l Av n n n n n
2 At2 N Z [%3( i+1l,p — fi—l,p) - Up‘”p| (fi+1,p - in,p + fi—l,p):|

En+1
+ 12 Zvl’(ﬁ?pﬂfﬁfp—l)

p

_ n
=— E Cg; ivpAv.
P

In the limit case when « tends to zero, the scheme becomes

ar 2y [”3( Hp fin—l,p) — Up|vp] (f?ﬂ,p -2, + fin_l,pﬂ =23, CL jvpAv
Zp Yp (fz?}p-&-l B f;}p—l)

In the case of an homogeneous collisionless plasma the expression (3.14) is recovered.

(3.22) EM =

3.5 Generalisation to an non-homogeneous collisional plasma with electromagnetic fields.

In this part we derive the numerical scheme for the reformulated Maxwell-Ampere equation in the
simplified case of 1 dimension in space and 3 dimensions in velocity. The scheme can be extended to the
case of 3 dimensions in space. We consider a cartesian case with an electric and a magnetic field of the

form

(3.23) E = (E,(t,z,y), Ey(t,x,y),0), B=(0,0,B,(t,z,y)).

Following the same method as for the electrostatic case, we derive the following numerical scheme

for the reformulated Maxwell-Ampere equation

EMfl _opn 4 Ert
0 Rt N Ay A, 3 (B e, BT ) i,

At?
1,5,k
2 n—+1 . n+1 n
—AviAv, E vz’i(EyJ —ZAUIBZJ )fl,i,j,p
1,5,k
Av, Av, Av
_ n } 2 AV AV, 2 (n n
=- E Cg; vz, iAvy Avy Av, + oA, E {%,i (flJrl,i,j,k: - flfl,i,j,k)
1,5,k .5,k
n n n
~Va,i| Vi (fz+1,j,k,p = 2flijk fl—l,i,j,k)}v
Enft _9opn 4 Ent
2 "y,l y,l y,l 2 n+1 . n+1 n
o A2 —AvpAv. > (B 4 A B ) [,

.5,k

+1 . +1
—Av, Av, Av, > Uz,i(E;l — iAv, B] )ffi,j,p

4,3,k
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2 n+l _ pn+l n _ nRn
« |:Bz,l+1 Bz,l—l _ Bz,l+1 Bz,l—1i|

— - NTC vy AvyAvyAv.
D CaivyalhvsAvy Avs + 2 N N

.3,k

AvgAvyAv " n
+% Z [Uy,ivw,i(fl+1,i,j,k - fl—l,i,j,k)

.3,k

—Vy,i[Va,i] (fﬁl,i,j,k = 2Tk + fﬁ_lm,k)},

where 1 is the index for space, i the index for the first coordinate in speed, j for the second and k for
the third. Also At, Az, Av,, Avy, Av, are respectively the time step, the space step, the velocity step
in the first, second and third dimension. In this case there are two equations, we notice they are coupled.

4. The Asymptotic-Preserving scheme for the M;-Maxwell moment model.

This part is devoted to the derivation of an Asymptotic-Preserving scheme for the M; model associ-
ated to the system (2.20). For the sake of clarity, we firstly recall the derivation of the M1 model that is
performed in ([26, 27]) and next we present the numerical scheme.

4.1 Moment models.

If S? is the unit sphere, 0= ‘% represents the direction of propagation of the particle and p =, =
cosB, 0 € [0, 7]. In this part, we choose a one dimensional direction of propagation, i.e we take p € [—1,1]
as the direction of propagation instead of Q. By setting, ¢ = |v| the distribution function f writes in
spherical coordinates f(u,(,x). Hence the three first angular moments of the distribution function are
given by

1 1 1
@) fO=¢ [ s £1(0) = ¢ [ s pde (O = [ O

For moments model one fundamental point is the definition of the closure which guarantees that the
highest moment writes as a function of the previous ones. This closure corresponds to an approximation
of the distribution function from which the moments system is constructed. In the present paper the M;
model closure is obtained from an entropy minimisation principle.

4.2 Closure for the My moment model.

In order to close the problem we need to define f; as a function of fy and f;. For the M; model,
the construction of the closure is based on an entropy minimum principle ([25, 29]). Indeed the closure
is obtained by solving

1 1
(4.2) rs}lzig{ H(g) / VCGW,/lg(u,C)du:fo(C), /19(ﬂ7§)udu:f1(<) b
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where H(g) is the Boltzmann entropy defined in (2.14).

The entropy minimum principle implies that the solution of (4.2) writes ([19, 27])

(4.3) [, ¢) = p(Q)exp(—p ai(C)),

where p(() is a positive scalar, and a1 (¢) a real valued scalar.

Referring to [18], fo writes

2_
o= xUo f)fo with x = Lal- = 2larfcoth(jar]) +2

|ax[?

4.8 Collision operators.

Moments extraction of the electron-electron collision operator (2.6) is complicated due to its nonlin-
earity. That is why, it is often simplified by considering only the isotropic part of the distribution function
([6]). Nevertheless, it has been shown ([26]) that this simplification does not preserve the realisibility
domain which guarantees that the solution of the moments system can be expressed as the moments of
a nonnegative distribution function. Consequently, the collisional operators that are used ([27, 26]), are
constructed according to a linearisation around the equilibrium state of C,;. So C.. is approached by
Qce which correspond to its linearisation around the isotropic part of the distribution function Q...

Hence, Q.. writes

1

oo ! ! 1 1 ! / /
(44) Qe = (¢ [ FCO [P 7050 = 110 G0 (@) 2c),
with
211
(4.5) J(( () = gmf(?gv @)C 2C2~

For the electron-ion operator, no approximation is performed because this operator is already linear.
In the following Q. ; will replace Ce ; to be consistent with the notation (4.4) of Q...

10 of
(4.6) Quilf) = G, (0 =5,).
4.4 The My moment model.
The angular integration ([27]) leads to
Orfo+ V. (Cf1) = 0c(Ef1) = Qo(fo),
(@) Oy + V() — 0B + BY I — gy Qo).

¢
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where the collisional operators )y and ()1 are given by

(18) Qo) = 504 (CA©2(LS) - ¢BOI o).
(49) Qu(h) = -2

The coefficients A(C) and B(¢) write
(4.10) AQ = [ min(zg, 5 fow)de,
(4.11) B(¢) = /Ooo min(%, %)waw(fif;’))dw.

4.5 A numerical scheme for the M7 model.

In this part the reformulation of the Maxwell-Ampere equation for the M; model is detailed. Con-
sidering a conservative scheme for the second equation of (4.7) we write

ﬁ::; - f1n)17p+(<f2n)z+%p - (Cfg)zfé,p o (En+1f2n+1)i,p+% - (En+lf2n+1)i,pf
At Az Al

En+1 41 41
(f(;tim - 2",i,p) = Q1 ip+ Q0

Gp

[N

(4.12)

_|_

The discrete collision operators involved in (4.12) are respectively given by

n _ 2fﬁi,l7
Lip = Cg )
n _ 2 2 1 fin»ivp‘i‘l f{tiap n
QO,i,p _3AC;D ( p+%A(<p+%)A<p+% ( ;ngl - Cg ) - <p+%B(<p+%)f1,i7p+%)
1 Vile i
(2 . lip  Jlap-1Y)\ . Y Ol
(23 A1) ACP;( R ) = G s By )

Using a HLL scheme for the fluxes in (4.12), it holds that

ntl fip N G [fzn,iﬂ,p - f;,ifl,p:| — 1l |:f1n,i+1,p =2/t flnzifl,p:|

1,4,p
At 2Ax
s B S8 pis = Fagen| = 1B [l = 20+ Flp]
E.n-‘rl

+ Z—i(f&z,p - f;,z,p) = Q?,i,p + Qg,i,p'
P
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Multiplying the previous equation by —(,A¢ and summing in p leads to

- Zp Cpf{lleC + Zp Cpfln,zAC _

At
(4.14) 2Aw Z [Cp (fz iv1p — foi 1,p> - C,f (f{ti—&-l,p —2f1pt fﬁi—l,p>:| +
5 Z [@E?*l (F2pis - f) 1B G (f;tw — 2l flap)] -

ZEnJrl fOzp_f2zp ZCP 1zp

Here again, the term containing the electron-electron collision operator cancels.

We use the definition of the dimensionless current j

(4.15) Jj=- J1¢d¢,
R+
which can be written on the discrete form

(4.16) G == GG
p

Therefore the scheme (4.14) becomes

‘n+1 -n

. At - 2Am Z {Cp (f2 i+t~ fin 171’) o sz3 (f1n71‘+1,p —2fTip+ fl”n‘—Lp)]

(4.17) + By Z [CpEz‘nH (f;,i,p—‘rl - an,i,p—l) - |E?+1|Cp (ff,z‘,pﬂ =21, t+ fﬁi,p—l):|
_ZEn+1 fOzp f21p ZCP 11p
Using the scheme (3.12), the expression (4.17) becomes

E?+1_2En+Ein71 n n n n
—042 AtZQ 2Al‘ Z |: <f2 i+1,p f2,i71,p) - Cf) (fl,iJrl,p - 2f1,i,p + fl,ifl,p>:|

(4.18) +5 Z {CpEnH( 2.5 p+1 f;,i,pq) - ‘EZLHKp (fﬁi,erl 2f1 i p + i 1)}

En+1z fOz,p f2zp ZCP lz,p

Like for the kinetic scheme in (3.21), it holds that

(4.19) SIE G (i = 2L + i) = 0.

p
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Therefore the final scheme obtained reads

2E" — Ert
. *042% + B1(fois f1')
(4.20) Ertt = . :
A2 + Ba(folis f1'4)

where the coeflicients 8, and (2 are given by

(@21) B = 2 S (g~ Bicrn) = (g — 20+ Ficiy)] — 2 G@1,AC
p p

(4.22) Bo= 5 3 [ (Bipir — Fips )| = S0 — Fi)AC

p p

Remark 5. The stability of this new scheme does not depend on the parameter a. So, the electro-
static field can be obtained even if o becomes equal to zero.

Remark 6. Following the same procedure as for the Fokker-Planck-Maxwell system, this reformu-
lation can be generalised for multi-dimension problems with magnetic fields.

5. Numerical test cases.

This section presents two physically relevant numerical experiments where opposite regimes are con-
sidered. The first one studies the relaxation of a localised temperature profile in the quasi-neutral regime,
in this regime collisions between particles are predominant. The second one studies the two beams inter-
action, in this case electrostatic effects are predominant. These numerical experiments show the efficiency
of the new scheme for different regimes.

5.1 Hot spot relazation.

We study the relaxation of a localised temperature profile. This phenomenon investigated by Batishchev
([1],[3]) corresponds physically to the heating of a plasma during a short time and to the relaxation phe-
nomenon which follows.

The important temperature gradients due to the localised heating induce a non-local heat transport.
Here, we consider the collisional regime. This configuration is particularly interesting because it enables
to study the coupling of the M; model with the Maxwell-Ampere Asymptotic-Preserving scheme.

Initially the distribution function for electrons is a Maxwellian with a Gaussian temperature profile

2

x
(5.1) Te(xz,t =0) :TOJrTlexp(fﬁ)7
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with Ty = 1Kev, T; = 4Kev and D = 8,44)\.;. There is no electric field at the initial time. Here
we choose specular reflection conditions for boundary conditions. The space scale goes from —80\,; to
80A¢;- The energy space scale goes from 0 to 50 vyy,.

The following plots show the evolution of the temperature and electric field profiles until 30 7;.
Then at t = 2 7.;, we observe that the temperature profile starts to relax to a colder temperature and the
electric field which is proportional to the gradient of temperature also decreases. The numerical scheme
represents the good behaviour of the hot spot relaxation phenomenon.

5 I 300 \
| — Initial state| | [ — Initial state
—t=27" 250 — t=2"
t=51 t=51
4 —t=101 — r — t=10~7
3 | | 2000
2 5 1
53* - %150*
g | | @
,,E 100
27 — L
| | 50+
| |
! 0 -50 0 50
x/ A

Figure 1. Representation of the temperature and electric field as function of space for different times.

The results of our M;-Asymptotic-Preserving scheme (M;-AP) have been compared with the ones
obtained by a kinetic code ([28]). On the following plots, the temperature and the electrostatic field
profiles are represented as function of space for different times. The (M;-AP) results are given in green
while the kinetic results are in red. Both results show a good agreement. Small differences are observed
concerning the amplitude of the temperature and the electric field. The relaxation phenomenon observed
with the (M;-AP) code is faster than the one with the kinetic code.

It is interesting to notice that there is a large calculation time difference. The simulation with the kinetic
code requires the use of 50 processes during several days while the (M;-AP) code only needs few minutes
with one process.

Thanks to the rapidity of the M; Asymptotic-Preserving code a mesh convergence study has been
performed. With 500 points for the space grid and 80 points for the energy grid the results are converged.
The time step used is At = 1073 7,; in order to respect classical stability conditions.
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I 300 \
— kinetic t=2 71 — kinetic t=2 T|]
— MI_AP t=2 < 250 — MI1-AP t=2 1
--- kinetic t=30T --- kinetic t=30t
--- M1-AP =307 --- M1-AP t=307
I 200
g |
L
— ; 150+
|l @ i
100
. | 50+
\\\‘::1‘—\—\ _____ N 0 —_*gtiir‘( \\\‘::\\"h-<‘_
50 -50 0 50

Figure 2. Comparison of the temperature and electric field for a kinetic code and the M;
Asymptotic-Preserving scheme.

Remark 7. In this case the parameter o which represents the ratio between the electron-ion collision
frequency and electronic plasma frequency is equal to 4.107%. In order to avoid a severe constraint on
the time step we use the new M1-Asymptotic-Preserving scheme. With the same CFL conditions, the
classic Maxwell-Ampere numerical scheme breaks down from the very first iterations.

Remark 8. It is important to notice that the Asymptotic-Preserving scheme is stable even in the
case o = 0.

5.2 Two electron beams interaction.

In this part we study the interaction between two electron beams. This collisionless test case enables
us to study the regime where electrostatic effects are predominant. Therefore for this test case we have

Cee = Cei =0.

Consider two electron beams propagating at velocity vy and v;. The dispersion relation is given by

1 1

(5:2) 1= (w—kvo)? (w—kv)

5 =0,

where vy and vy denote the beams velocities.

This configuration can lead to electrostatic instabilities. Indeed, the solutions of the form Ae*w+ike
are unstable when w; the imaginary part of w is strictly positive. In the case vg = —v; we can show that
the solution is stable if kvg > /2.

This test is problematic for the M; model. Indeed, if we consider two electron beams propagating
with opposite velocities the distribution function is well defined. Nevertheless, the M; model considers
only the angular moments fy, and f;. For the calculus of f; the two populations contributions cancel
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and we get f; = 0. The M; model sees an isotropic configuration which is not the case. To overcome
this problem we use the superposition principle that is valid because the model is linear. Two particle
populations (one per beam) are considered. For each time step the M; problem is solved for the first
population then for the second one. Hence the Maxwell equations are solved taking into account the two
distribution functions.

In the case of two streams propagating with opposite velocities v4 and —vy4, the initial conditions are

(5.3) f(z,v,t =0) = 0.5[1 + Acos(kx)M,,(v) + (1 — Acos(kz))M_,,,(v)],
with
(5.4) Mey,(v) = ne(%&)wzemp(% )

The parameter A is introduced to perturb the initial condition in order to enable the development
of the electrostatic instability. The energy scales goes from 0 to 12 vy, and the space scale from 0 to 25
wpe. With 100 points for the space grid and 128 points for the energy grid the results are converged. On
the following plots the distribution function is represented in the phase space for the initial time and the
final time ¢ = 30 plasma periods. In this example vy = 4, A = 0.001 and periodical boundary conditions
are used. On the second plot the interaction between the two streams is observed.

12.5 25 12.5

x/Tpe x/'rpe
Figure 3. Distribution function as function of space and velocity at initial time (left) and after 30

plasma periods (right).

Our results have been compared with a kinetic code ([20]). On Figure 4, the evolution of the elec-
trostatic energy is represented as a function of time for the (M;-AP) code in green and for a kinetic code
in red. The first plot shows the results for A=0.001 and the second one for A=0.1.
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In the case of small perturbations (A=0.001), the M; model and the kinetic code give analogous
results. In the case of strong perturbations (A=0.1), the (M;-AP) code and the kinetic code show some
differences after a long time. In the case of a strong perturbation, a non-linear regime is obtained and it
is well-known that the M; model is not accurate enough ([18]).

Linear regime (A = 0.001)

[ T I T I T
0 —
8
U)l B 22888
=) Ml
2 -10 |- % X Kinetic ]
- X
HolT . | . | .
Non-linear regime (A = 0.1)
- T | T | T ]
= -
8
G.)l B .
m
01 MI -
- — Kkinetic
20 I L | L | L
0 10 20 30

t
Figure 4. Temporal evolution of the electrostatic energy in the linear regime (top) and in the non-linear
regime (bottom).

This numerical experiment shows the good behaviour of the (M;-AP) scheme in a regime where
electrostatic effects are predominant.

6. Conclusion.

In this work, we have constructed an Asymptotic-Preserving scheme for the full Fokker-Planck-
Landau-Maxwell system which handles the quasi-neutral limit without any contraction of time and space
steps. Remark that this model is considered with the real collisional operators. This fact is important
in plasma physics because the model is relevant for Coulombian interactions. We have first established a
reformulated Fokker-Planck-Landau-Maxwell system then used it to construct the Asymptotic-Preserving
scheme. The method has been extended to the general case of collisional plasmas in electromagnetic fields
for multi-dimensions problems. An M;-Asymptotic-Preserving scheme has been derived. Next, the (M-
AP) scheme has been implemented and two numerical test cases have been performed. The first one
shows the efficiency of the Asymptotic-Preserving scheme in the quasi-neutral regime. The second one
on the contrary corresponds to a regime where electromagnetic effects are predominant. The scheme,
accurate and fast, works in both regimes.

In this paper and in previous ones ([26, 27]), the ions have been considered as fixed due to their
important mass compared to the ones of electrons. The model must be extended when times intervals
during which their motion can not be neglected are considered. Therefore, we expect to develop in a
forthcoming paper a model taking into account ions motion.
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