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S. Guisset!*, S. Brull?, B. Dubroca3, R. Tu1rpault2

L Univ. St-Quentin-en-Yvelines, LMV, UMR 8100, F-78035 Versailles, France.
2 Bordeaux INP, UMR 5251, F-33405 Talence, France.
8 Univ. Bordeaux, CELIA, UMR 5107, E- 33400 Talence, France.

Abstract. This work is devoted to the derivation of an admissible asymptotic-preserving
scheme for the electronic M; model in the diffusive regime. A numerical scheme is
proposed in order to deal with the mixed derivatives which arise in the diffusive limit
leading to an anisotropic diffusion. The derived numerical scheme preserves the re-
alisibility domain and enjoys asymptotic-preserving properties correctly handling the
diffusive limit recovering the relevant limit equation. In addition, the cases of non
constants electric field and collisional parameter are naturally taken into account with
the present approach. Numerical test cases validate the considered scheme in the non-
collisional and diffusive limits.

1 Introduction

In order to initiate nuclear fusion reactions, it was proposed to use laser pulses in or-
der to ignite a deuterium-tritium target. During this process the energy is transported
from the critical surface to denser parts through the electron transport. This transport
plays a key role in the understanding of plasma physical phenomena such as, paramet-
ric [27,48] and hydrodynamic [20, 55, 62] instabilities, laser-plasma absorption [36, 53],
wave damping [18,41], energy redistribution and hot spot formation [10,46]. Spitzer and
Harm were the first to propose a electron transport theory in a fully ionised plasma with-
out magnetic field. They derived the electron plasma transport coefficients by solving
the electron kinetic equation by using the expansion of the electron mean free path over
the temperature scale length (denoted ¢ in this paper). The results of Spitzer and Harm
have been reproduced in other works [3,9,56] using the early works of Chapman [15,16]
and Enskog [25] for neutral gases. However in the case of non-local regimes [51], the
Spitzer-Harm theory is no more valid. Indeed the electron transport plasma coefficients
were derived in the case where the isotropic part of the electron distribution function
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remains close to the Maxwellian. For example, in the context of inertial confinement fu-
sion, the plasma particles may have an energy distribution far from the thermodynamic
equilibrium so that the fluid description is not adapted. Moreover kinetic effects like the
non local transport [10, 46], wave damping or the development of instabilities [20] can
be important over time scales shorter than the collisional time so that fluid simulations
are insufficient and kinetic codes have to be considered to capture the physical processes.
Therefore, a kinetic description seems unavoidable for the study of inertial confinement
fusion processes. However such a kinetic description is accurate but also computation-
ally expensive for describing most of real physical applications. Kinetic codes are often
limited to time and length much shorter than those studied with fluid simulations. It
is therefore an essential issue to describe kinetic effects by using reduced kinetic codes
operating on fluid time scales.

Angular moments models can be seen as a compromise between kinetic and fluid
models. On the one hand, they have the advantage to be less computationally expensive
than kinetic description since less variables are involved in the models and on the other
hand they provide results with a higher accuracy than fluid models [26,59]. Grad [31],
initially proposed a moment closure hierarchy which leads to a hyperbolic set of equa-
tions for close equilibrium flows. The hierarchy proposed is based on a polynomial series
expansion of a distribution function close to the Maxwellian equilibrium. However, the
truncation of this expansion leads to a loss of the positivity of the distribution function
and to unrealisable moments, ie moments which can not be derived from a positive dis-
tribution function. In [1,43,49,50,58], closures based on entropy minimisation principles
are investigated. It has been shown that this closure choice enables to recover funda-
mental properties such as the positivity of the underlying distribution function, the hy-
perbolicity of the model and an entropy dissipation property [32,43,47]. In this work,
the moment model is based on an angular moments extraction. The kinetic equation is
only integrated with respect to the velocity direction while the velocity modulus is kept
as a variable. The closure used is based on an entropy minimisation principle and gives
the angular M; model. This model is used in numerous applications such as radiative
transfer [5,17,22,52,60] or electron transport [21,34, 44]. It satisfies fundamental proper-
ties and recovers the asymptotic diffusion equation in the long time and small mean free
path regimes [23]. In order to perform numerical simulations, the HLL scheme [37] is
often used for the M; electronic model because it ensures the positivity of the first angu-
lar moment and the flux limitation property. However, this scheme does not degenerate
accordingly in the diffusive limit as most of the schemes. Even if the scheme is consistent
and one could use a very refined mesh with space step smaller than the mean free path,
such a solution would be far too computationally expensive to be used in practice. Over-
coming this major drawback a class of numerical schemes has emerged over the years
called asymptotic-preserving schemes (AP). Asymptotic-preserving schemes in the sense
of Jin-Levermore [38,39] are designed to handle multi-scale situations and correctly cap-
ture the asymptotic limit considered. In this context many works have been performed
following different approaches in a one dimensional framework [2,8,19,28,40,42,54]. In



particular, one of the most productive approach from the work of Gosse-Toscani [30] and
which has been largely extended [5,7,11,12,14], is based on the modification of approx-
imate Riemann solvers. Some works also deal with the two dimensional case [6,13]. In
the present paper, the difference and the main difficulty comes from the mixed deriva-
tives arising in the diffusive limit. In the present paper, we consider the M; model for
the electronic transport [21, 35, 36,44, 45]. Ions are supposed fixed and electron-electron
collisions are not considered. The angular moment model studied reads

d¢fo(t,x,8)+00x f1(t,x,0)+E(x)dg f1(t,x,0) =0,
tfl( )+gaxf2( )+E(x)a f (t,x,é) (1‘1)

- E(g)(fo(t,x,C) —h(bx0) = oc”(x)éf;(t,xlc),

where fo, fi and f, are the first three angular moments of the electron distribution func-
tion f. Omitting the x and t dependency, they are given by

1

= [ fwoan,
1

= [ fupdp, 1.2
1

=€2/_1f(%€)ﬂzdﬂ-

The coefficient a® is a positive physical function which may depend of x, E represents
the electrostatic field as function of x and { the velocity modulus. The term a® /{3 comes
from the angular integration of the Landau electron-ion collision operator [44]. This pa-
rameter is homogeneous to a frequency. The fundamental point of the moments models
is the definition of the closure which gives an expression of the highest moment as a
function of the lower ones. This closure relation corresponds to an approximation of the
underlying distribution function, which the moments system is constructed from. For the
M; model the closure relation originates from an entropy minimisation principle [43,49].
The moment f, can be computed [21,22] as a function of fy and f;

(fl(f %,G)
fO(tr I )

The set of admissible states [21] is defined by

D) =x )fo(txg) with  x(a)=(1+a>+a)/3. (1.3)

A=((fof)ER?, f5=0, |AI<fo)- (14)

In [33], a numerical scheme was proposed for the electronic M; model without electric
field and in the homogeneous case. The scheme derived using the consistency with the



integral form of the approximate Riemann solver ensures the admissibility conditions
(1.4) and correctly captures the limit diffusion equation. However, the general model
considering the x and { dependencies has not been considered. In such a general case,
mixed derivatives arise in the diffusion limit leading to a complex diffusion equation. In
addition, the source term —E(x)(fo— f2)/( also contributes in the limit equation. The
expression of the limit equation is detailed in section 2.

In this paper, the general electronic M; model (1.1) is considered. The aim is to
propose a numerical scheme, extending the ideas of [33], in order to take into account
the mixed derivatives in the diffusive limit. Such a scheme must ensure the admissi-
bility conditions (1.4) and include the contribution of the source term in the diffusion
—E(x)(fo—f2)/¢ limit.

We first introduce the electronic M; model with its diffusion limit in Section 2. In
Section 3, extending the ideas of [33], a numerical scheme is proposed. The scheme is
modified to ensure the admissibility conditions (1.4) and to capture the non isotropic
diffusion then the asymptotic-preserving property is exhibited. The contribution of the
term —E(x)(fo—f2)/{ is finally included in the scheme. In Section 4, numerical examples
are presented to testify of the efficiency of the method. Finally, Section 5 presents our
conclusions.

2 Model and diffusion limit

In this section, the diffusion limit of the electronic M; model (1.1) is introduced. After
considering a diffusive scaling, a formal Hilbert expansion is used to derive the limit
model. Even if such a procedure is not strictly rigorous from a mathematical point of
view, it is known that this approach gives an easy way to derive the limit model. In
addition, mathematical rigorous methods used for continuous descriptions can not be
easily adapted in this numerical context.

The scaled variables are defined by

f=t/t*, ¥=x/x*, {={/vy, E=Ex*/v%,

where t* is the typical time of the problem, x* the typical length and v, the electron ther-
mal velocity. Also, we assume that there exists ¢ such that a®(x) =a“v(x) where &% /03,
is the typical electron-ion collisional frequency.

A diffusion scaling is now considered. More precisely the parameters t* and x* are chosen
such that 7%/t = €2, A% /x* = ¢, where the electron-ion collisional period is given by
1% =93, /3 and the mean free path by A% =y, 7%. In this case system (1.1) rewrites

eds fo(t,x,0)+C0xf1(t,x,0)+E(x)9 f1(t,x,0) =0,
eB1fu(£0,) + 00 ol 5,0)+ E(x)c falb . 0) o
E(x) 20(x) f(t,x,0)

—T(fo(t,x,C)—fz(t,x,C)) =5 e



Introducing the following Hilbert expansion of f; and f;

{fé =fi+efo+0(e), 22)
fi=fl+efi+0(),
into the second equation of (2.1) taken at order ¢~ leads to
f=0. (2.3)
Using the definition of f; in (1.3), it follows that
=£7/3.

Inserting the Hilbert expansion (2. 2) into the second equation of (1.1) gives at order &’

fl= xfo A+ g 2.4)

Finally, using the previous equatlon in the f1rst equat10n of (1.1) at order ¢!, the following
limit equation is obtained

o f8+§ax( Oufo = o 0cfo+ 5 g 0) (2.5)

+Eag< Cauf- 3€f0+ C 7)=o.

In the case E =0, one recognises a cla551cal dlffu51on equat1on involving a second order
space derivative with a diffusion coefficient of —°/6c0. However, in the general case this
limit equation involves mixed x and { derivatives leading to an anisotropic diffusion. In
addition, the source term E( fo— f2)/{ also contributes in the diffusive limit leading to the
term (E¢2/(30)) fJ in the right side of (2.4) and in the x and { derivatives of (2.5). Such an
asymptotic limit is unusual compared to what has been studied in radiative transfer for
example [4,5]. The difference lies in the fact that here charged particles are considered.
Then, the contribution of the electric field must be taken into account leading to these
unexpected limit involving mixed derivatives.

3 Numerical scheme

3.1 Previous results and limit of the approach

In [33] a numerical scheme was proposed for the simplified case without electric field
E and for the homogeneous case with non-constant electric field. The scheme is based
on an approximate Riemann solver whose the intermediate states are chosen to obtain
the asymptotic-preserving property while preserving the admissibility of the solution.
However the generalisation of such approach to the general model (1.1) is challenging
since mixed-derivatives in space and velocity modulus arise in the asymptotic limit (2.5).
In this section we briefly summarise the results obtained in [33] and explain the difficulty
encounters when generalising to the general model (1.1).



3.1.1 Previous results

We start recalling the results obtained in [33]. For conciseness we only recall the case with
no electric field which was studied in the first part of [33]. In this case the model writes

At fo(t,x,0)+C0xf1(t,x,0) =0,

% (x) fi(t,x, (G.1)
Oufi(t00)+ s faltg) = 2 BEED),
and the corresponding diffusive limit reads
4
9S00~ 5 0. f§) =0 (62)

We consider an uniform mesh with a constant space step Ax =x;,1,,—x;_1, and a time
step At. For this case the following numerical scheme has been proposed to compute the
numerical solution at time "1

1 axAt g 2a At a At
= Z ot (1—=5 )fOz n fz+1/2/ 3.3)
1 a At 2a At a At '
== flz 1 H(1==5 )flz Zx fliv1/2

where the intermediate states are given by

. 2 N 3 L+ R 1
fi= gt (@t -ab),

and
o =fo—T9,
{ 0= fo+Te,
with ) fL—i—f )
fo= 0 R,
and

5 (A=t -2 +1D)).

The coefficient 0 € [0,1] is fixed to ensure the admissibility conditions and is chosen as
6 =min(6,1) where

A fO_’f1|
0= >0.
T

We associate the standard CFL condition
At<Ax/ay. (3.4)

The properties obtained in [33] can be summarised as the following



Theorem 3.1. The numerical scheme (3.3)

(i) is consistent with (3.1),

(ii) preserves the admissibility of the the numerical solutions under the CFL condition (3.4),
(iii) considered in diffusive regimes, is consistent with the limit diffusion equation (3.2).

The spatially homogeneous case but taking into account the electric field has been
investigated in the second part of [33].

Remark: The scheme (3.3) is explicit in the sense that, in order to update the numerical
solution, there is no need to solve an equation or a system. More precisely, in the same
spirit as in [7] (see also [29]), the approximate Riemann solver considered here is explicit
and, this is the key point, the intermediate states carefully combine the hyperbolic part
and the source term. To go further, an implicit treatment of the source term can been
seen “inside” the definition of the intermediate states. Indeed, in the derivation of the
intermediate states f; in [32], right after the time integration of the source term (writing
the consistency relations in the integral sense) a time implicit approximation was chosen.
This implicitation makes appear the term 2a,{3/(2a,{>+2a% Ax) in the definition of f.

3.1.2 Limit of the approach

In this part we show that the generalisation of this approach to the general model (1.1)
is not straightforward. Indeed, if one simply sums the schemes proposed in [33], for the
simplified case without electric field E and for the homogeneous case with non-constant
electric field, a direct discrete Hilbert expansion shows that the wrong limit model is
obtained since the mixed derivatives are not recovered in the limit regime. More pre-
cisely, only the second order space and velocity modulus derivatives are captured by the
scheme and the anisotropic diffusion is missing. This point is proved in this section.

We first consider the case without the source term %( fo—f2). The general model is
studied in part 3.4. For clarity, we start without considering it. In this case the electronic
M model reads

atfo(t,x,g) +€axf1 (t,x,g) —|—E(X)a§f1 (t,x,g) =0,

e 3.5
0f1 (6.3,0) + 00x fal b 0,0) + E(x)O b 0.0) = — 2 <x>§; txp 69
and its diffusive limit equation writes
4 EC3 4 EZ3
9uf3+20:(— gaaxﬂ? - &iagf(?) +Ed (- gaax - éag f)=o0. (3.6)

Let us consider a constant velocity modulus step Al = (;11/2—Ci—1/2. From now the
indices i and j refer to the numerical solution considered in x; and ;. Specular reflection
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Figure 1: Structure of the approximate Riemann solver considered.

boundary conditions are considered in {=0. At the discrete level the following conditions
are imposed in the ghost cell denoted by the index 0

f(?iO:f(glill flni():_fﬁ'l for all i.

By summing the schemes proposed in [33], for the simplified case without electric field E
and for the homogeneous case with non-constant electric field ones obtains the following
scheme for (1.1)

U?H -Ui gq 2a

] g *

A —*AJ; uz'R—1/2]+ . un+ Ax uz+1/2] (3.7)
HC Rx Elg aC
Agul] 1/2+ gun Cu1]+1/2’

where the intermediate states of the approximated Riemann solver (see Figure 1) UiLfl /2j’
R L R .
i1 72js Uit /2 and Uj*; » are defined by

(5* 1/2j f 1/2j
i— +
Uz 1/2j = f* / uz+1/2] fl / ’

1i—1/2j 1i+1/2j

u fOl] 1/2 u f01]+l/2
ij—1/2= f ij+1/2 = f

1ij—1/2j 1ij+1/2

Following [32] the second components of the intermediate states at each interface are

s _ (R _ L _ (R _ :
chosen equal, ie fliil/Z]’ = fliil/Zj = f1*i+1/2j and fli;'<+1/2 = fli;+1/2 = fl*ij+1/2- Following
[4,5,33], the velocity waves a, and a; are fixed such that

Elngj, LZgI‘E,‘|. (38)



For clarity, in the following, we omit the dependency of the speed a, in velocity modulus
and a; in space. However, the results presented hold in the general case. Following the
ideas introduced in [33] one can naturally proposes the following intermediate states

P it (Cif2i1j = Cif2is) 3.9
flz+1/2]_al+1/2] 2 2a, ’ (3.9)
Fro =By (flnij+1+f1nij B (Eifznijﬂ_Eiffij)) (3.10)
1ij+1/2 ij+1/2 ) 2a; ’ .
with
2a,(3 2a;73
Qiy1/2i= 73 xg] , Bij+12=75—5 gC]H/in :
2ax§]. +afl ) A% 2“@C]'+1/2+0‘i AT
We introduce the following notations
= 0i1j T foij Tir1—f1ij
7 ot . (flij— 1)
e A Y M
(3.11)
f B _f(1]1ij+1+f(1)1ij_E‘(f1nij+l_ffij)
0ij+1/2 — 2 i 2€l§ .
and n n n n
7  Fipj T C (faie1;—f2if)
li+1/2j = 5 —Gj 20, ,
(3.12)
i _flnij+1+f1nij_E'(f2nij+l_f2nij)
1ij+1/2 — 2 i 2(14 .

In [33], the intermediate states of the considered approximate Riemann solvers were de-
fined using consistency relations and a corrective coefficient to ensure the admissibility

conditions. Following these ideas the intermediate states f§* /oj and fe /2j are defined

by

{fOLij-l/Zj = foir1/2j—Tit1/2/01i+1/2s (313)
f(ﬁl/zj:f0i+1/2j+rz‘+1/2j91i+1/2j, ‘
with

Lit1/2= % (féliﬂj—f(;lij—i(fﬁj_szi+1/2j+fﬁ+1j))/ (3.14)

and the coefficient 6;1,5; is fixed in order to ensure the admissibility conditions (1.4).
Similarly, the definitions of f(ﬁf 1,0 and foLi;ll /o Tead

Lx r
foiie12=foij+1/2 = Tij1/202i141/2,
{ ij+1/ j i i (3.15)

R . ~
fOl‘]i:-l/Zj _fOij+1/2+r1’]‘+1/292i]'+1/2,
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with

gj(ffij—zfl*ij+1/z+ffij+1)>- (3.16)

1
Lijr12=5 (félijﬂ — foij— P

Then the corrective coefficients 61;11/2; and 602;j,1/2 are fixed in the interval [0,1], the
larger possible such that the admissibility requirements (1.4) are fulfilled. A simple cal-
culation gives the following conditions

f01+1/2] —&i41/2j |flz+1/2] |
|rl+1/2]H

Oriv1/2j= , (3.17)

and
foij+172=Bij+1/2 |f11]+1/2|
|r1]+1/2|

gZij+1/2 = (3.18)

Finally, 61;1/2j =min(f1;11/2j,1) and 04 1/2 =min(fa;j11/2,1).

However as shown with the following result the wrong asymptotic behaviour is ob-
tained with this scheme.

Theorem 3.2. (Wrong consistency in the diffusion regime)
In the diffusion limit, the numerical scheme (3.7) degenerates into

fu 0 fol g J
0ij 0 —€]< (f01+1] fOlJ)

o fty)  619)

At Ax 60’1+]/2AX 60’ 1/2Ax
E; El j+1/2 1 ]' 1/2
37 (omnr Bt —fig) ~~oaar Sani—fig 1))

which is not consistent with the limit diffusion model (3.6).

Proof. Following the same approach as in [5,7,33], using the diffusion scaling and equa-
tion (3.7) leads to

uir{+1,e . Un,e 2
] 1] Rx, X Lx,
€ At Ax i— 18/2] o Ax un g Ax uz+1£/2] (3'20)
A7 o 1Rxe 2 ne | A7 4 7L
+A€ul] 1/2 Agu +A§ul]+l/2,

and equations (3.9) and (3.10) give

f — 4 <f11+1] flz] ( f21+1] f21] ))
1i+1/2j i+1/2j 2 24, ’
(3.21)

€ <f11]+1 fll] (E f21]+1 le] ))

f i+1/2 = Pij+1/2
1ij+1/ ] 2 2a§
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with
3 3
20,0 5 20,011,
20:07 +0i11/28x/€ a2 20703,y TOiAG /€

"‘f+1/2j = (3.22)

Consequently as ¢ tends to zero, (3.22) shows that a* and ¢ also tends to zero. Therefore
from (3.21) one obtains that

f 1i+1/2j = and f lij+1/2 = (3.23)

Now, since the second component of (3.20) reads
n+le  cne
f 1ij 11]

At Axf li-1/2j

Zﬂlg
flz] 1/2 flz] f11]+1/2’

20y
flz] Axfz+1/2]

it follows that at order ¢ the previous equation gives

fif=o. (3.24)

Therefore one correctly recovers the condition (2.3) and from the definition (1.3), it fol-
lows that

f21] f(;lzo/‘?'

The consistency with the wrong limit diffusion equation is now proved. Firstly, one re-
marks that in the limit ¢ tends to zero, the definitions (3.17) and (3.18) and the result (3.24)
give

0riv1/2i=1, 62ij11/2=1. (3.25)

Indeed, when ¢ tends to zero, the definitions (3.17) and (3.18) lead to

3 fOH—l] fOl] > ;3 f01]+1 fOz]

Oriv1/2i= g mo = 1 Oijr1/2= g nor =
|f01+1] f(;zl | |f01]+1 f(;ll ‘

Then from the definitions (3.13)-(3.14)-(3.15)-(3.16), we obtain

{fOH—l/Z] fOz] (f11+1/2] flnij)l (3.26)
fOz 1/2j — fOij (fll] flz 1/2])
and . .
{foiﬂ/z:f&j+(f1if+1/z—fﬁ'j) (3.27)
f1] 1/2 f(sqij—i_(fll] fz] 1/2)
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Secondly, the first component of (3.20) reads

n+1l,e

fOl] fOl] Rx,e 20, fL* €

At Ax 01'—1/2j Axf 0i4+1/2j
2a

Rx, g L,

fz] 81/2 f01] fz]Jfl/Z’
and by using (3.26)-(3.27) it follows that
+1, L R L R
f(;lz] ‘ fOz] f:&-gl/Zj fz*i/2]_|_ fzj—il/Z fz]*£1/2
At Ax AL

Finally, the previous equation considered at order ¢’ brings no information but at the
order ¢! ones obtains

+1,0 Lx,1 Rx,1 Lx,1 Rx,1
f(;lz; fOZ] o f1+1/2] fz 1/25 +ag f 1ij+1/2 flz] 1/2
At N Ax Al ’
which gives, by using the definitions (3.21), the numerical scheme (3.19). O

This wrong behaviour was expected since standard asymptotic-preserving correc-
tions do not give anisotropic numerical viscosity. Therefore an innovative approach must
be investigated. In the present work, in order to capture the complete anisotropic model
while ensuring the admissibility requirement, new intermediate states are considered.

3.2 Derivation of the new scheme

In this part the derivation of a new numerical scheme for the model (3.5) is detailed based
on the scheme introduced in section 3.1. The objective is to extend the scheme introduced
in [33] to the model (1.1) in the sense that one should recover the scheme of [33] in the
homogeneous case or in the case without electric field.

We propose to modify the scheme introduced in section 3.1 to capture the correct
asymptotic limit. Therefore the following states are proposed

. friivij+ i (Cifaitri—Cifaif)
f1i+1/zj=0ci+1/2j< ]2 o) 2]L‘lx 122 (3.28)
dfo
_Ci+1/2j(a];)i+1/2j(1_“i+1/2j)>r
. frijr1+frij  (Eifaij1—Eifaif)
f1ij+1/2:5ij+1/2( 2 - 2a; (3.29)

)
C1]+1/2( afo )1]+1/2(1 ,Bl]+1/2))
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with s s
2ax(; 8 2005172
4 , ij+1/2= T
20,53 +afl, ,Ax TR 20,03y AL

The differences with the intermediate states of [33] come from the last terms in (3.28) and
(3.29). In the present study it is proved that these intermediate states give the asymptotic-
preserving property for the general model (3.6). In the present case the numerical viscos-
ity contributes in the x and ¢ directions. The terms (%)iﬂ /2js (%)lj.}'_l /2 and the coeffi-
cients ¢ and ¢ are fixed in order to obtain the relevant limit equation (2.5) in the diffusion
regime. We set

Rit1/2j = (3.30)

Ei+1/2Ax €j+1/2Ag

30, Cij+1/2= 30z (3.31)

Cit1/2j =

We use an upwind scheme for the discretisation of the terms (%)iﬂ /2j and (%)ljﬂ /2

Since the coefficient ¢ is always positive the term (%)UH /2 i1s always upwinded in the
same direction

_ dfo . foi+1j+1/2— foij+1/2
Cij+1/2(7ax )z’j+1/2 ~Cij+1/2 Ax
~C foit1j+1— foij+1+ foir1j— foij
12 2Ax ‘

Similarly one obtains

foi+1j— foi+1j-17+ foij — foij—1

C; ; if ¢; <0,
Cj 1/2‘(%)‘ 1/2j % o 288 o
TN ag Y foi+1j+1— foi+1j+ foij1— foij .
Cit1/2j 207 if ¢i11/27>0.
The previous two conditions rewrite
- 2.(%)' i Soi1j— foir1j-1+ foij — foij—1
i+1/2j ag i+1/2j i+1/2j 2A€

foi+1j+1— foi+1j+ foij+1 — foij
20 ’

+Ci++1/zj
with (¢)" =max(c,0) and (¢)~ =min(c,0).

In order to ensure the admissibility conditions (1.4), the definitions of the intermediate
states f1; 4 p; and ffj; 1, givenin (3.28) and (3.29) are modified such that

* — (7. 0 . (9foy (11— . 332

fiiv12i=i+1/2i\ friv1/2j— 11+1/2]C1+1/2](87€)1+1/2]( —®it1/27) ), (3.32)

* d _ 0 0
frijr172=Bij+1/2 (f 1ij+1/2— 92ij+1/2cij+1/2(%)iﬁl/Z(l - ,BijJrl/Z)) : (3.33)
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Remark 3.1. In the case 01;,1,2; =0 and 65,1/ =0, the admissibility requirements (1.4)
are fulfilled.

Then 61,11/2; and 65;;41/, are now fixed in the interval [0,1], the larger possible such that
the admissibility requirements (1.4) are fulfilled. A simple calculation gives the following
conditions . .

foiv1/2j—iv1/2j] friv1/2j]

Orit1/2j= (3.34)
] 0 7
‘Fi+1/2]'|+’“i+1/2j(aig0)i+1/2jci+1/2j|
and 5 3
~ foij+1/2— Bij+1/2| frij+1/2|
6ij+1/2= 57 - : (3.35)
|rif+1/2|+|ﬁij+1/2(Tg)ij+1/2Cij+1/2|
Finally, 911‘+1/2]' = min(§1l-+1/2]-,1) and 92ij+1/2 = min(éZz‘]'+1/2,1).
We point out that the definitions of the intermediates states fO , R* are left un-

changed and are given by (3.13)-(3.15).

3.2.1 Properties of the new scheme

In this part, the admissibility, the consistency in the classical regime and the asymptotic-
preserving property in the diffusive regime of the scheme are proved.

Theorem 3.3. (Admissibility) If for all (i,j) € N?, U}"; € A, then for all (i,j) € N?, Ul?f].ﬂ € Aas
soon as the following CFL condition holds

ATAx
(2axAT+2a;Ax)

At< (3.36)

Proof. The numerical scheme (3.7) also writes as a convex combination of vectors of A

2 At 2a; At
uin—&-l :(1 Ax ¢
j A AL
ﬂgAt ClgAt
AC ul] 1/2+ AC 1]+1/2’

a At ayAt
Ui+ Uz /2t Z Ut ) (3.37)

Using the definitions of 6; and 6, given in (3.34) and (3.35) the intermediate states Uf{fl /2j7

Uf:l /2jr U};fl P and Ui%il ” belong to A. Since A is a convex space it follows that the
updated states U/""! belongs to .A. O

Theorem 3.4. (Consistency in the classical regime)
The numerical scheme (3.7) is consistent, when At and Ax tend to zero, with the set of equations
(3.5).
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Proof. Using the definitions (3.28) and (3.29), the second component of (3.7) reads

A=Ay ax dfo
Al ~Ax {0‘1—&-1/2](flz+l/2]_911+1/2]Cz+1/2](ag)z—&-l/Z](l 0%1/2;))}
_2a
xfll]

Ay ~ a 0
+H [Oéi—l/zj (flz’—l/Zj - 91i—1/2jci—1/zj(afg)i_l/zj(l — oq_l/zj)> } (3.38)

a d
AC [,31]4-1/2 <f111+1/2—9211+1/2Cz]+1/2( afo)z]+1/z(1 ,31]—&-1/2)):|

~ 2a
Cflz]

0
Ag [,51] 1/2<f11] 1/2—02ij-1/2Cij— 1/2(af0)z] 172(1=Bij- 1/2))}

Inserting the definitions (3.11) into (3.38) and using the following expressions for a;1/5;
and ,Bij—i-l /2

N ) 2ax€3 _ 0’l+1/2AX
A 2‘196€34“"z+1/2A 2”x§3+“z+1/2Axl
and ; '
B o 2aGp, 1 as'AT
ij+1/2= —— = 1- —,
g 207031 5+ AL 20703, 5+ AL

leads to the following expression

1
flnz;r — fij _ (fairrj—faim1j) —ax(frivaj— faij + frimnj)

At 2Ax
ZAg
Ay Xit1/2 f21+1] f21]
* i) ———A——
2Ax 2ax§3+al+l/2Ax ((friv1j+frij) . )
o RVl faij— faiqj
ZAx 2ax€3+061 1/2A ((flz] f11 1]) )
ag letAg f2ij+1 B f2ij
* i i fr) - ——
27 20,72, +0TAG ((frij+1+ fri) = )
a afiA S
4 - i g — ((flij—f—flij*l)_M)
2A€ Zﬂgéj_1/2+06i Aé a

+O(Ax)+0O(AD),
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which is correctly consistent with the second equation of (3.5) as Ax and At tend to zero.
Similarly, the first equation of (3.7) writes

+1
f(;lz] _f01] f Zﬂxf Ay Rx
At AX 01+1/2] Ax 01] Ax 0i—1/2j*

Considering the definitions (3.13)-(3.15) this equation rewrites

foi =1 a
Joij " Joij _
At (f01+1/2] 23+ foi-1/25) — AJ;(ri+1/2]'9i+1/2j_ri—1/2j9i—1/2j)

+K§ (foijr1/2=2f8+ foij-1/2) — A*é (Tij+1/20i+1/2—Tij-1/20ij-1/2)
and by using (3.11)-(3.14)-(3.16), one obtains the consistency with the first equation of
(3.5). O

Now, in order to show the asymptotic-preserving property, in the limit 7¢ /¢* tends to
zero with the limit diffusion equation, one considers the diffusion scaling and a discrete
Hilbet expansion is used.

Theorem 3.5. (Consistency in the diffusion regime)
In the diffusion limit, the numerical scheme (3.7) degenerates into

+1,0__ (n0
f(?g 611] é] |: €4 (f f ) 6:4 (f )
At  Ax L60; g pAx Y007 1 pAAx O 0i- 1]
CPEiv1y2 afn0 CjEi—l/z afy°
60—i+1/2 ( ag )1+1/2] 60—1'—1/2 ( ag )l 1/2]] ( )
.73 .73
Ei{Elgj“”(f )= S e pno
AT L 60;A7 01]+1 0ij 60;A7 0ilj  J0ij—1
+€;‘+1/2(9f61’ i _gj—l/z(aféi’o)” }
6(71' ax ij+1/2 60'1' ax ij=1/2]-

Proof. Following the same approach as in section 3.1.2, equations (3.32) and (3.33) give

] 9fo
f1{i1/2j z+1/2] [flz+1/2] 911+1/2]Cz+1/2]( Y4 )z+1/2](1 “1+1/2])}
(3.40)

€

9/
f1]+1/2 181]-1—1/2 [flz]+1/2_921]+1/2011+1/2(a )1]+1/2( _ﬂ§j+1/2)]r

where af /2] and ,Bf] 11,2 are given by (3.22). Consequently it follows that

filty=0  and  fiR ;=0 (3.41)
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Now, since the second component of (3.20) reads

fn+1 £ 1,€
Juj U 2a,

At AX 11 1/2j flz] Ax 1z+1/2]
2a§
fz] 1/2 fll] f1]+1/2’

it follows that at order ¢° the previous equation gives

A =0. (3.42)

Therefore one correctly recovers the condition (2.3) and from the definition (1.3), it fol-
lows that

f21] fOZ]

The consistency with the limit diffusion equation is now proved. Firstly, one remarks
that in the limit € tends to zero, the results (3.41) and (3.42) give

briv1/2j=1, 02ij11/2=1. (3.43)
Indeed, when ¢ tends to zero, the definitions (3.34) and (3.35) lead to
i f01+1] fOz} > il f01]+1 f01]
L+1/2i = 7m0 0 = & 2ij41/2= T e =
|f01+l] f(1)11 | |f01]+1 f(;lz ‘

Then from the definitions (3.13)-(3.15)-(3.11), we obtain

{f1+1/2] fOz] (f 1i+1/2j flnij)l (3.44)
Oifl/ZjZfOz] (fh] fz 1/2])
and
{f1]+1/2 fOl] (f lij+1/2 flnlj) (345)
fl] 1/2 — fOij (fll] f1] 1/2)

Secondly, the first component of (3.20) reads
fn+1 /€ 1,€

Oz] 0ij Rx,e Zaxf fL*s
At Ax 0i-1/2j  Ax Oz] Ax 0i+1/2j

2a

R, g L,
f 0ij 81/2 fOl] fz]Jfl/Z’
and by using (3.44)-(3.45) it follows that

n+1,e 1€ Lx,e Rx,¢ Lx,e Rx,e
fOz] B 0ij _ f11+1/2] flz 1/2]+ flz]+1/2 flz] 1/2

At Ax AL
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Finally, the previous equation considered at order ¢ brings no information but at the
order ¢! ones obtains

+1,0 0 Lx,1 Rx,1 Lx,1 Rx,1
f(?ij B onij — f1i+1/2j _fli—1/2j ta flij+l/2 —J1ij-1/2
At X Ax ¢ AT ’
which gives, by using the definitions (3.32)-(3.33), the numerical scheme (3.39). O

3.3 General case with the term %( fo—f2)

As specified in part 3.1, in order to take into account the contribution of the source term
%( fo—f2), we simply propose to modify the intermediate states f7; ; /, jand f; 4 ,, given
in (3.32) and (3.33) such that

* = dfo Sit1/2]
f1i+1/2j:“i+1/2j[f1i+1/2]'_91i+1/2jci+1/2]'((aJ;)iH/Zj_ 12 ]>(1_“i+1/2j)}/ (3.46)

z Al _ dfo
fl*ij+1/2 =Bij+1/2 [flijJrl/z + z—ag_Ssz/z - 92ij+1/2cij+1/2(%)ij+1/2 (1 —,BijJrl/Z)} ,

with

~ &7 foisrj+ foi

E.
Sit1/2i= 5o :
Ba! 2

and Sjjy1/2= > (

foij+1— faij+1 fOij_fZij>
+ .
g1 Gj

In this case, as in the previous part the coefficients 6; and 6, are also fixed to ensure the
admissibility requirements.

Theorem 3.6. In the diffusive limit, the numerical scheme given by (3.7)-(3.13)-(3.15)-(3.46) is
consistent with the limit equation (2.5).

Proof. The proof is the same than for Theorem 3, considering the intermediate states
fia /2j and fl"‘ij 11,2 given in (3.46). A direct calculation using the Hilbert expansions

leads to the result. The terms S;; 1/, are consistent with the term %( fo—f2) while the

~ 2
terms S;11/; enable to correctly recover the contribution of the two terms % f in the x
and  derivatives of the limit equation. O

4 Numerical examples

In this section, the asymptotic-preserving scheme (3.7) is compared with the HLL scheme
[37] and an explicit discretisation of the diffusion equation (2.5) in collisional regimes.
We point out that no exact solution is available for a given value of the collisional pa-
rameter a®. However, in very collisional regime, one expects the solution obtained with
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the asymptotic-preserving scheme (3.7) to be close to the one obtained with an explicit
discretisation of the diffusion equation (2.5). Similarly, in non-collisional regimes the so-
lution obtained with the asymptotic-preserving scheme (3.7) is expected to be close to the
one obtained with a HLL scheme which is known to behave correctly in such regimes.
The time step used for the asymptotic-preserving scheme is computed with the CFL con-
dition (3.36).

4.1 Relaxation of a Gaussian profile in the diffusion regime

In this example, the numerical scheme (3.7)-(3.13)-(3.15)-(3.46) is validated in the diffu-
sive regime considering an inhomogeneous plasma with electric field. In this case, the
initial conditions are the following

fo(t=0,2,0) =*exp(—x*)exp(2(—3)%),
fl(t:0,x,§) =0.

The profile of fj at initial time as a function of x and ¢ is displayed in Figure 2.

1
5 0.8
4
0.6
s 3
4
, 0
1 0.2
5 0 5 0
X

Figure 2: Representation of the fy profile at the initial time as a function of x and .

For this test we have set E=1, a®=10%, the space range chosen is [-10,10] and the modulus
velocity range [0,6]. The collisional parameter ,; is large and chosen equals to 10%. There-
fore we can consider that the limit ¢,; /¢ is reached particularly quickly and the particule
transport can be described with the limit diffusion equation. In Figure 3, the solution ob-
tained with the numerical scheme (3.7)-(3.13)-(3.15)-(3.46) is compared with the solution
obtained with the HLL scheme and with an explicit discretisation of the limit diffusion
equation (2.5) at different times. For all schemes we have set Ax =0.125 and A =0.2.
At time t =1, one remarks that the f, profile obtained with the HLL scheme is already
seriously spread out while the profiles obtained with the AP scheme and the diffusion
equation do not have changed. At time =50, the AP scheme and diffusion equation
discretisation fy profiles are spread out while the profile obtained with the HLL scheme
has vanished. As observed at time t=100, in the long time regime, the AP scheme and
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the discretisation of the diffusion equation behave identically. In addition a convergence
study is presented in Figure 4. The L! and L? errors (in x and {) between the AP scheme
and the diffusion scheme are displayed in green while the L! and L? errors between the
HLL scheme and the diffusion scheme are displayed in red as functions of the collisional
parameter a® at time t=50. Here this numerical convergence study shows that when the
collisional parameter becomes large the L! and L? errors obtained with the AP scheme
correctly tend to zero as expected while the L! and L? errors obtained with the HLL

scheme miss the diffusion limit.
]
5 0.8
4
0.6
0.4
0.2
-5 0 5 0
X

-5

X

Figure 3: Representation of the fy profile as function of x and { at time t=1 (top), t=50 (middle), t=100
(bottom), for the HLL scheme (left), AP scheme (middle) and the diffusion equation.

4.2 Relaxation of a temperature profile in the diffusive regime with a self-
consistent electric field

In this example, we consider the relaxation of a temperature profile in the diffusive
regime considering a self-consistent electric field. The space range is [—40,40] and the
velocity modulus range [0,6]. The collisional parameter a® is chosen equal to 10*. For all
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Figure 4: Representation of the L! error (left) and L? error (right) (in x and {) between the AP scheme and
the diffusion scheme (green) and the HLL scheme and the diffusion scheme (red) as a function of the collisional

parameter a® at time t=50.

schemes we have set Ax=0.2 and A =0.125. The initial conditions are the following

fO(t :0,x,C) = \/ZTini(C

Wexp(—m)f

f1=0,

with T (x) =2 —arctan(x).

2

62

(4.1)

In this case the electric field is self-consistent meaning that at each time step it is calcu-
lated from the plasma profile. In this case we consider a Spitzer type model [9, 57], to

evaluate the electric field

where

with n, = f0+°°f0d§ and u= n%

T(x)= 3111@ (/()+w52f0d§—u2ne),

o fgdg.

(4.2)

In Figure 5, the temperature profile is displayed at the initial time and at time t=80. The
temperature profiles obtained with the HLL scheme, the AP scheme and a discretisation
of the diffusion equation (2.5) are compared at time t=80. On one hand, one remarks that



22

the HLL temperature profile is excessively spread out compared to the AP and diffu-
sion profiles while on the other hand the AP and diffusion profiles match exactly at time
t=80. This example demonstrates the inability of the HLL scheme in capturing the correct
temperature profile while the AP scheme presented handle perfectly the diffusion limit
regime.

4 * T * T * T * ]

| — Initial condition
HLL
— AP
3 --- diffusion
2 -
1 -
0 L | L | L | L
-40 -20 0 20 40

Figure 5: Representation of the temperature profile as a function of x at time t=80.

4.3 Two electron beams interaction

In this example the interaction between two electron beams is considered. This collision-
less test case enables us to validate the AP scheme (3.7)-(3.13)-(3.15)-(3.46) in a regime
where electrostatic effects are predominant compared to the collisional effects, therefore
we set a% =0. For the AP and the HLL schemes we have set Ax=0.125 and A =0.2.
Consider two electron beams propagating at velocity vg and v;. In that case, the disper-
sion relation [36] is given by

1 1

- (w—kvg)?  (w—kop)2 =0

where vy and v; denote the beams velocities.

This configuration can lead to electrostatic instabilities [18,36]. Indeed, the solutions of
the form Ae'“*+** are unstable when w; the imaginary part of w is strictly positive. In
the case vy = —v; we can show that the solution is stable if kv > v/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. Neverthe-
less, the M; model considers only the angular moments fy and f;. For the calculation
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of fi the two populations contributions cancel and we get f; =0. The M; model sees an
unrealistic isotropic configuration. To overcome this problem the superposition principle
is used since the model is linear [36, 61]. 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 electrostatic field is calculated using the Maxwell-Ampere
solved taking into account the two distribution functions. This approach was validated
for the present test case in [34].

In the case of two streams propagating with opposite velocities v; and —v;, the initial
electron distribution function is the following

f(t=0,x,v) =0.5[(1+ Acos(kx)) My, (v)+ (1 — Acos(kx))M_,,(v)],

with ( e
0Fv,
Mo, (v) =exp (—?)
The first corresponding angular moments f; and fZ of the first and second population
read

_ 2 2
fo(t=0,x,0) 20-5(1+Acos(kx))v€d (exp(—(gv‘i)) _exp(_M)>,

2 2
=00 =05(1 - Acos(i)) £ (exp(~ E2 ) —exp(- EL200),

The second angular moments f{ and f? of the first and second population read

f%(tzo,x,zg)=0.5(1+Acos(kx))1v§d(exp(_(@zd))_exp(_(ﬁzci))),
£(=0,2,0) = —0.5(1— Acos(kx))- vg d(exp(_@zal))_exp(_@zd)))

At each time step, the electrostatic field is computed using the Maxwell-Ampere equation
considering the contribution of the two population of particles

dE +o0 +o0
| e [

The parameter A is introduced to perturb the initial condition in order to enable the de-
velopment of the electrostatic instability. The velocity modulus range chosen is [0,12] and
the space range is [0,25]. In this example we set v;=4, A=0.001 and periodical boundary
conditions are used. The results have been compared with a kinetic code [24]. In Figure
6, the evolution of the electrostatic energy is displayed as a function of time using the AP
scheme in red and the kinetic code in dashed blue. The AP scheme and the kinetic code
give analogous results. This numerical experiment shows the good behaviour of the AP
scheme in a regime where electrostatic effects are predominant.
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Figure 6: Representation of the temporal evolution of the electrostatic energy.

4.4 Relaxation of a temperature profile in the diffusive regime with a self-
consistent electric field and non-constant collisional parameter

In this example, the initial conditions are the same than for the previous example where
the initial temperature profile is given by (4.1) and the electric field is computed using
(4.2). In this case the collisional parameter a* is not constant and follows the linear profile

2% (x) =ax+b,

with a® (X, = —40) =5-10% and a® (x,,,c =40) =10°. It follows that the coefficients a and

b read

5_ 510
a:w, b=5.10% —ax,,i.

Xmax — Xmin

The space range is [-40,40] and the velocity modulus range [0,6]. For this test case we
have set Ax =0.4 and AJ =0.25 for all the schemes. In Figure 7, the temperature profile
is displayed at the initial time and at time t=5000 for the AP scheme and an explicit
discretisation of the diffusion equation (2.5). After a long time (t=5000) and despite the
strong spatial variation of the function a® the AP and diffusion profiles give very close
result. One remark on the space interval [-40,0] the AP curve in red is slightly different to
the diffusion curve in dashed blue while on the interval [0,40] the results match perfectly.
This could be explained as the collisional parameter a* becomes larger for important x,
therefore, the limit diffusive regime is fully reached for large x where the comparison
with the diffusion equation is valid.

4.5 Case a non-constant self-consistent collisional parameter

When considering physical relevant configurations occurring in plasma physics, the col-
lisional parameter depends of the state of the plasma. The knowledge of the ionic and
electronic distribution function is required to compute the collisional parameter. There-
fore in this test case, we choose to consider a nonlinear collisional parameter which de-
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Figure 7: Representation of the temperature profile at time t=5000.

pends of the solution itself

aEi(t,x,é) = eXp(fo(t/xzé) +f1 (t,x,g)).

In this case, E=1, the space range chosen is [-10,10] and the velocity modulus range [0,6].
For this test case we have set Ax =0.33 and A =0.125. The initial condition is given by

{fou:o,x,a):@2exp<—<a—3>2>>exp<—x2/1o>,
fi=0.

We consider periodical boundary conditions. In Figure 8, the initial profile of fj is dis-
played at the initial time and at time t=3.

5 Conclusion

In this work, an asymptotic-preserving scheme has been proposed for the electronic M;
model in the diffusive limit. In order to deal with the mixed derivatives which arise in
the diffusive limit an anisotropic numerical viscosity has been considered. The numerical
scheme preserves the realisibility domain and captures the correct limit equation. The
contribution of the source term E(fyo— f2)/( is integrated and the cases of non constant
electric field and collisional parameter are naturally included. Numerical examples have
been performed in non-collisional and diffusive regimes. It has been observed that the
present scheme behaves correctly in both regimes.
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Figure 8: Representation of the fj profile as function of x and { at the initial time (left) and t=3 (right).
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A possible perspective could be to consider an electron-electron collisional operator or
the study of the coupling with the Maxwell’s equations.
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