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Abstract

These notes summarize a series of works related to the numerical approximation
of plasma fluid problems. We construct so-called ’Asymptotic-Preserving’ schemes
which are valid for a large range of values (from very small to order unity) of the
dimensionless parameters that appear in plasma fluid models. Specifically, we are
interested in two parameters, the scaled Debye length which quantifies how close to
quasi-neutrality the plasma is, and the scaled cyclotron period, which is inversely
proportional to the magnetic field strength. We will largely focus on the ideas, in
order to enable the reader to apply these concepts to other situations.

Key words: Plasma fluid models, Asymptotic-Preserving schemes, Debye length, cy-
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Introduction

Numerical resolution of perturbation problems

These notes are about the application of the ’Asymptotic-Preserving’ methodology to
construct schemes for plasma fluids problem which sustain large variations of some of the
characteristic dimensionless parameters of the plasma. We will be specifically concerned
with two of these parameters, the scaled Debye length on the one hand and the scaled
cyclotron period on the other hand. The former quantifies how close to quasi-neutrality
the plasma is while the latter measures the confinement effects due to the magnetic field.

Let us consider a singular perturbation problem P® whose solutions converge to those
of a limit problem P° when the perturbation parameter ¢ tends to zero. Usually, when
e < 1, standard numerical methods (like e.g. explicit methods in the case of time-
dependent problems) break down. The reason is that the stability condition limits the
allowed time step to a maximal value which depends on ¢ and tends to zero when € — 0.
In the case of hyperbolic problems, this problem occurs if one of the wave-speeds tends
to infinity with €. For instance, in the low Mach-number limit of compressible fluids, the
acoustic wave speeds tend to infinity when the Mach-number tends to zero.

In order to overcome such problems, the usual strategy consists in solving the limit
problem P instead of P¢. For instance, in the case of the Low Mach-number limit, the
incompressible Euler or Navier-Stokes equations will be solved. However, there are several
difficulties with this strategy, which we now outline. The first one is that it supposes
that P° has been previously determined and the second one is that it assumes that P°
easy to solve. Both assumptions are by no means obvious. There are cases where the
determination of the limit problem is difficult if not impossible. Even if P° is well-known,
it usually involves equations of mixed type (for instance, the small Mach-number flow
model involves a combination of equations of hyperbolic and elliptic character), where
constraints (such as the divergence free constraint on the velocity) need to be enforced.
The abundant literature on the Stokes and Navier-Stokes problem shows that enforcing
this constraint is not an easy problem.

The problem complexifies even more when the parameter ¢ is not uniformly small.
This sentence may sound a little awkward, since € is a number which should have a
definite fixed value. However, ¢ is usually a ratio of characteristic lengths which may vary
in space and time. For instance, in a plasma sheath, where the density drops by orders of



magnitude, the value of the Debye length changes dramatically. In other cases, such as in
boundary layers, one must change the scaling length from say the size of the experiment,
to the typical dimension of the boundary layer. Therefore, the definition of a uniform
value for ¢ is difficult, and it is more appropriate to view ¢ as a local quantity.

In such a situation, € may be small in some areas and order unity in other regions.
Then, the use of the limit problem P leads to wrong results in the regions where ¢ is not
small. To make a more accurate simulation, it is necessary to decompose the simulation
domain into regions where ¢ = O(1) and regions where ¢ < 1 and to solve P in the
former and P in the latter. However, the practical realization of this coupling strategy
is very complex.

Indeed, first, it requires to define the location where the transition from P¢ to P° or
vice-versa takes place. This is not an obvious question when e has a smooth rather than
abrupt transition. The results then depend on the particular location of this transition.
This drawback can be slightly circumvented by the use of a smooth transition (like ficti-
tious mixture models in multiphase flows for instance). Nonetheless, the need to designate
a specific region where the shift between the two models takes place is detrimental to the
robustness and the reliability of the model.

Once the location of the interface or transition region between P¢ and P° has been
determined, the second problem to solve is the definition of the coupling strategy between
the two models. Usually, P° involves some kind of reduction of information compared to
P¢. For instance, in the low-Mach number limit, the velocity field becomes divergence
free, meaning that it depends on two independent scalar quantities instead of three like in
compressible flows. At the interface, in the passage P — PY, it is necessary to project the
unknowns of P¢ onto those of P°, and vice versa, in the passage P° — P¢ the unknowns of
P¢ must be reconstructed from those of P°. For instance, in the passage from compressible
to low Mach-number regimes, the velocity must be projected onto a divergence free field.
In the reverse transition, the irrotational part of the velocity must be reconstructed from
a divergence free velocity.

The answer to such questions is by no means obvious and the simulation results also
depend on the choices of the projection-reconstruction operators. Connection conditions
can be sought by solving an interior layer problem connecting the state variables of the P¢
problem at x = —oo to those of the P° problem at x = 400 through a spatial rescaling of
P¢ in the direction normal to the interface. However, quite often, this analysis does not
lead to a closed set of connection conditions. The interior layer problem itself carries some
approximations because it involves a rescaling which leads to neglecting all derivatives in
the tangential direction to the interface.

Finally, supposing that the questions above have found a satisfactory answer, the whole
strategy must be practically implemented. The mesh must be constrained to match the
interface. Therefore, if the interface is not planar, which is very likely in a realistic case,
an unstructured mesh must be used. Additionally, the interface location may have to
evolve in time. This brings several additional questions. First, the motion strategy for
the interface must be defined. What criterion will decide for this motion ? Second, if the
interface is moved, the mesh must be moved accordingly, otherwise the matching with



the interface will be lost. Moving meshes with time is complex, uneasy and costly, both
in terms of CPU time and of development time.

All these questions have led an increasing number of teams to look for schemes which
are valid in both the ¢ = O(1) and ¢ < 1 regimes. For instance, there is an increasing
literature about so-called ’all-speed schemes’ for compressible flows, which are valid for
all values of the Mach number [, B3, B0, 4. However, some precautions must be made
because, a scheme may be stable in the ¢ < 1 limit and yet provide a wrong solution, i.e.
a solution which is not consistent with the P° problem. The correct concept for doing
so is the so-called Asymptotic-Preserving (AP) scheme, which is described in the next
section.

Asymptotic-Preserving methodology

The concept of an Asymptotic-Preserving method has been introduced by S. Jin [[f]] for
transport in diffusive regimes. A scheme P®" for P° with discretization parameters h
(standing for both the time and space steps) is called Asymptotic Preserving (or AP)
if it is stable irrespective of how small the perturbation parameter ¢ is, and if it leads
to a scheme P%" which is consistent with the limit problem P° when ¢ tends to zero
with fixed discretization parameters h. This property is illustrated in the commutative
diagram below.

Pa’h h—0 pe

leﬁo ls%O

h—0
PO,h — , po

AP schemes are extremely powerful tools as they allow the use of the same scheme
to discretize P¢ and P, with fixed discretization parameters. This not possible if the
AP property is not satisfied because, either the scheme develops an instability when
the microscopic scale is under-resolved (i.e. when ¢ is too small), or it is stable but
not consistent with the limit problem PY and therefore, provides a wrong solution. By
contrast, when the order of magnitude of ¢ changes dramatically, the AP scheme realizes
an automatic transition between P¢ and P°. There is no model change, no need to
define a coupling strategy, an interface location, or divising complicated adaptive meshing
strategies to follow the interface. Thanks to these properties, AP-schemes are extremely
efficient, producing computational saving of several orders of magnitude.

The literature about AP schemes is recent, yet increasingly abundant and applied to
various contexts (see e.g. [B, @, B, B, [0, BG, E2, E9, B0, 4, BY))-

In this document, we will illustrate a general methodology for devising AP schemes.
This methodology is divided into two main steps. The first step is a 'Reformulation’
step. Indeed, the passage P° — PY leads to a change in the type, nature or simply
expression of the equations which determine some of the unknowns. The reformulation



step consists in finding an equivalent form R° of problem P° such that R° explicitly
appears as a perturbation of P°. This concept may sound vague but we hope that the
various illustrations below will convince the reader of its relevance. To some extent, the
reformulation procedure consists in bringing the limit model P into the model P¢ by
brute force’.

Once the Reformulation step is passed, the Discretization step per se can start. The
most obvious idea, which is to discretize the reformulated model R® should actually be
discarded. The reason is that R® is usually quite complicated and it is not clear what
a 'good’ discretization of it is. Additionally, there are some structural properties which
should be preserved by the discretization. For systems of conservation laws for instance,
these properties could be a special conservative form or a special formula for the numerical
viscosities. It is not clear at all how to enforce these properties on a direct discretization
of Re.

So, the discretization step proceeds as follows: Discretize P (and not RF) into a
scheme P=" in such a way that the various manipulations which led to R° in the con-
tinuous case can be performed at the discrete level. Then, the reformulation procedure,
performed at the discrete level, permits the derivation of a reformulated scheme R*" which
is consistent with the reformulated continuous model R°. Then, the scheme R*" appears
as a perturbation of a scheme R%" which is consistent with the limit problem P°, in just
the same way as the reformulated model R® appears as a perturbation of P°. By this
procedure, in the case of conservation laws, additional properties such as conservativity,
or special choices of numerical viscosities can be imposed on P*" and can be carried over
to R®" by the discrete reformulation step. The discrete reformulation step also leads to
a form which is the most suited for numerical resolution.

In other words, it is preferable to 'reformulate the discretization’, rather than ’dis-
cretize the reformulation’. We will illustrate this motto on different examples throughout
this document.

We now make some comments. The reformulation procedure requires that the limit
problem P is well identified and well-posed. In the current state-of-the-art, there is no
possibility of deriving AP schemes for models P¢ whose limit P° is not well-identified and
well-posed.

The second remark is that, for the scheme P*" to be 'reformulable’ into R®" and
to have a limit R%" when ¢ — 0, some level of implicitness is required. The design of
an AP scheme is just about determining which terms have to be evaluated implicitly in
order to meet the requirements of the AP property. Sometimes, there is not a unique
way to perform this goal (we will see an example below). In all cases, this key point is
the most important and difficult part of the procedure. For this reason, in most of the
cases, constructing an AP scheme is above-all a question of time discretization. This is
why, in these notes, we will systematically devise the AP methodology first in the time
semi-discrete setting, before applying it to the fully-discrete case.

Then, the question is: why not choosing all terms fully implicit. Then, we are guar-
anteed to make an AP scheme. There are several issues. First, this is doing too much,
because requesting a scheme to be AP is not asking for inconditional stability, but only for



uniform stability with respect to a given parameter, which is weaker. The fully implicit
scheme must be inverted. This requires an iterative procedure (because the problem is
usually nonlinear) inside which a large linear system solver must be called. For systems
of conservation laws, the linear operator to invert is issued from a first order differen-
tial system. Therefore, it is generally not positive definite and its inversion can be quite
unstable.

By contrast, in designing AP schemes it is usually possible to reduce the inversion
of the implicit part to the inversion of an elliptic operator. This leads to a much more
stable numerical resolution. In the case of systems of conservation laws in which the limit
¢ — 0 corresponds to some characteristic speeds going to infinity, this amounts to solving
a wave equation (for the fields associated to these characteristic speeds) by a fully implicit
scheme. Therefore, the computation of the next time iterate involves the inversion of an
elliptic equation corresponding to the stationary wave equation.

When dealing with a fully implicit scheme, the iterative procedure needed to invert the
nonlinear system is usually a Newton method, which is based on a linearization procedure.
When the limit ¢ — 0 corresponds to the enforcement of some nonlinear constraints, the
linearization procedure may destroy the AP character of the scheme. This is the case for
instance in the low Mach-number limit which is characterized by the condition that the
gradient of the pressure should vanish. For real gases, the pressure is a nonlinear function
of the state variables. Linearizing this condition by the Newton method may lead to large
errors. Of course, if full convergence of the Newton iteration is reached, the scheme is
AP. But this is never the case. The stopping criteria consist in checking if the residual
of the iterations is below some threshold. But in the limit ¢ — 0, the conditionning of
the problem is very bad and checking on the residual does not guarantee a reasonable
convergence level for the solution. Then, the solution is not only bad, but also inconsistent
with the nonlinear constraint characterizing the limit regime, because of the linearization
in the Newton iterations.

We hope that this discussion has been convincing that fully implicit schemes are not
‘the’ ultimate method for perturbation problems. Of course, fully implicit scheme may
be valuable, but they have to be implemented with iterative methods which guarantee
the AP character of the scheme even if the iterations are stopped before convergence. In
our experience, going from an AP scheme to a fully implicit scheme only brings minor
improvements in general.

Plan of these notes

In these notes, we plan to develop the AP methodologies on two different classes of
asymptotic limits.

Part 1 will be devoted to the quasi-neutral limit in plasma fluid models. We will suc-
cessively consider the one-fluid isentropic Euler-Poisson model and the one-fluid isentropic
Euler-Maxwell models. The extension to two or more species, to full Euler models instead
of isentropic models, and finally, to other variants of the quasi-neutral limit such as the



case of the Euler-Poisson-Boltzmann model are briefly discussed at the end. The material
of these two sections has been (or will be) published in [[3, [4, BT, B2, BG, 64]. The appli-
cation of this strategy to kinetic models (Vlasov-Poisson equations) has been published
in [J], B3, B4]. The study of the transition from quasineutrality to non-quasineutrality in
plasmas has been investigated in [[3, [, B7, BY, B, as well as in [B7, E3, b4, B1]. The
quasi-neutral limit has been theoretically investigated in [[[1], B9, [, B9, £

Part 2 will be devoted to the drift-fluid limit in the Euler-Lorentz system, i.e. the
isentropic Euler system of gas dynamics equations subjected to a Lorentz force. The
scaling is such that the whole Lorentz force and the pressure force are large compared
to the inertial force. In this case, we will show that two AP strategies can be divised.
Both lead to the resolution of a strongly anisotropic diffusion operator corresponding to
diffusion along the magnetic field lines. The material of this section has been published in
R0 and is the subject of works in preparation [, [7]. Related material for more general
anisotropic diffusion equations or for the full Euler-Lorentz case is or will be available in
M3, [4, B, [§. The drift-fluid limit is the cornerstone of many physical models, see e.g.
B2, B3, BY, id]. We refer the reader to the monograph [d] for the physics of magnetic
plasma confinement. The mathematical investigation of this limit is to the best of our
knowledge, open.

In these notes, we focus on the concepts and ideas. We refer the reader to the bibliogra-
phy given above for applications to practical cases and performance tests. All performance
tests indicate that these schemes are more efficient than standard schemes by several or-
ders of magnitude (for instance, a factor 10? has been reached in the case of the drift-fluid
limit, see [R0]).



Part 1

Quasineutrality



1 The Euler-Poisson system

1.1 Setting of the problem

The One-Fluid Euler-Poisson (EP) model describes the plasma electrons through a system
of isothermal or isentropic gas dynamics equations subjected to an electrostatic force. The
electrostatic potential is related to the electron density through the Poisson equation. The
ions are supposed to form a neutralizing background, i.e. they are steady and with uniform
density. The EP model is written

om+V - (nu) =0,

m(Oy(nu) + V- (nu®u)) + Vp = enVo,

“Ap = Z(n; —n). (1.3)

€0
Here, n(z,t) > 0, u(z,t) € R? and ¢(z,t) € R stand for the electron density, electron
velocity and electric potential respectively, and depend on the space-variable z € R? and
on the time ¢ > 0. Strictly speaking, the ion density n;(z,t) itself satisfies a system
of Euler equations. However, in this section, we suppose it uniform and constant in
time for simplicity and ignore the question of the coupling of the electrons to the ions
(see section [f). The positive elementary charge is denoted by e and the electron mass,
by m. The electron pressure p is supposed to be a given function of the density (e.g.
p(n) = kgTn in the isothermal case, where T is the electron temperature and kg, the
Boltzmann constant, or p(n) = Cn?, where 7 > 1 and C' > 0 are given constants, in the
isentropic case). €y refers to the vacuum permittivity. The operators V, V- and A are
respectively the gradient, divergence and Laplace operators and u ® u denotes the tensor
product of the vector u with itself. Finally, d is the dimension (d = 1,2, or 3).
If the quasi-neutral assumption is made, the Poisson equation ([[.3) is replaced by the

constraint of zero local charge:

n=n;, (1.4)

In this context, the quasi-neutral Euler-Poisson model coincides with the incompressible
Euler (IE) model:

V.u=0, (1.5)
Ou~+ (u-V)u+ Vr =0,

together with ([.4), with the hydrostatic pressure 7 = —em™'¢. In deriving ([1{), we
have used that for u satisfying ([.L3), V(v ® u) = (u - V)u.

The passage from EP to IE can be understood by a suitable scaling of the model,
which highlights the role of the scaled Debye length:

A kpT\ ?
A= _D7 )\D = (60 b ) ) (17)

T e2n*

10



where xy is the typical size of the system under consideration. \p measures the spatial
scale associated with the electrostatic interaction between the particles. The dimensionless
parameter \ is usually small, which formalizes the fact that the electrostatic interaction
occurs at spatial scales which are much smaller than the usual scales of interest. However,
there are situations, for instance in boundary layers, or at the plasma-vacuum interface,
where the electrostatic interaction scale must be taken into account. This means that
the choice of the relevant macroscopic length zy may depend on the location inside the
system and that in general, the parameter A may vary by orders of magnitude from one
part of the domain to another one.

1.2 Scaling of the EP model and quasineutral limit

Let xg, to, uo, po, ¢o and ngy be space, time, velocity, pressure, potential and density scales.
Scaled position, time, velocity, pressure, potential and density are defined by z = z/z,
t = t/ty, 4 = u/ug, p(i) = p(n)/po, @ = —¢/do and 1 = n/ng. We choose xy to be
the typical size of the system (for instance an inter-electrode distance or the size of the
vacuum chamber). We also choose ng = n;. We define a temperature scale by the relation
po = nokTy and define the velocity scale as ug = (kgTym™')'/2. Finally, the potential
scale is set to ¢g = kpTp/e, the so-called thermal potential.

Inserting this scaling and omitting the bars gives rise to the EP model in scaled form:

Definition 1.1 The scaled Euler-Poisson (EP) model is:

o> + V- (n*ut) =0, (1.8)
Oy (n*u) + V- (Mt @ ut) + Vp(n') = n* Ve, .
~N2APr =1 —n (1.10)

where X is the scaled Debye length ([I.7).

Formally passing to the limit A\ — 0 in this system and supposing that n* — n°, v — u°,
¢ — ¢° as smoothly as needed, we are led to the Icompressible Euler (IE) model:

Definition 1.2 The scaled Incompressible Euler (IE) model is:

V-u’ =0, (1.11)
o’ + (u® - V)u = Ve, (1.12)
n’ = 1. (1.13)

Indeed, the first two equations are the scaled form of the Icompressible Euler (IE) model
where the potential ¢° is the negative hydrostatic pressure and acts as the Lagrange
multiplier of the incompressibility constraint ([.I1)). In order to resolve the constraint

11



and find an equation for ¢°, we take the divergence of ([.L1J) and insert the constraint

(L17). We find:
Ag? =V?: (v’ @ u). (1.14)

This equation is equivalent to ([I1]) provided that ([[.I1]) is satisfied initially. Therefore,
we state:

Definition 1.3 The Reformulated Incompressible Euler (RIE) model is:

n’ = 1. (1.15)
o’ + (u° - V)u = Ve, (1.16)
A¢® =V?: (v’ @u?). (1.17)

Proposition 1.4 The RIE model supplemented with eq. (I-11) at timet = 0 is equivalent
to the IE model.

The question arises if there exists a Reformulated Euler-Poisson model in the same
way as there exists a Reformulated Incompressible Fuler model. Using the mass and
momentum conservation equations, such a reformulation can be derived. Indeed, taking
the time derivative of ([[.§), the divergence of ([.J) and eliminating the second order time
derivative of n* by means of the Poisson equation ([[1(), we are led to the so-called
'Reformulated Poisson equation’

—V - [(n*+ X))V ] = =V*: (n*ut @ vt + p(nt)Id) (1.18)

We refer to the Reformulated Euler-Poisson (REP) model as the model consisting of the
mass and momentum conservation equations complemented with the reformulated Poisson
equation ([L.1§):

Definition 1.5 The Reformulated Euler-Poisson (REP) model is:

om* +V - (n*ut) =0, (1.19)
o (n M) + V- (Mt @ ut) + 0,p(n) = n*V, (1.20)
—V - [(n*+ N}V = =V?: (n*u* @ u + p(n*)1d) . (1.21)

A solution of the REP model is a solution of the original EP model if and only if the
initial data satisfy the Poisson equation in its original form ([[.1I0) together with its time
derivative. Indeed, ([[LI§) is a second order differential equation in time and requires
Cauchy data for ¢° and its time-derivative at ¢ = 0. The equivalence between the EP and

REP models is summarized in:

12



Proposition 1.6 The REP model is equivalent to the original EP model (L.8), (IL.9),
(T-1Q), provided that the Poisson equation in its original form ([[.1Q) and its time deriva-
tive are satisfied at initial time.

Note however that, at the discrete level, schemes based on the REP model may differ from
those based on the EP model. It clearly appears, that ([.21)) is a singular perturbation
of (.14) when A — 0 and consequently that the REP model formally tends to the RIE
model in this limit. Therefore, using the REP formulation appears as a good strategy
to devise schemes for the EP model which are consistent with the IE model in the limit
A — 0. In the next section, we propose a time semi-discrete scheme based on this strategy.

1.3 Time-semi-discretization and AP property

We denote by § the time step. For any function g(x,t), we denote by ¢"(x) an approx-
imation of g(z,t™) at time ™ = md. The classical time-semi-discretization is based on
the EP model. We propose a new time-semi-discretization based on the REP model.

In the classical method, the force term in the momentum equation is taken implicitly.
S. Fabre has shown that this implicitness is needed for the stability of the scheme
(an explicit treatment of the force term leads to an inconditionally unstable scheme).
Additionally, this implicitness still gives rise to an explicit resolution, since the mass
conservation can be used to update the density, then the Poisson equation is used to
update the potential, and finally the resulting potential is inserted in the momentum
equation to update the velocity. However, stability is subjected to a condition of the type
d = 0(\) and the method breaks down in the quasineutral limit A — 0.

Definition 1.7 The classical time-semi-discretization of the EP model is:
§HnAmH — pA ) 1 - (nM M) = 0, (1.22)
5—1(n)\,m+1u)\,m+1 o n)\,mu)\,m) + V- (n)\,mu)\,m ® u)\,m) + Vp(n)\,m) —
— n)\,erlv(b)\,TrH*l’ (123)
_)\QA(b)\,erl -1 n)\,m+1. (124)

This scheme cannot be AP. Indeed, the limit A — 0 with fixed § leads to

SOt — ™) 1 v (nPm %) = 0, (1.25)
§L(nOm 1y 0mHL 0 0my | {7 . (p0me0m @ q,0m) 7 (n0m) =
= Ot (1.26)
n®mt =1, (1.27)
which does not provide a valid recursion for computing the unknowns at time t"*! knowing
them at time t". Indeed, ([[.27), once inserted into ([.2]), provides a divergence constraint
on u®™, which is impossible to fulfill since u®™ is a datum from the previous time step.

A cure for this deficiency is to evaluate the mass flux implicitly. Simultaneously, we
can see that the density in the force term can be taken explicit. This leads to the following

13



Definition 1.8 The AP time Semi-Discretization of the EP model (or SD-EP scheme)
18!

5t — pAm) 4 - (A M) = (1.28)

5_1(n’\’m+1u)"m+1 — n/\’mu/\’m) +V- (n/\’mu)"m ® u/\’m) + Vp(n)"m) =
=MV (1.29)

—AZAPMTT = 1 — gt (1.30)

Using the discrete momentum eq. ([:229) and the Poisson eq. ([L30) respectively, n*m*!
uM™ T and nM™L can be eliminated from the mass equation ([22§). This leads to:

i v ((52n)\,m + )\Q)VQSA,m-H) —1— n)\,m + 5V . (nA,muA,m)
—0°V - (V . (n)"mu)"m ® u)"m) + Vp(n’\’m)) ) (1.31)

This elliptic equation for ¢»™*! is a discrete analog of the reformulated Poisson eq. ([[21)).
Indeed, using ([:2§) between times m — 1 and m and ([330), we can write it as

-V ((52nA,m + )\2)v¢>\,m+1) _ )\2(—2A¢)"m + A¢>\,mfl)
—0*V2 (M @ uM o+ p(nId) (1.32)

where the discretization of the second order time-derivative of A¢ appears. We summarize
this in the

Definition 1.9 The Reformulated time Semi-Discretization of the EP model (RSD-EP
scheme) is:

5_1(nA’m+1 — n)"m) + V- (n’\’mﬂu)"m“) =0, (1.33)
T (pATHLAIEL _ pAmAmy g (pAmg A g A g (phm =
=n*VeM L (1.34)
=V - (>0 + X) V™) = 1 — ™ 4 5V - (™)
—6°V - (V- (0N ud™ @ uM™) + Vp(n™™)) . (1.35)

Proposition 1.10 The RSD-EP scheme is equivalent to the SD-EP scheme.

Formally passing to the limit A — 0 with fixed ¢ in this scheme leads to the following
scheme:
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Proposition 1.11 We consider a sequence of solutions of the RSD-EP scheme whose
initial conditions are well-prepared, i.e. satisfy n™ —1=0(\?), V-(n*u*%) = O()\?).
Then, the formal A — 0 of this sequence of solutions satisfies the following scheme:

pOmHl — (1.36)
5 (WO — %) 4 V- (10 @ u0) = Vet (1.37)
CAGOTHL = 2 (0T @ 0, (1.38)

This scheme (the Reformulated Semi-discrete Incompressible FEuler scheme or RSD-IE
scheme) is consistent with the IE model.

Proof: Leting A — 0 in the RSD-EP scheme leads to:

S (nOm - p0m) L L (nOm Oty = (1.39)
5 (Ol OmAl i 0ma,0my 1w L (n0my 0™ @ %) + Vp(n®™) =
= n""VOm ! (1.40)
—6*V - (V) =1 = n%™ + 6V - (n®u™™)
—6*V - (V- (™™ @ u®™) 4+ Vp(n®™)) . (1.41)

Taking the combination § x ([.L39) — ¢ x V - ([L40) + (L.41]) leads to (.3@) for m > 0.
With the well-prepared initial condition assumption, we have n®™ = 1 for all m > 0
and consequently, using ([.39) again, to V - (n®™y0m+1) = ( for all m > 0. With the
well-prepared initial condition again, we deduce that V - (n®™u%™) = 0 for all m > 0.
Then, ([.41)) reduces to ([.38) for m > 0, while ([.40) reduces to ([.37) for m > 0. This

shows that the scheme is consistent with the RIE model. n

Remark 1.1 The well-prepared initial condition hypothesis on n* is satisfied as soon as

the first iterate m = 0 satisfies the Poisson eq. —N?A¢™° = 1 — n*0 which is a natural
condition for a solution of the Fuler-Poisson problem. If the well-prepared initial condition
hypothesis on u™° is not satisfied, the RSD-IE scheme is still satisfied but starting at iterate
m = 1. If none of the well-prepared initial condition hypotheses is satisfied, the RSD-IE
scheme is satisfied starting at iterate m = 2.

This proposition and the previous ones show that, in the A — 0 limit, the SD-EP scheme
is consistent with the Incompressible Euler model. Therefore, the SD-EP is AP, provided
that its stability condition is independent of A when A — 0 (Asymptotic Stability prop-
erty). This will be shown, at least in a linearized setting, by the stability analysis below.
We note that the computational cost of the AP-scheme is the same as for the classical
scheme, the Poisson equation being replaced by the elliptic equation ([.3T]), which has
roughly the same computational cost. This AP scheme has been proposed initially in [IJ]

and [[[4].
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1.4 Linearized stability analysis of the time-semi-discretization

The linearized EP model will be considered about the state defined by n* = 1, u* = 0,
¢ = 0 (which is obviously a stationary solution). We will also restrict ourselves to a
one-dimensional situation. Expanding n* = 1+ eit®, u* = e@* and ¢* = £¢*, with e < 1
being the intensity of the perturbation to the stationary state, and retaining only the
linear terms in e, we find the linearized EP model:

ot + 0,0t =0, (1.42)
O, + To,n™ = 9,97, (1.43)
202N = i, (1.44)

with 7= p'(1). Introducing n*, 4, #*, the partial Fourier transforms of #*, @*, ¢* with
respect to z, we are led to the system of ODE’s:

o 4 igu’ = 0, (1.45)

0 +iTEN = i€, (1.46)

—N\2E20M =, (1.47)

where ¢ is the Fourier dual variable to x. The general solution of this model takes the
form

ﬁA st ’flf\t

(m>_§ei i ) (1.48)
with

sy = +i(TE 4+ \72), (1.49)

and n}, u} are given functions of ¢, fixed by the initial conditions of the problem. In

particular, since s} are pure imaginary numbers, the L? norm of the solution is preserved

with time. When A\ — 0, then |s}| — oo, which means that the limit A — 0 is an
oscillatory limit. We will see that the AP-scheme averages out these fast oscillations.

The goal of this section is to analyze the linearized stability properties of both the
classical and SD-EP schemes. We want to show that the classical scheme requires a CFL
condition of the type § = O(A) while the stability condition for the SD-EP scheme is
independent of A when A\ — 0. This last property is known as ’Asymptotic-Stability’
and is a component of the Asymptotic-Preserving property (see introduction). Indeed,
the faculty of letting A — 0 in the scheme with fixed ¢ is possible only if the stability
condition of the scheme is independent of A\ in this limit. We will prove L2-stability
uniformly with respect to A for the linearized problem ([.43)-([.47).

In general, time-semi-discretizations of hyperbolic problems are inconditionally unsta-
ble. This is easily verified on the discretization ([45)-([40) if ¢ is set to 0. This is because
the skew adjoint operator d, has the same effect as a centered space-differencing. For fully
discrete schemes, stability is obtained at the price of decentering, i.e. adding numerical
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viscosity. To mimic the effect of this viscosity, in the present section, we will consider
the linearized Viscous Euler-Poisson (VEP) model, which consists of the linearized EP
model ([.42)-([[.44) with additional viscosity terms (in this section, we drop the tildes for
notational convenience):

om* + O,u — Bo*n* =0, (1.50)
ot + To, > — BO2u* = 0,07, (1.51)
N20Zo* = nt. (1.52)

where [ is a numerical viscosity coefficient. We keep in mind that, in the spatially
discretized case, [ proportional to the mesh size h:

f = ch, (1.53)

with the constant ¢ to be specified later on.
The classical and SD-EP time discretizations are given by

5—1(n)\,m+1 _ n)\,m) + aﬂﬁuk,m-i-a _ BagnA,m =0, (154)
571<u)\,m+1 o u)\,m) 4 Taxn)\,m o Bagu)\,m — 8£¢A,m+1’ (155)
)\28§¢)\,m+1 _ n)\,m—l—l’ (156)

with a = 0 for the classical scheme and a =1 for the SD-EP scheme. Passing to Fourier
space with ¢ being the dual variable to x, and eliminating ¢*™*+!, we find the following
recursion relations:

571<ﬁ)\,m+1 o ﬁ)\,m) + Zf?lA’era 4 652,&)\,1% — 0’ (157)
5—1(,a>\,m+1 . ﬂ)\,m) + iTg’fL)\’m + )\L%ﬁk,m-i-l + Bé&ﬂ)\,m _ 0’ (158)

The characteristic equations for thus recursion formula is:

2
¢ — 2 (1 — BE%6 — 25—A2) + (1 — BE*0)* + TE*S* = 0. (1.59)
for the classical scheme (a = 0) and
0%\ ac Lo 2512
(14 55)¢* = 2q ( 1 = A% — STE%? ) + (1 - Be%)* = 0. (1.60)

for the SD-EP scheme (a = 1), where ¢ is the characteristic root. Each of these quadratic
equations has two roots ¢} (¢) which provide the two independent solutions of the corre-
sponding recursion formulas. Their most general solution is of the form

() - Swor (§8). wen o



where n} (€) and u? (€) depend on the initial condition only. A necessary and sufficient

condition for L? stability is that |¢}(€)] < 1. However, requesting this condition for all
¢ € Ris too restrictive. To account for the effect of a spatial discretization in this analysis,
we must restrict the range of admissible Fourier wave-vectors £ to the interval [—7, 7).
Indeed, a space discretization of step h cannot represent wave-vectors of magnitude larger

than 7. This motivates the following definition of stability:
Definition 1.12 The scheme is stable if and only if

A6 <1, V€ such that |§|<%. (1.62)

Now, our goal is to find sufficient conditions on § such that either schemes are stable.
More precisely, In [2g], the following result is proven:

Proposition 1.13 We assume that the numerical viscosity B satisfies ([[.53).

(i) We assume that 0 satisfies the CFL condition § < Coh with Cy = 75%—. Then, there
exist two constants 0 < Cy < C| and a constant A\; > 0 (depending on ¢, T'), such that
the classical scheme is stable provided that 6 < Ci\ and unstable if 6 > C{\, for all A,
0< A<\

(ii) There exists a constant Cy > 0 (depending on ¢, and T but not on \), such that the
SD-EP scheme is stable for all A > 0 provided that 6 < Csh.

The first statement of this theorem says that, under the CFL condition for the hydro-
dynamic part of the system, a necessary and sufficient condition for the stability of
the classical scheme is that 6 < 0(A). This confirms that the classical scheme is not
Asymptotically-Stable and cannot be AP.

The second statement shows that the stability condition of the SD-EP scheme is
independent of A in the limit A — 0 (and actually, whatever value A has). Thus the
Asymptotic Stability property is fulfilled. The stability is not unconditional: a CFL
condition for the hydrodynamic part is still required. However, the goal of an AP scheme
is not to provide unconditional stability, but simply Asymptotic Stability with respect to
a given parameter. This more restricted stablity requirement allows us to select the terms
that need to be evaluated implicitly, and leads to schemes which are more easily resolved.

Adding more implicitness in the scheme does not necessarily improve the AP-ness
of the scheme, and sometimes a degradation is observed. Indeed, fully implicit schemes
require nonlinear solvers which furnish only an approximate solution of the scheme. They
may perform poorly in highly ill-conditionned situations; The stopping test in case of
iterative solvers may also be not as accurate as expected. The result is that the AP
property can actually be missed by fully implicit solvers. It can be retrieved at the price
of some specific AP pre-conditionning.

The linearized stability analysis does not provide a complete proof of the AP property.
For this purpose, energy estimates on the fully non-linear system should be proved. Some
partial answers can be found in [BG]. The stability analysis can also be developed about
a stationary state with non-zero velocity, with a similar conclusion. We refer the reader
to 2] for more detail.
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1.5 Full (space-time) discretization: enforcing the Gauss law
1.5.1 General framework and classical fully-discrete scheme

We now discuss some issues related to the spatial discretisation. For this purpose, we
restrict ourselves to a one-dimensional framework but all the considerations here extend
straightforwardly to any dimension. We introduce a spatial discretization with a uniform
mesh of step h and we denote by Cj, the cell [(k — 1/2)h, (k + 1/2)h] and x, = kh, with
k € 7Z. Like in usual first-order shock capturing schemes, the fluid unknowns n and u are
approximated by piecewise constant functions within the cell C; and represented by cell-
centered values n|}*, u|}* at time t"™ = md. The electric potential ¢ is also approximated
by cell-centered values ¢|}". The discretization of the hydrodynamic part is performed by
means of a first order shock capturing scheme. We denote by f,[}",, /o and fu[} 4 /o the
numerical fluxes for the mass and momentum conservation equations respectively, at time
t™ = md and at the cell interface xyy1/o. Similarly, E[],, /2 denotes the approximation of
the electric field ' = —0,¢ at xj41/ and ¢™.

The classical scheme is defined as follows:

Definition 1.14 The fully-discretized classical scheme for the Fuler-Poisson model is:

O (T =) + R (fal e — faliaye) =0, (1.63)
0 ((nu) [ = () [ + B (fuliay = fuliays) = —nlfHER, (1.64)
NhTH B, = Bl =1 —nli (1.65)
Bty = = @ls — e, Bt = (EIZTS/Q + B[ (1.66)

The numerical fluzes fn|2n+1/2 and fu|2n+1/2 are given by:

(T ) =34 Cod e ) Cont ot )+

m n|gb - n|ZL+1
s (g~ i, )} 05
where (", Jo U the viscosity matriz.

Here, we will not discuss the choice of the viscosity matrix (see [0, B3, B3] for a discussion
of this point). For instance, in the simple case of a Local Lax-Friedrichs (LLF) scheme
B3, B3] 4 /o corresponds to a local evaluation of the wave speeds (see e.g. [[4] for more
details).

We note that the electric field is implicit in the momentum conservation eq. As
shown by Fabre [B4], this is a necessary condition for conditional stability. In spite of
this implicitness, the scheme can be solved explicitly. The sequence of updates goes as
follows: first the mass conservation eq. ([.63) is used to compute n™*!. Then ([.63) and
(L:6Q9) are combined into the discrete Poisson equation

=Nl = 20 4 o) = 1 -l (1.68)
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the inversion of which allows us to compute ¢™*! (provided suitable boundary conditions
are specified. We will not discuss this point here). Finally, with the momentum balance
eq. (C64) we find the value of (nu)|{"*'. The stability condition for this scheme combines
a CFL condition for the hydrodynamic part and a condition of the type 6 < O(\) [B4].
Therefore, this scheme cannot be AP.

1.5.2 AP fully discrete scheme
The AP-scheme is defined as follows:

Definition 1.15 The Fully Discretized AP scheme for the Euler-Poisson model (FD-EP
scheme) is:

07l = nli) + DT (it — fali) = (1.69)
0 () [ = () ) + 2 (Fuliya o — fu|k—1/2) —n[f Bl (1.70)
NhH B e = B = 1=l (1.71)
Bl = —h7 @5 — el Bl = (E|fo/2 + B ). (1.72)

The momentum fluz fu|7",, 5 is given by (1.67) while the mass fluz is given by:

fn|k:11/2 fn|k+1/2 2<n‘k+1+n|k)E|kJ:—11/2 (fU‘k—f—?,/Q fU|k—1/2>' (1.73)

Compared to the classical scheme, the FD-EP scheme exhibits a modified mass flux ([73),
and uses an explicit evaluation of the density appearing in front of the electric field in the
momentum equation ([[.70). We now provide the rationale for the use of the mass flux
(73). In the following discussion, we will restrict ourselves to an LLF (or Rusanov) scalar
numerical viscosity for simplicity, but the discussion could be extended straightforwardly

to any kind of shock-capturing method. We leave the details to the reader. We show that

m+1

k12 in which

the flux ([T73) can be interpreted as some minor modification of a flux f,|
the central part is implicit:

F m 1 m m m m m
fn|k:11/2 = 2 [(”Ux) k 4 (”Ux)|k:11 + Hig1/2 (n|k - n|k+1)} . (1.74)

Indeed, starting from the definition ([[.74) and inserting ([.70) into ([.74), we can write:

P m m 5 m m m m m m m
fn‘k:ll/g = fn‘k+1/2 - Z [n|k+1 E‘k:é.l/Q + (n‘k—i—l + n‘k ) E‘k:llﬂ + n|k E‘kjllﬂ}
~Sh7! .
5 ullsp = Fulia) (175)

This flux involves an average of E™*! over three neighbouring mesh points. In order to

reduce the numerical diffusion, we replace ([.79) by ([.79). Therefore, (L.73) is, up to
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a lumping of the electric field average, what results from an implicit evaluation of the
central part of the mass flux. It is an order O(d) modification of the explicit flux, but
this simple modification is crucial in making the scheme AP. Formula ([.73) can be used
irrespective of the expression of the explicit fluxes f, )", /2 Julitha /9 and is therefore valid
whatever choice of numerical viscosity is made.

We now show that the FD-EP scheme can be reformulated in a consistent way to the
REP model.

1.5.3 Reformulation

Definition 1.16 The Reformulated Fully Discretized AP scheme for the Fuler-Poisson
model (RFD-EP scheme) is:

Unfp = nf) + R (Rl — Fulmh) = (1.76)

N[ = () ) + 7 (ful 2 — fU|k—1/2) —nl{ B, (1.77)
2

— 0 m m m m
—h 7 |+ Sl + ) @RS = o)

0
0
2

o
—(V+ Sl + ) (G = o)

=1-n["+ h*15(fn|2”+1/2 - fn|2n71/2)

h=25?
5 fulihap — fu|?+1/2 = Julklyje + fulilse).  (1.78)
E|ZL_:11/2 — _h*1<¢ Z:rll |m+1>7 E|m+1 (E|ZL_:11/2 + E‘km_Jrll/Q), (179)

with fn|;”:11/2 and fu|/,c’”“+1/2 given by ([.73) and by ([I.07) respectively.

Proposition 1.17 The FD-EP and RFD-EP schemes are equivalent.

Proof: We first insert ([L69) into ([.71) and get

B [ORB, = SFully) — OB, — o) = 1—nl. (180)

Using ([T73), we have:

2

)\2E|m+1 _5fn|m+1 ()\2 2

m m m+1
k+1/2 k+1/2 = - (i, + nlj ))E|k+1/2

oh~1
5 | fults = o bt~ fu|;"_1/2>]. (1.81)

Then, inserting ([[.81) and ([.72) into ([.80) leads to ([.79). "
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Eq. ([L79) is a discrete elliptic equation which allows to find ¢™! provided boundary
conditions (the same as for the Poisson equation) are specified. It clearly appears as a
consistent spatial discretization of ([[.31)). The time update for the AP-scheme follows a
different sequence from that of the classical scheme. We first solve for ¢™*! by inverting
the discrete elliptic equation ([L7§). Then, u™*! and n™*! can be explicitly computed by

successively using ([.77) and ([.70).

Although not explicitly solved, the Gauss equation is satisfied exactly. More precisely,
we have:

Proposition 1.18 The solution of the RFD-EP scheme satisfies the discrete Gauss eq.
) exactly.

Proof: It follows the steps of the proof of proposition [[.T7 backwards. Inserting the first

equation ([.79) into (.7§), and having ([[.73) in mind, we see that the latter is equivalent
to

o (B, = B = 1= nlp + 6, = Fulith). (182)

Inserting the discrete mass balance eq. ([[.70) into ([.83) leads to the discrete Gauss
equation ([L.71). ]

We now investigate the limit A — 0. We define:

1.5.4 )\ — 0 limit and AP property

Proposition 1.19 (i) We consider a sequence of solutions of the RED-EP scheme whose
initial conditions are well-prepared, i.e. satisfy n*°—1 = O(A2?). Then, the formal X\ — 0
of this sequence of solutions satisfies the following scheme:

n|ptt =1, (1.83)
Sl — ) 4B (Fulf e — Fulfage) = B, (184
hR (Ol = 260+ ) = = gy = Fulliags = ol Al )
S Rl — ). (185)
Bl = —h G — ol ™), B = S(BIpSh, + BTy, (1.86)
with

mi ) = G i, ) oo Cup e, )}
m == m m + m m , 1.87
( Julihas 2 UV G e Hit1/2 uly' — uliyy (1.87)

12 being the viscosity matriz.
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(i) We denote by:

( Dn|2n+1/2 ) _ lum ( 0 )
Du|?+1/2 hH1/2 ulit — U|ZL+1

Then (I:83) is equivalent to

—2

— m m m h m m m m
2 (ol =207 o) = (fU|k+3/2 — fuliirye = fuliloye + fulils)2)

2 (¢|k+1 — 20|} +¢|k—1) e (¢|k+2 29|y, +¢|k—2)
+h_15_1(Dn|;gn_:_11/2 - Dn|?_+11/2 - Dn|k+1/2 + DN|ZI——'—11/2)a (1-88)

for m > 1. If the additional "well-prepared’ initial condition hypothesis h™'(ul) ., —
ul? ) = O(A\?) is made, eq. ([[.8§) holds true for m = 0 without the last two terms.
Then, this scheme (the Reformulated Fully-Discrete Incompressible Euler scheme or RFD-
IE scheme) is consistent with the RIE model, as soon as there exist two constants Cy and
Cs such that and C1h < § < Cyh. If the viscosity matriz is such that Dn|2”+1/2 =0 for all
k, m, then the RFD-IE scheme is consistent wit the RIE model without any condition on
the time step.

Proof: (i) Taking the limit A — 0 in the RFD-EP scheme leads to:

07l = nli) + Nl — Jali) = (1.89)
0 () [ = () ) + 2 (Fulifya o — fU|k—1/2) —n[f Bl (1.90)
h=262

L [l l (I = 0 =l + ml (Gl — Bl =

=1-n|+ h_la(fn|?+1/2 - fn|?—1/2)
h=252

— 5 (fuliisye = fu\ka/Q — fulitrje + fulitspe). (1.91)
Elfihy = =N ol = ol ), BT = (EI’,?:f/2 + B[P, (1.92)

We now perform the same calculations as for the proof of proposition [.1§. Inserting
the first equation ([.92) into ([[.9])), and having ([.73) in mind, we see that the latter is

equivalent to
0= 1= nff" + b8 ful0, — Ful L), (1.93)

Inserting the discrete mass balance eq. ([.L89) into ([.93) leads to ([.83). With the well-
prepared initial condition assumption, we deduce that n|* = 1 for all m > 0. Inserting

this information into ([.90) and ([[.67) leads to ([.84)) and ([.87). For the momentum

flux, we have removed the constant p(1) because only differences of fluxes at successive
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mesh points are used and the constant p(1) is cancelled in this process. Then, for m > 1,
(L97) implies (L.85). This ends the proof of point (i).

(i) Taking half the difference of ([.84) for k£ + 1 and k — 1, we obtain:

0 ((nliiye = Falitiye) = (Faliinye = Faliay))

5_1 m m m m

5 [(Dalzth = Dalthe) = (Dulitye = Dalile)| +
h_l m m m m

T ((Fulitaye = Julita2) = (fulilae = fulits)e)) =

h_l m m m

= (s — 20 + 6ls) (1.94)
Multiplying this equation by A~ and subtracting ([.89) to it leads to
O T (Sl = Fali) = =h 72 (Bl = 2017 + ) +

-2

P (0l — 260+ ol

hilail m+1 m+1 m m+1

o [(Dalite = Dalith) = (Dulit e = Dalila)] + (195)
for all m > 0. Inserting ([.97) into ([.85) leads to ([.8) for m > 1. For m = 0, the well
prepared initial condition hypothesis on the velocity leads to the same eq. ([.8§) without
the last three terms. Now, the second and third terms of ([.8§) are O(h?) approximations
of O2¢(xy,t™). Therefore, their difference is O(h?).

We now turn to the last term at the right-hand side of ([L.8§). If the viscosity matrix is
such that D,[}" /2= 0 for all k£, m, then, this term is identically zero and what precedes
shows that ([L.8§) is a consistent approximation of ([L.17). If this is not the case, we must
estimate the last term at the right-hand side of ([[.8§). For this purpose, let us denote by
Dy (z,t) a function interpolating D,[}" Jo i time and space. Then, Taylor’s expansion

up to second order about (x,t™+/2) shows that

(Daliye = Dalis) = (Dalifaje = Dali)s) = O(h* +6%)[10° Dyl | =
= O(h(h* +6%)), (1.96)

because the numerical viscosity is O(h). Then, the third term at the right-hand side of
(T8]) is O(6 + h?6~1), which is O(h) if there exist two constants C and Cy such that and
Ci1h <60 < Cyh. Under this condition, ([[.89) is still a consistent approximation of ([[.I7).

That eqs. ([L.83), (L.84)) are consistent approximations of ([.13) and ([.I) respectively
is obvious. We conclude that the RFD-IE scheme is consistent with the IE model. This
ends the proof of the proposition. n

The previous proposition shows that the Fully-Discrete FD-EP scheme is AP. The as-
sumption that D, [}, /2= 0 for all k£, m, is satisfied if the viscosity matrix is a scalar, like
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in the Rusanov scheme, or more generally, if the artificial viscosity applying to the density
equation only involves the density. For instance, taking any arbitrary viscosity matrix,
and replacing the line corresponding to the density by only a diagonal term would also
satisfy this requirement. If this condition is not satisfied, then the AP property requires
some "inverse CFL condition” Ch < ¢ to hold.

1.6 Euler-Poisson problem: conclusion

In this section, we have provided an Asymptotic-Preserving (AP) scheme for the one-fluid
Euler-Poisson problem in the quasineutral limit, i.e. when the scaled Debye length tends
to zero. In this limit, the Euler-Poisson problem reduces to the Incompressible Euler
problem. To construct such a scheme, the basic idea is to derive a reformulation of the
Poisson equation which is not singular when A — 0. The AP scheme is therefore designed
to mimic this reformulated Poisson equation. This is done by conveniently choosing the
terms that must be evaluated implicitly. The AP scheme can be based on any classical
shock capturing scheme. It consists in perturbing the standard hydrodynamic fluxes by
corrective terms which are of the order of the time step or the mesh step, and which
therefore do not emperish the consistency of the scheme. But in the limit A\ — 0, they
do provide consistent approximations of the Incompressible Euler equations. A linearized
stability analysis has been reviewed. It confirms that the stability condition of the AP-
scheme is independent of A when A — 0. However, a nonlinear analysis of the stability of
the scheme is still lacking.

2 The Euler-Maxwell system

2.1 The Euler-Maxwell system and its quasi-neutral limit
2.1.1 The scaled Euler-Maxwell system

The one-fluid Euler-Maxwell (EM) system consists of the mass and momentum balance
equations for the electron fluid coupled to the Maxwell equations. For simplicity, we state
the problem in an already scaled form. Let n*(z,t) > 0 and u*(z,t) € R stand for the
electron density and electron velocity respectively, where A\ > 0 is the scaled Debye length
(T7). They depend on the space-variable € R? and on the time ¢ > 0. The electron
pressure p = p(n) is supposed to be a given function of n (isentropic assumption) for
simplicity. We assume that the dimension d = 3 for this presentation. The electric field
E*z,t) € R? and the magnetic field B*(z,t) € R? are the two components of the electro-
magnetic field. The electric sources are the electrical charge p*(z,t) € R and the electric
current j*(z,t) € R?. We assume a neutralizing background of immobile ions of constant
density equal to 1 in scaled units, and of average velocity 0. With these definitions, the
scaled Euler-Maxwell model is defined as follows:
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Definition 2.1 The scaled Euler-Mazwell (EM) model is:

om* + V- (n*ut) =0, (2.1)
o(nMu?) + V- (WMt @ ut) + Vp(n) = —n* (B + u* x BY), (2.2)
O,B*+V x E* =0, (2.3)
NO,EY —V x B = j* .= nMu?, (2.4)
V-B*=0, (2.5)
NV -EBY=p"=1-n", (2.6)

Egs (BJ]), (B3) are the mass and momentum balance equations for the electrons. The
right-hand side of (.J) is the Lorentz force, which depends on the electro-magnetic field
(E*, B*). The latter is a solution of the Maxwell equations (B-3)-(2:4). Classically, (B.3),
(B4) are respecctively the Faraday and Ampere equations, and provide the time evolution
of the electro-magnetic field. The Gauss and Ampere equations (P.6) and (R.4) respec-
tively involve the electric sources (p*, ;) which depend on the hydrodynamical quantities
n* and u*. A lot more physics could be considered. For instance, instead of an isen-
tropic gas equation-of-state, we could consider a full hydrodynamic model including an
evolution equation for the gas total energy. We have also neglected electron-ion collisions
which otherwise would introduce a friction term in (£.3). Interactions with a neutral gas
component could also be introduced. The present setting retains the features which will
be important for the forthcoming discussion, but the concepts can easily be extended to
more complex physics.

Egs. (23), (B.d) are constraints which are satisfied at all times provided they are
satisfied at initial time. When dealing with approximations of the Euler-Maxwell system,
we will have to check that the proposed schemes are actually consistent with discrete
versions of these constraints. So, from now on, we will separate these constraints from the
main system. That they are satisfied will be a property of the proposed approximations.

The scaling of this problem as well as the material contained in this section is developed
in detailed in [RT]. Here, we briefly summarize the scaling hypotheses. The scaling of the
hydrodynamic unknowns is the same as in the electrostatic case (see section [.2). In
addition, the charge and current density scales are fixed to py = eng and jo = enguy.
The electric field scale is fixed in a consistant way with the electrostatic case, namely
Ey = po/(exong). The magnetic field scale is fixed by By = Ey/ug. With this choice of
scales, two dimensionless parameters remain: the scaled Debye length A and the ratio of
the velocity scale to the speed of light:

7\ /2
a=2 N= <6°k3 ) . (2.7)
C

e*nor’

We link a and A in such a way that the resulting limit model keeps the largest number
of terms (the so-called least-degeneracy principle). This principle gives a« = A. This
collection of scaling hypotheses and principles gives rise to the scaled Euler-Maxwell
model as written above.
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2.1.2 The A — 0 limit and the Quasi-Neutral Euler-Maxwell system

We now investigate the formal limit A — 0 of the scaled EM system.

Proposition 2.2 The formal limit A\ — 0 of the scaled EM system is the Quasi-Neutral
Euler-Mazwell (QN-EM) system:

V-u' =0, (2.8)
o’ + V- (v’ @u’) = —(E° +u" x BY), (2.9)
0B+ V x E* =0, (2.10)
—V x B =", (2.11)
VB =0, (2.12)
n’ =1, (2.13)

Proof: The formal limit of the EM system is:

om°® +V - (n"u") =0, (2.14)
9,(n°u®) + V- (n®u’ @ u®) + Vp(n®) = —n°(E° +u° x BY), (2.15)
0B’ +V x E*=0, (2.16)
—V x BY = n%°. (2.17)

By assumption, the sequence of initial data satisfies the constraints (2.3), (B.6) and con-
sequently n° and BY satisfy (B-13), (B-I3) at time ¢ = 0. From the divergence of (BI7),
we deduce (2:3) and that 9;n° = 0. Therefore, (R-13J) is satisfied at all times. The other

equations (B.9), (B-I0), (B-I1) follow immediately. ]

In this model, the divergence free constraint on u° is a consequence of (B-I1]), while the

divergence free constraint on BY is a consequence of (R.10) (and of the divergence free
initial data). The time evolutions of u and B° are constrained by (BI1)). E° is the
Lagrange multiplier of this constraint. If we resolve this constraint, we find the following
model:

Definition 2.3 The reformulated QN-EM model (or RQN-EM model) is:

V-u' =0, (2.18)
o’ + V- (v’ @u’) = —(E° +u” x BY), (2.19)
0B’ +V x E' =0, (2.20)
Vx(VxE)+E"= -V - ®u)—u xB°, (2.21)
V-B’=0, (2.22)
n' =1, (2.23)

27



Proposition 2.4 The RQN-EM model is equivalent to the QN-EM model provided that
the Ampere eq. (P.11) is satisfied at time t = 0.

Proof: Let (n° u° E° BY) be a solution of the QN-EM model. Taking the curl of (R.10),
adding it to (2.9) and using (B.I1]) to cancel the time-derivatives leads to (£.2])). Con-
versely, if (n%, u°, EY, B%) is a solution of the RQN-EM model, by proceeding in the same
way backwards, we easily find that 9;(V x B° +u°) = 0. Therefore, (B-I1)) is satisfied for
all times as soon as it is satisfied initially. [

Eq. (BZ1) is a well-posed elliptic equation for E° (provided suitable boundary conditions
are given, such as perfectly conducting or absorbing boundary conditions). In the QN-
EM model, the hyperbolic character of the Maxwell equations is lost: E° adjusts to the
variations of B? instantaneously. If the initial conditions of the EM model do not satisfy
(B.17), an initial layer occurs, during which high frequency oscillations are produced. The
QN-EM model produces some kind of time averaging of these high frequency oscillations.

Remark 2.1 If we neglect the inertia of the electrons, which amounts to removing the
drift term in the momentum equation (2.9), the QN-EM model reduces to:

OB +V x EY =0,
u’ = -V x B°,
E°+ux B =0,
V-B"=0,

which is the so-called Electron-MagnetoHydrodynamics (EMH) system [f4]. Here, we do
not make any assumption about the electron time scales, which leads to a slightly more
complex dynamics.

In the limit A — 0, a change of type of the Maxwell models occurs: it shifts from
hyperbolic to elliptic. This is the signataure that the EM model is a singularly perturbed
problem in the limit A — 0. In the process of building an AP scheme, the first step
is to reformulate the EM model in such a way that this singular perturbation character
appears more explicitly. This leads us to introduce the following:

Definition 2.5 The Reformulated Euler-Mazwell (REM) model is:

om* + V- (n*ut) =0,

oh(n*ut) + V- (n*ur @ ut) + Vp(nt) = —n (B + u* x BY),

OB +V x E* =0,

NOPEY +V x (V x BN+ n*E* = =V - (n*u* @ ut) — Vp(n?) — n*u* x B,
V-B'=0,

NV -EY=ph i=1—n,
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Proposition 2.6 The REM model is equivalent to the EM model provided that the Am-
pere eq. (24) is satisfied at time t = 0. The formal limit A — 0 of the REM model is the
RON-EM model.

Proof: We proceed like for the proof of proposition P.4. We take the curl of (R.3), add it
to (B-3), and use (B-4) to eliminate the time derivatives of nu and B. This leads to (B.27).
Conversely, proceeding backwards leads to 9;,(A\20, E* — V x B — n*u?) = 0. Therefore,
(B-3) is satisfied for all times as soon as it is satisfied initially. The second sentence of the
proposition is obvious. "

Eq. (B:27) is a wave equation for E* with wave-speed A~!. The condition that (2:4) must
be satisfied initially provides the Cauchy datum on J;F requested by this time second
order problem. The use of the REM model preferably to the EM model, in conjuction
with an implicit time discretization of (B:27), is the key for the build-up of an AP scheme
for the EM model in the quasi-neutral limit A\ — 0, as we will see in the next sections.

2.2 Time Semi-Discretization, AP property and linearized sta-
bility
2.2.1 Time-Semi-discretization

The classical scheme for Euler-Maxwell equations uses a semi-implicit discretization of the
Maxwell equations otherwise the scheme for the Maxwell part is inconditionally unsta-
ble. The stability requirement of S. Fabre [B4] extended to the electromagnetic case also
requests the Lorentz force in the momentum equation to be implicit. As shown below,
this classical scheme requires a CFL condition of the type § < O(A). The AP scheme
will require two additional levels of implicitness: the first one is an implicit evaluation of
the mass flux, like in the electrostatic case (see section [3). The second one is a totally
implicit scheme for the Maxwell part. The classical and AP schemes can be put in a
unified framework in the definition below

Definition 2.7 Introducing the following discretizations:

R (R D I VAR e e 1 (2.30)
5_1(n)"””lu’\”’”1 — n)"mu)"m) + V- (n)"mu/\’m ® u)"m) + Vp(nA’m) =
_(n)\,erlfaE)\,erl + g B,\,m)7 (2.31)
51 (BN — BN 4V x BN =0, (2.32)
NG ENTH — BATY) — T % BV = phmtag e (2.33)

with a, b and c taking the values 0 or 1, we define:

(i) The classical time semi-discrete scheme: (a,b,c) = (0,1,0) or (0,0,1). We will
consider the case (a,b,c) = (0,0,1) (i.e. the implicitness is in the Ampere eq.) to
be specific.
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(11) The AP Semi-Discrete Euler-Mazwell scheme (SD-EM): (a,b,c) = (1,1,1).

For both schemes, the discrete Gauss equation and the divergence free constraint on B
are satisfied:

Proposition 2.8 For both the classical and SD-EM schemes, we have:

V- B =0, (2.34)
D VA e [ (2.35)

for all m € N, assuming that these equations are satisfied initially (i.e. assuming that the

initial data satisfy (2.34), ([2.33) with m =0).

Proof: Taking the curl of (£:33), we find that V - B = V. BM for all m. Eq.
(£.39) follows from the assumption on the initial condition. To prove (B.33), we take
the divergence of (2.39) and eliminate V - (n»™ ey ™) thanks to (B-30). We find that
NV - BAM 1 4 ph = N2V - B0 — 1 4 M0 Again, (B23F) follows from the assumption
on the initial condition. ]

We note that the mass flux in the mass conservation equation and the current in the
Ampere equation must have the same degree of implicitness in order to guarantee the
consistency with the Gauss equation. For the SD-EM scheme, it is convenient to use an
explicit evaluation of the density in the Lorentz force (B31]), because this reduces the
complexity of the inversion of the implicit scheme. This choice does not restrict the AP-
character of the scheme nor does it change its linearized stability properties. The classical
scheme cannot be AP because, when taking the limit A — 0, it does not provide a valid
recursion for the computation of the variables at time m + 1, knowing their values at time
m. By contrast, the SD-EM scheme does provide a valid recursion.

2.2.2 Reformulation and AP property

The SD-EM scheme can be reformulated into the following scheme:

Definition 2.9 The Reformulated Semi-Discrete Euler-Mazwell scheme (RSD-EM
scheme) is:

5_1(n)"m+1 — n)"m) +V- (n)"m“u)"m“) =0, (2.36)
5_1(n)"m+1u)"m+1 — n/\’mu)"m) + V- (n)"mu)"m ® u)"m) + Vp(nA’m) =

—(n’\”ﬂE’\””“Jrl + MM % B)"m), (2.37)
BN — BM™) 4V x EAMTL = 0, (2.38)

()\2 +52n)\,m)E1)\,m+1 + 52v % (v % EA,erl) _
_ )\QE)\,m + 5v % B)\,m + 5n)\,mu)\,m
—52(V X (nA,mu)\,m ® uA,m) + vp(n)\,m) + nA,muA,m % B)\’m), (239)
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Proposition 2.10 The SD-EM and RSD-EM schemes are equivalent.

Proof: From the SD-EM scheme (see definition P71, with (a,b,¢) = (1,1,1)), we insert

(£:33) and (£.37) into (R.33) and get (B.39). Proceeding backwards, we get the equivalence
of the two schemes. n

Now, we investigate the limit A — 0. We first state:

Proposition 2.11 The formal limit X\ — 0 of the RSD-EM scheme (with "well-prepared’
initial data satisfying the constraints (2.34), (2.33) at m = 0 for all X, and such that
their limits satisfy V x B%Y + u%% = 0) is the following Reformulated Semi-Discrete
Quasi-neutral Euler-Mazwell scheme (RSD-QN scheme):

V- (u®m) =0, (2.40)
571(u0,m+1 o uO,m) + v X (uo,m ® uO,m) _

—(E%™HL 4y 0m x B0 (2.41)
§H(BY™ - BOm) 4 v x BT =, (2.42)
EO" 4V x (V x E*) = —(V - (u®" @ u™™) +u®™ x B%™), (2.43)
V- B =, (2.44)
nom =1, (2.45)
Proof: The formal A — 0 of the RSD-EM scheme is:

§H(nOmAL _ p0my 4 7 (p0mLly 0mtly — (2.46)

5 1( Om+1, 0,m+1 _ O,muo,m) LV ( 0,m, 0m o uO,m) + Vp( o,m) _
—(pOm pOmEL 4 p0me,0me s gomy (2.47)
5 (B — BYM) 4V x B =0, (2.48)

5nO,mE0,m+1 + 5V % (v % EO,m—l—l) =V X BO,m + nO,m 0,m
—5(V ( 0,m 0m®u0m)+Vp( Om)+n0m 0,m BOm) (2.49)

Now, taking the divergence of (R.47) and substracting 6! times the divergence of (.49)
leads to V- (%" 1y%m 1) = (0 and to n®™*t! — %™ = 0. Using that the sequence
of initial data satisfies (B-35) for all \, we deduce that n®™ satisfies the initial condition
n®% =1 from which n®™ =1 for all m follows. Inserting this into (2:44) through (2-49)
leads to (R.40) , (R.41)), (R.49) and to:

5E07m+1 + 5v % (V % EO,m—I—l) =V X BO,m + uO,m
—0(V - (u”" @ u™) 4+ u®™ x BO™). (2.50)

But, adding (B41) to the curl of (2:49) and substracting ' times (2:5() leads to V x

BO™ 4 %™ = ( for all m € N*. By assumption, the initial condition also satisfies this
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condition, with m = 0. Inserting it into (R.50) leads to (R.43)). The divergence free
constraint on B®™*! follows from taking the divergence of (B49) and the divergence free
assumption on the initial data. [

Proposition 2.12 The RSD-QN scheme is consistent with the RQN-EM model.
Proof: Obvious by comparing the RSD-QN scheme and the RQN-EM model. [

Propositions and show that, in the limit A — 0, the SD-EM scheme is consistent
with the Quasi-Neutral Euler-Maxwell model. In other words, the SD-EM scheme is AP,
provided that it is Asmptotically stable. In the section below, we show that it is so, at
least in the linearized setting.

2.2.3 Stability analysis

We will not provide the details of the stability analysis, because it follows the same
principles as exposed in section [[.4. The details can be found in [BT]. Again, to mimic
the effect of a space decentering in the hydrodynamic part of the model, we consider
a viscous Euler-Maxwell model, with viscosity  satisfying ([-53). We also consider a
linearized model about the state n* = 1, v* = 0, E* = 0, B* = 0 and proceed to an L?
stability analysis in Fourier space. Again, to mimic the effect of the space discretization,
we restrict ourselves to Fourier modes satisfying || < m/h, where h is underlying spatial
discretization. Again, the Fourier transform of the solution to the linearized viscous EM
system can be written in the form ([.61]). We use definition [.T] for stability and we say
that the scheme is Asymptotically Stable if it is stable under a condition on the time-step
d independent of A when A\ — 0. In [PT]], we prove:

Proposition 2.13 (i) The Classical Schemes is not Asymptotically Stable.
(i) The SD-EM scheme is Asymptotically Stable, i.e. it is stable under the CFL condition
0 < Th where I' is a constant independent when X for A — 0.

2.3 Spatial discretization: enforcing the Gauss law
2.3.1 Classical fully-discrete scheme

We present the spatial discretization in the one-dimensional framework. In this frame-
work, we keep the x and y components of the velocity and of the electric field, and the z
component of the magnetic field.

The discretization follows the same general principles as for the Euler-Poisson case
(see section [L.F). The discrete unknowns are nl}", us |, uyli', Euliy n0 Belil 0 Eyli
We denote by f,[7" /o> Jua i /o> fuylTa /o the explicit hydrodynamic fluxes for the mass
and x and y-components of the momentum conservation equations respectively, while the

implicit mass flux of the AP scheme will be denoted by fnmﬂlﬂ
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Definition 2.14 The classical fully discrete scheme is:

0Nl =l + AT (fal a2 — Falitaje) =0, (2.51)
0~ ((nauy ) [ = (nua)[§7) + hil(fuz|2n+1/2 — fualir2) =
—nli B[ — ([ B (2.52)

0~ ((nay ) = () [}7) + h_l(fw,|k+1/2 = Juylita2) =

= —nli BT + (nug) [ B (2.53)
0B = Beliliaye) + BB — By 1) =0, (2.54)
N6 (E |ZI:11/2 - E:v‘;cnﬂ/z) = fn|2n+1/27 (2-55)
N5 — Byl + W (B, — BulP,) = (muy) [ (2.56)
where
Bl = S(Bilfys + Bue) Balpt = S(B, + BT, (267

The numerical fluzes fn|?+1/2, fo|ZL+1/2 and fuy|2n+1/2 are given by:

fn‘;gn+1/2 1 Q(me)IZL 2(nuw)|2n+1
Juelibrpe | =3 (nugz +p()) ;" | + | (nug +p(n) % | +
fuy|ZL+1/2 (numuy) ‘;cn (nul“uy> ‘;cn—f—l
nli —nliy
+M?+1/2 (nug) it — (nug ) [} , (2.58)

(nuy )7 — (nuy) [y
where (" P the viscosity matrix.

Again, we do not make any specific choice of a viscosity matrix and refer to the cited
literature for typical expressions of the viscosity matrix. Like in the semi-discrete scheme,
the classical scheme cannot be AP, because, in the limit A — 0, it does not provide a
valid recursion to compute the unknowns at the time-step m + 1. We now describe the
AP fully discrete scheme.
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2.3.2 AP fully-discrete scheme
Definition 2.15 The AP Fully-Discrete Euler-Mazwell scheme (FD-EM scheme) is:

5Ll — ) + BNl — Fal,) =0, (2.59)
5 () = (i) )+ e = Fuclf072) =
=l BfPT — ([P BLY. (2:60)

07 () [ = (nawy)[) + h’l(fuy|k+1/2 = Juyli1y2) =

SRR E )l Blr, (260)
B, = BofTya) + A (B — By+) = 0. (2.62)
N6 E, ‘km:ll/z - Em|2n+1/2) = fn‘kmil/ga (2.63)
N2 E, 1 = B ) + W (B, — B = ([, (2.64)
where
Bl = S (Bl + Bolian) BalpY = S(B L+ B (269)

The numerical fluves fu |}, 5 and fu,|}, 5 are given by (B58), while the implicit fluz

Fulittiya s given by:

fn|214j_11/2 fn|k+1/2 2(”|?+1+”|?)Em|;nﬁl/2

B (fuac|k;+3/2 fuac|k:—1/2) - 5((”“y)|k + (nuy)|k+1)BZ|k+1/2' (2.66)

Like in the Euler-Poisson case, (R.64) is obtained from impliciting the central discretization
part of the classical flux (R.5§), while keeping the numerical viscosity term explicit. Then,
using the momentum balance equation (B.60) and the same kind of lumping of the electric
field average as for ([L.73), it is easy to derive (B.6d). The details are left to the reader.
The current (nu), in the x-component of the Ampere equation (B.63) is evaluated by
using the mass flux fnmﬁlﬂ At the level of the continuous problem, these two quantities
are identical. Therefore, this approximation is consistent. However, using the mass flux
rather than the current allows us to guarantee a perfect consistency with the Gauss

equation, as shown below:
Proposition 2.16 The Gauss equation

Ah (E |k+1/2 E:v‘km—uz) =1-nl[y, (2.67)

is satisfied for all m € N* provided that it is satisfied by the initial condition (i.e. with

m=0).
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Proof: Taking the difference of (R.63) evaluated at zj.1/2 and z;_1/2 and using (R.59),
we easily check that:

N R Bl e — Balithe) +nli = NhTH Bl e — Ealityye) + 0l (2.68)

Then, proposition B.1q follows. n

We note that this proof would apply to the classical scheme as well. In the y-component
of the Ampere equation (B.63), the current is evaluated using the usual approximation
(nu,)[}*** because, in a one-dimensional problem, the y-component of the mass flux is
independent of x and does not enter the mass balance. In a 2 or 3-dimensional problem,
one should evaluate all components of the current using the corresponding components of
the mass flux, to ensure consistency with the Gauss equation.

We now reformulate the FD-EM scheme in order to study the limit A — 0.

2.3.3 Reformulation and AP property

Definition 2.17 The Reformulated Fully-Discrete Fuler-Mazwell scheme (RFD-EM
scheme) is

5l = ) Bl — i) = 0, (2.69)
5 (nug) [+ — ()7 + h*l(fuxmﬂ/z — Fuli) =

P BT~ (nuy) 7 BT (2.70)
5 (nuy )7 — () [7) + 1 <fuy|k+1/2 — Fu i) =

—nlP B+ (nu) [ B (2.71)
B, — Blfhas) + H B B ) =0 (2.72)

52 m m m m m
()\2 + §(n|k+1 +nl;")) Em‘k—:rll/Z = )‘2Eff|k+1/2 + 5f"‘k+1/2

62h1 62
—T(fuz\ﬁm = fulite) = 5 () [§ + () [i21) Belin o, (2.73)
(N 0% n[) By [ = R (B [ — 2B, [0 + By = N By + 0(ny ) [}

—0h~ (BZ|k+1/2 - BZ|k—1/2) — &~ (fuy|k;+1/2 - fuy|k‘—1/2) + 52(”“90)“9” BzI?, (2.74)
with E,|7* and B[ given by (2-63).
Proposition 2.18 The FD-EM and RFD-EM schemes are equivalent.

Proof: We first consider EJ"*': inserting (R.62) and (R.61) into (R.64) to eliminate
B[y g, and () [ respectively, we find that (E6) is equivalent to (274).

We now examine E™. To get (R.73), we simply insert the expression (R.64) of the
mass flux into (B.63). ]
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Eq. (R.74) is a well-posed discrete elliptic equation provided that suitable boundary
conditions are defined. It allows to compute E,["*! from known values. Eq. (273)
provides a direct explicit evaluation of F, \kmjll/z

We now investigate the A — 0 limit. We have:

Proposition 2.19 (i) The formal X\ — 0 limit of the RFD-EM scheme (with ‘well-

prepared’ initial data satisfying the discrete Gauss eq. (B.67) at m = 0 for all X\ and
such that their limits satisfy wy|y — W™ (B.[} ;s — Bal}_y ) = 0) is

nlitt =1, (2.75)

0 (a7 = ) + B (fua a2 = Fuline) = —EBuli™ —w [ Bafi?, (2.76)

5 (uy ZLH — uylp') + hil(f”y‘?%»l/? — fu, li- 1/2) —E |m+1 +ugly By, (2.77)

(2.78)

(Bzm-;l/z - B, |ZI+1/2) + h_l(Eymﬁl E |m+1) 0, 2.78
E:v‘k:f/z = (fuz‘k+3/2 fuolita2) — §<“y|k + uylihr) Belihaye +

0 it e (2.79)
E |m+1 72<Ey|2n:11 28 ‘erl —I—E ‘erl)

= 0 (fu lRerje = Fuy i1 j2) + ol Bafi (2.80)

with E,|7* and B.|* given by (B-63) and with the numerical fluzes:

f"‘;cn—Fl/Z Ug |3 +Ux|?+1 m 0

Hit1/2
fultap | =5 e+l =P |l | (281)
fuy|ZL+1/2 (umuy) ‘;ﬂn + (ull?uy> |?+1 uy‘;cn - “y|?+1

(ii) We denote by:

Dn|2n+1/2 0
Duzmﬂ/z = [eh1)2 Ul — Ualis |- (2.82)
Duy|?+1/2 Uy |1 — uylih

Then, for m > 1, (2.79) is equivalent to:
m+1 h ' m 1 m m m
E;p‘k+1/2 = (fuz‘k+3/2 fuz|k71/2) - §<“y|k + uy i) Bz|k+1/2

1 m m m
Z(Ex|k+3/2 - 2Ea:|k+1/2 + Ear|k—1/2)

1
4(uy|k+1 (B: |k+3/2 B. |k+1/2) uy |y (B: |k+1/2 B[}~ 1/2))

ot "
+7(Dn|k+1/2 D, |k+1/2) (2.83)

for all m > 1. Then, this scheme (the Reformulated Fully-Discrete Quasi-Neutral Fuler-
Mazwell (RFD-QN) scheme) is consistent with the RQN-EM model.
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Proof: (i) Taking the limit A — 0 in the RFD-EM scheme only modifies (2.79), (R.74)

into

5l +nli) Ex|2n:11/2 = Jfalith1/2

2

_T(fux|k+3/2 - fux|k71/2) - 5((”“y)|k + (nuy) (1) BZ|k+1/2> (2.84)
5n\k W = 0nTA(E, fo = 2B,[" + B [") = (nuy)[i

(BZ|k+1/2 - Bz|?—1/2) - (fuy|k;+1/2 - fuy|?—1/2) + 0(nug)[y* Boly'. (2.85)

Comparing (R.84) and (R.60) shows that fnmﬁlﬂ = 0, and, inserting it into (R.69), that
(B73) is satisfied for all m > 1. With the assumption that the initial condition satisfies
(B:67) for all A\, we deduce that n|f* = 1 for all integer m > 0. Inserting this into (R.70),

E7T), 7). (B39) and (£.59), we are led to (£.70), (2.71), E79), E79) and (E31).
Concerning (R.87), at this point, we get:

E |m+1 —Q(Ey|;€n:-11 2E |m+1 +E |m+1)

=—h" <ny|k+1/2 = Ju li=1j2) + sl B.[y
+5—1(uy|2n - hil(Bzmﬂ/z - Bz|ZL71/2))- (2.86)

However, taking the differences of (R.7§) for k£ + 1/2 and k — 1/2, multiplying the result
by h~! and subtracting the result to (2-77) leads to

wy |t = (B = Beli) =0, (2.87)
for all m > 0. But with the well-prepared initial data assumption, (B.87) is valid with
m+ 1 repaced by m, for all m > 0. Inserting this identity into (2.86) leads to (R.80]). This
concludes point (i) of the proposition.

(ii) All equations in the resulting scheme are consistent with the RQN-EM model,
except (B-79), where an O(6~') terms appear: 5*1fn|2”+1/2. In this part of the proof, we
show that 6~ f, |7 /o can be substituted with the last three lines of (2.83). Indeed, taking
half the sum of (R.70) for k and k + 1, we can write:

- m ]' m m 1 m
1<<fn|k:11/2 - _Dn‘k-:rll/Z) - (fn‘k+1/2 o §Dn‘k+1/2>> =

h 1

1 m—+1 m+1 m+1
_Z(Ex|k4:5/2 + 2Ex|k++1/2 + E$|kj—1/2)

1 m m m m m m
_Z(uy|k+1(BZ|k+3/2 + B:lit1y2) + uyli (B:liy1 e + Belity2))- (2.88)
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The, subtracting (B.79) to (R.8§) leads to
1

571fn‘km4:r11/2 - _Z(Erm::%lp o 2Em‘km:11/2 + Ew‘km—il/ﬁ
1 m m m m m m
_Z(uy|k+1(BZ|k+3/2 - BZ|k+1/2) — uylj (BZ|k+1/2 - BZ|k—1/2))
5_1 m m
+7(Dn|k:11/2 - Dn|k+1/2)- (2-89)

Substituting 0" f, [} /o in (R.79) by its expression deduced from (R.89) (with m replaced
by m — 1) leads to (B.83) for all m > 1.

Now, we see that the second and third lines of (R.83) are at leading order, equal to
—(h?/4) ((8§Em)|?+1/2 + (8m(uyamBz))|2”J:11/2) and tend to zero with h.

Then, the fourth line can be expanded using Taylor’s expansion and is of the order of
(0:Dy) (k41 2, tm=1/2) (supposing that the artificial viscosity term can be interpolated by
a smooth function D,,(z,t)). But the artificial viscosity is O(h) (see (.89)). Therefore,
this term is O(h) and tends to zero with h as well.

Therefore, (R.83) is consistent with (.21)) (having in mind that, in this 1-D geometry,
the x component of V x (V x E) is identically zero. Then, the RFD-QN scheme is clearly
consistent with the RQN-EM model. This concludes the second point of the proposition.

]

This proposition shows that the REFD-EM scheme is AP. The assumption of well-prepared
initial conditions can be removed. In this case, the scheme takes its form as stated in
the proposition for m > 1. We note that, in the Euler-Maxwell case, there is no need for
an inverse CFL condition when the viscosity terms D, |}", /o are not identically zero (see
discussion at the end of section [.5.4] for comparison with the Euler-Poisson case).

2.4 Euler-Maxwell problem: conclusion

In this section, following the same strategy as for the Euler-Poisson problem, we have
provided an Asymptotic-Preserving (AP) scheme for the one-fluid Euler-Maxwell problem
in the quasineutral limit. However, the quasi-neutral limit of the Euler-Maxwell model
is more complicated than that of the Euler-Poisson problem and gives rise to infinite
propagation speed of electromagnetic waves. Again, following the previous strategy, we
provide a reformulation of the Euler-Maxwell model which is not singular when A — 0.
The AP scheme is therefore designed to mimic this reformulated Euler-Maxwell system.
Again, it can be based on any classical shock capturing scheme and consists in perturbing
the standard hydrodynamic fluxes by corrective terms which are of the order of the time
step or the mesh step. However, additionally, a fully implicit treatment of the Maxwell
equations must also be implemented. A linearized stability analysis has been reviewed. It
confirms that the stability condition of the AP-scheme is independent of A when A\ — 0.
Again, non-linear stability results are still open.
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3 Extensions

Full Euler, Navier-Stokes, etc. The AP-methodology extends straightforwardly when
the isothermal or isentropic gas dynamics model is replaced by a full Euler system includ-
ing an energy equation. This extension is straightforward in both the Euler-Poisson and
Euler-Maxwell cases. Similarly, viscosity or heat conductivity terms can be considered
without altering the principles of the method.

Two fluids or more. The case of two-fluid models, where each of the ion and electron
species is modeled by its own Euler system of equations, and are coupled to the electric
potential or electro-magnetic field by the electrical sources (charges and currents), has
been considered. References and [[4] for the Euler-Poisson case, and [R1] for the
Euler-Maxwell case show that the approach extends easily to this case (and would also
apply to the multiple ion species case as well). The numerical results have been obtained
in this case, with the physical electron to ion mass ratio. We refer to the refereces for
more details.

Euler-Poisson-Boltzmann. A commonly used approximation in plasma physics is to
suppose that the electrons follow a Boltzmann law. The Boltzmann law provides a linear
relationship between the electric potential and the logarithm of the electron density (or
chemical potential). It is obtained from the electron momentum conservation equation in
the limit of vanishing inertia. Then, the Euler-Poisson-Boltzmann (EPB) system consists
of a pressureless gas dynamics model for the ions with an electrical forcing. The electric
potential is obtained by solving the Poisson equation where the electric charge takes
into account the ion and electron densities, the latter through the Boltzmann law. The
resulting Poisson equation is nonlinear. In the quasineutral limit, the EPB model reduces
to the compressible gas dynamics equations, the electrical force acting as a pressure term
for the ions. The AP methodology has been applied to the EPB model in [PJ].
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Part 2

Large magnetic fields
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4 The isentropic Euler-Lorentz model

4.1 Introduction

This section and the following ones are concerned with the numerical approximation
of the Fuler equations for charged particles subject to the Lorentz force (the 'Euler-
Lorentz’ system), when the magnetic field is large, or equivalently, when the parameter
7 representing the reciprocal of the non-dimensional cyclotron frequency tends to zero.
In this regime, the so-called drift-fluid (or gyro-fluid) approximation is obtained. In
this limit, the parallel motion relative to the magnetic field direction splits from the
perpendicular motion. The latter is given by an algebraic relation which describes the
various drifts of the fluid across the magnetic field lines. The parallel motion is given
implicitly by the constraint of zero total force along the magnetic field lines. In these
sections, we construct Asymptotic-Preserving (AP) schemes which give rise to both a
consistent approximation of the Euler-Lorentz model when 7 is finite and a consistent
approximation of the drift limit when 7 — 0. Above all, they do not require any constraint
on the space and time steps related to the small value of 7.

4.2 Setting of the problem

The Isentropic Euler-Lorentz (IEL) model consists of the system of isentropic Euler equa-
tions subject to the Lorentz force. In this study, the electro-magnetic field is supposed
given with an arbitrary spatio-temporal dependence. Of course, we have in mind that
it satisfies the Maxwell system or any system derived from it, but the only information
that we shall use from it is that the magnetic field is divergence-free. For the same rea-
son, a single plasma species is considered (the ions) but again, all considerations below
would extend to the electron species and any kind of coupling between these two species
(either through Poisson’s equations or through Maxwell’s equations, or again, through
quasi-neutrality).
In this framework, the IEL model is written:

on+ V- (nu) =0, (4.1)
m(O(nu) + V- (nu ®@u)) + Vp(n) = en(E 4+ u x B), (4.2)

where, n(z,t) > 0 and u(z,t) € R? stand for the ion density and ion velocity and de-
pend on the space-variable z € R® and on the time ¢ > 0. The electro-magnetic field
(E(z,t), B(x,t)) € R® x R3 is supposed given and satisfies V - B = 0. The positive ele-
mentary charge is denoted by e and the ion mass, by m. The ion pressure p is supposed
to be a given function of the density (e.g. p(n) = kgTn in the isothermal case, where T'
is the ion temperature and kg, the Boltzmann constant, or p(n) = Cn”, where v > 1 and
C' > 0 are given constants, in the isentropic case).

The following scaling allows us to highlight the large magnetic field regime. We denote
the scaling units for length, time, velocity, density, pressure, electric field and magnetic
field by xg, to, ug, no, po, Fo, Bo. As usual, we relate the velocity scale to the time
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and space scales by xo = ugtg. We also relate the electric and magnetic field scales by
Ey = ugBy. This relation indicates that the typical electric field in the plasma is of the
same order as the electric field induced by the motion of the plasma accross the magnetic
field lines. We introduce the ion sound speed ¢, = (po/(mng))'/2. The ion gyro-frequency,
i.e. the angular velocity of the gyration motion about the magnetic field lines is given by
wo = eBy/m = eEy/(mug). Two dimensionless parameters appear: the Mach number M

and the scaled gyro-period 7 given by
1
M = @’ T = — — m s
Cs woty  eBolo

This leads to the following scaled TEL model:

(4.3)

omn+V - (nu) =0,
1 1
O(nu) + V- (nu®u) + —=Vpn) =—n(E+u x B).
M? T
Now, there are two interesting scales:

1. Case: M? = 7 < 1. In this case, the pressure force is of the same order of magnitude
as the Lorentz force, but much larger than the inertia terms. Without the Lorentz
force, this scaling corresponds to the low Mach-number regime. In the presence of
a Lorentz force, the low Mach-number regime still applies to the parallel motion, in
a modified form, as we will see below.

2. Case: M? = O(1), 7 < 1. In this case, the Lorentz force is smaller than the Lorentz
force. This scaling requires that E = 0(7)E, and the parallel dynamics remains
that of a compressible fluid.

From the viewpoint of AP schemes, the second case is simpler to treat than the first one
and, for this reason, we will focus on the first case. The developed schemes will obviously
be suitable for the second case as well. Therefore, from now on, we assume:

M? =7, (4.4)
which leads to the final scaled form of the IEL model:
Definition 4.1 The scaled Incompressible Euler-Lorentz model (IEL) is:

on” +V-(n"u") =0, (4.5)
T{h(n"u")+V-(n"u"@u")}+Vpn") =n"(E+u" x B). (4.6)

The following notations will be useful: the direction of the magnetic field is denoted by
b = B/|B| wherever B # 0. Any vector quantity v can be split into its parallel and
perpendicular parts as follows:

v=vb+v, vyy=v-b, vy=bx(vxb)=(Id-b®0b)v, (4.7)

42



where the matrix (Id —b®b) is nothing but the projection matrix onto the perpendicular
plane to b. Next, we introduce the parallel and perpendicular gradients of a scalar function

¢ by
Vig=(Ve)=b-Vo,  Vio= (Vo)L =bx(Voxb)=(Id-bxb)¢. (4.8)
Similarly, the parallel and perpendicular divergence of a vector field v are defined by:
Vi-v=V-(yb), Vi-v=V-v,, Vo=V -v+V,- v (4.9)
We also note that, since |b| = 1, any derivative of b is orthogonal to b, i.e.

b-0b=0, b-0,b=0, Vke{1,2,3}. (4.10)

5 The Drift-fluid Limit 7 — 0

In this section, we investigate various formulations of the model obtained by letting 7 — 0

in the IEL model (£.3), (£.0).

5.1 The Isentropic Drift-Fluid (IDF) model; a first reformula-
tion

The formal limit 7 — 0 in the IEL model (f.3), ([.6) leads to the so-called Isentropic
Drift-Fluid (IDF) model:

Definition 5.1 The Isentropic Drift-Fluid model (IDF) is:

om® + V- (n"u®) =0, (5.1)
Vp(n®) = n°(E +u° x B).

We obviously have:
Proposition 5.2 The formal limit of the IEL model is the IDF model.
We now propose a first reformulation of the IDF model:

Proposition 5.3 A solution of the IDF model is a solution to the following reformulation
(first Refomulated IDF model or (RIDF-1) model):

om® +V - (n"u") =0, (5.3)
nuf = %b x (Vp(n®) —n'E), (5.4)
=V (@' (°)V) - (n°u))) = 0(n"E)) — 0b - Vp(n®) + V) (p'(n°) V1 - (n°u])) . (5.5)

The converse is true provided that the initial data satisfy the constraint (V”p(no)
n EH)|t,0 =0.

43



Proof: We split (b.2) into its parallel and transverse components with respect to the
magnetic field direction b. First, concerning the transverse component, we take the vector
product of (F.2) with b. The resulting equation can easily be resolved for «9 in the form

B3

Taking now the scalar product of (£.3) with b, we find:
Vip(n") = n"Ey=0. (5.6)

This equation does not explicitly contain uﬂ but defines a constraint which indirectly
determines it. The resolution of this constraint leads to the elliptic equation (p.§). To
show it, we first, multiply (B1]) by p/(n°) and we get:

Ap(n) +p'(n) (Vo - (nu) + V- (nuf)) = 0. (5.7)

Applying V| to (B.7), noting that [V, 9] = —0;b-V (where [-, -] denotes the commutator)
and inserting (p-0)) leads to (B5-H). Reciprocally, it is straightforward to see that system

(B3), B4), (b.3), implies system (B.1), (b.9) provided that eq. (b.4) is satisfied at time

t = 0. This ends the proof of proposition p.3. ]

After dividing by n°, we find that the first term at the right-hand side of (F4) is the
diamagnetic drift velocity while the second one is the E x B drift velocity. Eq. (B.5)
is a well-posed one-dimensional elliptic equation for uﬁ posed along the magnetic field
lines, provided that adequate boundary conditions are given. The determination of the
boundary conditions for (B.J) will be discussed in more details below.

5.2 Analogy with the low Mach-number limit of compressible
fluids

In this section, we depart from the drift-fluid limit and consider the low Mach-number
limit of ordinary isentropic compressible fluids. We show that the procedure which leads
to (B.3) is specific to the Euler-Lorentz problem and cannot be reproduced in the case of
ordinary fluids. In the next section, we will use the analogy with the low Mach-number
limit of ordinary fluids and devise an alternate expression of the limit problem (p.3)-(E.H).

The scaled Isentropic Compressible Euler (ICE) system with the low Mach-number
scaling is written as follows

on™+V-(n"u") =0, :
7{O(n"u")+ V- -(n"u @u")}+ Vpn") =0. (5.9)
Then, in the limit 7 — 0, we formally get:

om® + V- (n"u") =0, (5.10)
Vp(n®) = 0. (5.11)

We suppose that the boundary conditions are such that (B.I1]) is well-posed and gives
p(n®) = Constant. This occurs for instance if the boundary conditions for n” are mixed
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Dirichlet or Neumann conditions and if the values along the Dirichlet boundary are uni-
form. More general conditions are of course possible but will not be detailed here. Here,
we additionally impose that these conditions lead to the fact that p(n°) and therefore n°
are independent of both space and time. As a consequence, (p.I10) leads to

V-u =0, (5.12)

However, this is not enough to determine u°. But, dividing (5.9) by 7 and letting 7 — 0
leads to the existence of a scalar function p! such that

o’ + V- (W’ ®@u’) + Vp' =0. (5.13)

The hydrostatic pressure p' is the first order (in 7) perturbation pressure, i.e.

1— (mn M) , (5.14)

and can be determined from the incompressibility constraint (b.19). Indeed, taking the
divergence of (f.13) and using (p.19), we find

Apt + VvV (u’ @ u’) =0, (5.15)

where V? denotes the Hessian matrix (matrix of second order derivatives) and : the
contracted product of tensors. Eq. (F.I9) is an elliptic equation which determines p!
provided appropriate boundary conditions are given. These conditions can be deduced
from those for n”.

As a summary, the low Mach-number limit of the ICE eqs. (B.§), (£.9) is the Incom-
pressible Euler (IE) egs.:

n’ = Constant, (5.16)
V-u =0, (5.17)
o’ + V- (W’ ®@u’) + Vp' =0. (5.18)

To identify the limit problem, the strategy of section p.I would not be not adequate.
Indeed, if we take the gradient of (5.10) and use (b.11]), we are led to

V(V-u’) =0, (5.19)

which is not a well-posed problem for u°. Indeed, the operator —V(V -u) = —Au + V x
(V x u) is not elliptic because of the term V x (V x u), except in dimension 1 where this
term does not appear. By contrast, in the case of the IDF model, the problem is well-
posed, thanks to the presence of the Lorentz force. On the one hand, the Lorentz force
provides the explicit algebraic relation (p.4) for ;. On the other hand, u is determined
by inverting the operator —V (V) - ) (see p.H), which now leads to a well-posed elliptic
equation because wu is a scalar and the equation is posed on a one-dimensional manifold
(the magnetic field line).
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5.3 A second formulation of the drift-fluid limit 7 — 0 using the
analogy with the low Mach-number limit

In the present section, we use the analogy with the low Mach-number limit of ordinary
fluids developed in the previous section to devise an alternate expression of the limit
problem (p.3))-(E.5), which in turn will be useful for the numerical developments below.
Specifically, we want to exploit the analogy of the constraint (p.6)) with (B.I1), and of
the continuity eq. (B.) with (B.I0) (we leave the algebraic relation (f.4) apart because
it will not play any role in the discussion). In the case of the low Mach-number limit,
these two equations respectively lead to (B.1() and to (b.17), while in the case of the
drift-fluid limit, they are unchanged, meaning that they cannot be further simplified.
However, in the low Mach-number limit, we know that these two relations are not sufficient
to characterize the limit solution and an additional relation was sought by dividing the
momentum conservation equation by 7 and taking the limit. We explore a similar strategy
here with the parallel component of the momentum equation.
We first introduce

T _ 20
n! = lim ——— (5.20)
T—0 T
We have
T\ _ 0
pl = lim p(’) —p(n) =p'(n°)n’ (5.21)
7—0 T
Upon dividing (.q) by 7 and taking the limit 7 — 0, we deduce that
b (0:(n°u’) + V- (n'u’ @ u’)) = =V (p'(n”)n!) + n' By == F. (5.22)

Then, we supplement the IDF model (5.1)-(5.4) with the additional eq. (5.29) and

introduce the following augmented model:

Definition 5.4 The ‘augmented IDF’ model (AIDF model) is :

V”p(ﬂ,o) - HOE” = O, (523)
om" + V- (n°u’) =0, (5.24)
b (9(n"u’) + V- (n"u’ @ u’)) = =V (' (n°)n') + n' By, (5.25)
nuf = éb x (Vp(n®) = n"E) (5.26)

We have the obvious:

Proposition 5.5 Any solution of the AIDF model is a solution of the IDF model. Recip-
rocally, a solution of the IDF model gives rise to a solution of the AIDF by solving (p.23)
for nt.
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The AIDF model allows us to change the viewpoint and instead of seeing (5.23) as a

constraint which implicitly determines uﬁ, we can see it as a constraint which determines

n' while |l is found by solving the evolution eq. (B:23). This viewpoint is highlighted in

Proposition 5.6 Any solution of the AIDF model provides a solution of the following
model (the second reformulation of the Isentropic Drift-Fluid model or RIDF2 model):

Vip(n®) —=n’E; =0, (5.27)
V- (Vi@ (°)n") = n'E)) = =0in’ + V- (b@b)V - (n’u’ @ u”))

-V, (nouﬁﬁt ) = V) - (n%uf - 90) — 0,V - (nul).  (5.28)
b+ (0p(n’u®) + V- (n’u’ @ u’)) = =V (p'(n°)n') + n' B, (5.29)

n%u :be@@() n’E) . (5.30)

Conversely, any solution of the RIDF-2 model such that the mass conservation eq. ([5.24)
is satisfied at time t = 0, is a solution of the AIDF model.

Proof: We proceed like in section p.3. Taking the time derivative of (p.24)) and using

[#9), we get:
oin’ + 0,V - (n° u”) + 0,V - (n"uY) =0. (5.31)
We note the identity:

OV - (n'u)) = V- (n ufb) = &,V - ((b®@b)(n"u’)) =
= V- ((b®b)d(n’u")) +V ((3tb®b+b®3tb)( “u’))
= V- (b(b-0,(n°u’))) + V- (n° u” 10) + V) - (n®ul - 9,b). (5.32)

Multiplying (5.28) by the vector b, inserting it into (5.39), and using definition (p.23) of

F/, we find:

OV - (n°uf) = =V - (0@ bV - (n°u’ @ u°)) + V) - F} +

Inserting (p.33) into (B.31)) leads to

oHn’ = V- ((beb)V - (nu’@u’))+ V- F||1
+V, - (nouﬂﬁt )+ V) (n%uf - 90) + 0,V - (nu) = 0.  (5.34)
In view of definition (F.22), (5-34) leads to (F-28). Reciprocally, if (n°, u®, n') is a solution
of the RIDF-2 model, it is an easy matter to see that it satisfies the AIDF model, provided

that the mass conservation eq. (p.24) is satisfied at time ¢ = 0. This end the proof of the
proposition. [
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(B.29) is a one-dimensional non-linear elliptic equation for n' posed along the magnetic
field lines.

Like in the quasi-neutral limit case, the key for designing AP schemes in the drift-fluid
limit case is to reformulate the Euler-Lorentz model in the form of a singular perturbation
of the Drift-Fluid model. In the next section, we provide two different such reformulation,
which are based on the two reformulations of the Drift-fluid model established above.

6 Reformulations of the Euler-Lorentz model

In this section, we construct two equivalent reformulations of the Euler-Lorentz model.
These reformulations will be the bases for two different AP-schemes.

6.1 First reformulation of the Euler-Lorentz model: wave equa-
tion formulation for nu

The RIDF-1 reformulation of the IDF model has a counterpart at the level of the IEL
model as shown in the following:

Proposition 6.1 Any solution of the IEL model is a solution of the following first Re-
formulated IEL model (RIEL-1):

on"+V-(n"u") =0, (6.1)
nu] = ﬁb x{Vp(n™) —=n"E+71[0;(n"u")+ V- (n"u" @u")|}, (6.2)
70, ({@(nTuT) +V-(n"u” ® uT)}”> — V(@' (n")V) - (nTuf)) =

=0, (W"E)) = 9 - Vp(n") + V(' (n)VL- (n7uT)).  (6.3)

Conversely, any solution ot the RIEL-1 model such that (0.3) is satisfied at t = 0 is a
solution of the IEL model.

Proof: We apply the same algebraic manipulations to the IEL model (]), (£0), as we
did to the IDF one (B.), (£.9) in section p.1. We first split ([.2) into its parallel and

perpedicular components. This leads to:
T{O(nNu)+ V- (v @u")}, +Vipn") =n"(E, +u’ xB), (6.4)
7{0(n"u") + V- (nu" @ u")} + Vp(n") = n"E). (6.5)
The transverse component eq. (.4) can be recast in the form:
1

B0 X AVP00) =W E 0 () £ V- (7 @ ) (6.6)

n'u’ =

and clearly appears as a singular perturbation of (p.4). For the parallel component eq.

©.3), we use (B.1), which is also valid for finite 7. Like in section p.1], we apply V| to
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(B-2), commute d;p(n”) and V| and use (B.H) to eliminate V|p(n7). This leads to (B.3).
Conversely, it is an easy matter to see that any solution of the RIEL-1 model provided
that (B.9) is satisfied at ¢ = 0. This ends the proof. .

Eq. (B.J) is a wave equation for n"uj. Indeed, we have, using (E.10):
{0(nu) + V- (nu @ u)} = d(ny) + V - (nuwy) — (9 +u- V)b nu,. (6.7)
Then, (B-3) can be rewritten:
TOu(n"uj) — Vi (n")V - (nTuﬁ)) + 70,V - (n"uTuj) =
=70, (O +u” - V)b-n"u’) + 0 (nTE”)
—0b-Vip(n™)+ V) (p'(n")VL - (n"ul)). (6.8)

For small u, the third term of the left-hand side of (B.§) can be neglected to leading
order. Then, the principal symbol of the differential operator acting on nuj s

T0p — pP'/(n7)(V))?, which is a wave operator associated to the acoustic wave speed
cs = (p/(n7)/7)Y2. For the sake of simplicity, let us take an isothermal equation-of-state
p(n) = nT where T is a fixed temperature. Then, ¢, = (T/7)"/? is the typical velocity of
acoustic waves in the low Mach-number scaling.

The requirement that (p.J) must be satisfied at ¢ = 0 sets up the additional initial
condition that is needed for the time second order differential equation (6.3).

We note the obvious

Proposition 6.2 In the limit 7 — 0, the RIEL-1 formulation of the Euler-Lorentz model
formally converges to the RIDF-1 formulation of the Drift-Fluid model.

A first class of AP-schemes for the IEL model will rely on an implicit discretization of the

wave eq. (B-3).

6.2 Second reformulation of the Euler-Lorentz model: wave
equation formulation for n
Now, we show that the RIDF-2 reformulation of the IDF model has also a counterpart at

the level of the IEL model. By contrast to the previous one, this reformulation involves
a wave equation for n. To this aim, we apply the methodology of section p-3.

Proposition 6.3 Any solution of the IEL model is a solution of the following second
Reformulated IEL model (RIEL-2):

PO — ) - (Vyp(n) — By = 74V - (b @ D)V - (70" © u"))
—Vi - (nTufopb) = V- (nTul - 9b) — 8,V - (nTul)},  (6.9)

n'u = ﬁb X {Vp(n") —=n"E+1[0(n"u")+ V- (nu" @u")|}, (6.10)
{O(n7u) + V- (07 @ u)} + %(v”pw) —n"By) =0, (6.11)
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Conversely, any solution ot the IREL-2 model such that ({.3) is satisfied at t = 0 is a
solution of the IEL model.

Proof: We leave (b.4) unchanged. We use (B.31)) and (B.39), which are obviously valid
for finite 7. To eliminate 0;(n"u") in (5.33), we use (p.5) in the form:

1
b)) {nu)+ V- -(nu" @u")}+ ;(b ®b)(Vp(n") —n"FE) =0. (6.12)
This leads to (p-9).

Reciprocally, it is an easy matter to see that any solution of the RIEL-2 model satisfies
the original IEL model provided that ([L.F) is satisfied at ¢ = 0. This ends the proof. =

Eq. (B.9) is a wave equation for n. If u is small, at the leading order in w, the principal
symbol of the differential operator acting on n is again 70y — p/'(n")(V)?, and is again a
wave operator associated to the acoustic wave speed ¢, = (p/(n")/7)"/2.

The requirement that ([L.5) should be satisfied at ¢ = 0 sets up the additional initial
condition that is needed for the time second order differential equation (.9).

Again, we have the obvious:

Proposition 6.4 In the limit 7 — 0, the RIEL-2 formulation of the Euler-Lorentz model
formally converges to the RIDF-2 formulation of the Drift-Fluid model.

A second class of AP-schemes for the IEL model will rely on an implicit discretization of
the wave eq. (B.9).

6.3 Boundary conditions

The question of boundary conditions is complex for several reasons. First, the theory
of boundary value problems for hyperbolic systems of conservation laws is still in its
infancy (see e.g. [, B3, BUM). Unfortunately, the cases that can be rigorously treated
seldom apply to practical situations. A practical rule is that the number of boundary
conditions that can be imposed corresponds to the number of entering characteristics.
However, this number depends on the solution itself. In practice, the state variables
are supposed known outside the domain and a boundary Riemann problem is solved
between the prescribed outer values and the current inner values of the state variables.
This permits the computation of the entering fluxes and the advancement of the solution.
Neumann boundary conditions can be prescribed by supposing that the value of the
corresponding state variable in the outer cell is equal to the value in the inner cell and
again solving a boundary Riemann problem. Here the problem is complexified by the fact
that the limit 7 — 0 leads to a change of type, from hyperbolic to elliptic, of some of the
equations. This situation is similar as in the low Mach-number limit, with the additional
feature that the elliptic equations are one-dimensional, posed along a magnetic field line.

IFor the last reference, see chapters 14 and 15
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Here, we propose some boundary conditions which are operational and, in particular,
which avoid the appearance of boundary layers. However, a rigorous mathematical theory
is not available yet. The geometry of the magnetic field lines plays an important role. We
assume that the problem is posed in a bounded domain €2 with boundary I" decomposed
into

I=T,Ul_ U, (6.13)
I'y={zel'| £bx)-v>0}, Toy={xel|b(z) v=0} (6.14)

Relative to the magnetic field lines, I'_ is the incoming boundary, I"; the outgoing one and
[y, the tangential one. Our proposal of boundary conditions is guided by two principles
in hierarchical order: first, avoid boundary layers and second, find artificial boundary
conditions that are as close as possible to the free-space situation (transparent boundary
conditions).

The prescription of boundary conditions for n” on I'_ U 'y is guided by the first
principle. n” satisfies the elliptic equation (f.9). The elliptic operator is, at leading order
in 7, equal to =V ((b®b)(Vp(n™) —n"E)). We propose homogeneous Neumann boundary
conditions associated to the conormal derivative of this elliptic operator on I'_ U I'y,
namely:

Vip(n") =n"Ey =0, on I'_UT,. (6.15)

In this way, the boundary condition is compatible with the leading order operator inside
the domain. We can prescribe non-homogeneous Neumann boundary conditions, provided
that the right-hand side in (B.13) is O(7). On T'g, we apply the second principle and
propose a homogeneous Neumann boundary condition:

v-Vn" =0, on I, (6.16)

which models the flatness of the density profile near the boundary. This is intended to be
an approximation of the case where the domain is the entire space.

For nTuy, we proceed in a similar fashion, considering the elliptic equation (p.3). At the
leading order in 7, the principal part of the associated elliptic operator is (b- V)(p/(n™)V -
(bnTuﬁ)). The homogeneous Neumann boundary conditions associated to the conormal
derivative of this elliptic operator on I'_ UT",, are given by (assuming that p’(n”) never
vanishes):

V- (bn"uj) =0, on I' UIL,. (6.17)

The prescription of this boundary condition follows the first principle. Again, inhomoge-
neous boundary conditions can be used provided that the right-hand side of (6.17) is O(7).
The second principle leads us to prescribe homogeneous Neumann boundary conditions
for the parallel momentum on I'y:

v-V(n'uj) =0, on T (6.18)
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Now, we consider the transverse momentum and eq. (B.10). The first principle (avoid-
ance of boundary layers) leads us to propose Dirichlet boundary conditions for n"u7 :

ulle(y) =ulip(y), Vyel, (6.19)
with v’ 5 satisfying:
1
nul g = @b x {Vp(n") —n"E} +0O(r), on TI. (6.20)

We comment on the conditions (B.18) and (B.17). Introducing functions h(n) such
that h'(n) = p'(n)/n, and ¢(x) such that locally:

B ==V, (6.21)
(F-19) can be rewritten as
b-V(h(n")+¢)=0, on I' UL,. (6.22)

It expresses that h(n”) + ¢ is locally constant in the direction of the field line on I'_UT,.
Now, using that V - B = 0, we have

V:b=-b-VIn|B|.
Then, (.I7) can be recast as
nTuﬁ
b-Vin (W) =0, on I'_Uly, (6.23)
which expresses that the quantity n’uj /| B| is locally constant in the direction of the field
lineon I'_ UT,.

A last comment is that eq. (p.9) with boundary conditions (6.13), (p-14) or eq. (p-3)
with boundary conditions (p.17), (B-1§) are well posed for 7 > 0 but ill-posed in the limit
7 — 0 because the solution is then defined up to a constant (per field line). This induces
a bad conditioning of these equations when 7 is small which will require some special
treatment. We also remark the strong anisotropy of the problems in the direction of the
field lines. Since b may be time-dependent, we wish to develop solution strategies which
do not rely on a special set of coordinates related to b. The resolution of these elliptic
problem will be considered in detail in a forthcoming section.

7 Time semi-discrete AP scheme

7.1 Time semi-discrete schemes: general setting
We rewrite the IEL system using the conservative variables n” and ¢” = n"u":
on™ +V-q" =0, (7.1)
r T 2q N r
70" +V - +Vp(n")=n"E+q" x B, (7.2)

nT
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We devise two Asymptotic-Preserving (AP) schemes corresponding to the RIEL-1 and
RIEL-2 (respectively) reformulations of the Euler-Lorentz system. We start from a dis-
cretization of system ([7.1), (7.3) and design the schemes in such a way that the manipu-
lations which have led to the RIEL-1 and RIEL-2 reformulations can be performed at the
discrete level.

There are several reasons for not using the RIEL-1 or RIEL-2 formulations directly.
First, these formulations are quite complicated and involve many terms. It is not clear how
to discretize them in a good way. Second, the scheme must provide consistent solutions
in both the regimes 7 = O(1) and 7 < 1. The RIEL-1 and RIEL-2 forms are adequate
for the regime 7 < 1 but not for the regime 7 = O(1). In this regime, the problem is
a standard system of conservation laws with source terms, for which a huge literature is
available (see e.g. [B0, b9, B3, B3]). This literature can be directly adapted to the form
(7)), (-3) but much less obviously to the the RIEL-1 or RIEL-2 forms. For these reasons,
we develop our schemes starting from ([.1]), (F.9).

We first consider the time semi-discretization, because, in the present example, like
in many other instances, the design of an AP scheme is primarily a question of time-
discretization. in a forthcoming section, we will discuss the full discretization of these
equations by AP methods. The time semi-discretization serves as a preparation for this
last step. Surprisingly, the algebra is slightly simpler in the discrete than in the continuous
case. We successively discuss the two reformulations.

7.2 AP scheme based on the first reformulation

We start with some notations and preliminaries. We denote by n™™, ¢™™ approximations
of n™ and ¢” at time t™ = md. Since b may depend on time, we index the 'perpendicular’
and ’parallel’ components of a vector field v by the time index m, i.e. b™ = b(t"™) and

V=vpmb" Fvim, v =v-0", v =" X (v x0") = (Id=b"@0")v, (7.3)

and similarly for the parallel gradient and divergence operators. We suppose that E and
B are known in the course of time and that these projections are available at all times
without any approximation. The coupling of the Euler equations with a time evolution of
E and B (e.g. through Maxwell’s equations) will not be discussed here, but is of course
an important and interesting question for future works.

We now introduce the:

Definition 7.1 The First Semi-Discrete AP scheme (SDAP-1 scheme) is defined by:
(571<nT’m+1 —n"™) + V||m+1 . qﬁ;:fl—l + V m+1 - qI,TH =0, (7.4)

T{al(qT’erl _qr,m) +V <q ' n(?mq7 )} +

Y [p(n) = 55 (07) (Tjss - gt + Vo - 70| =

_ nr,m—l—lEm—I—l + qT,m+1 % Bm+1. (75)
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The rationale for this approximation is as follows. We start from the following implicit
scheme:

571(n7,m+1 o nT,m) N vAR qT,m+1 — O, (76)
T {51(q7,m+1 o qT,m) + V- (q ' n(?mq ' )} + vp(nT,erl) —
— nT,erlEerl + qT,m+1 % Berl. (77)

We then split V - ¢»™*! into its parallel and transverse components and evaluate the
transverse component explicitly:

Tom+l T,m—+1 T,m—+1
Vi-q = Vjm+1 - Qma T+ Vimit - ) mi

— V||m+1 . qﬁﬁ“’{l + VJ_m+1 . qI:,Z_l + O(d) (78)

Inserting (7-§) into (28) leads to (.4). Then, we Taylor expand p(n™™"!), insert ([.§)
and use ([-§) again:

p(nr,m-i-l) — p(nT,m) +p/(nr,m)(nr,m+1 _n’T,m) +0(5)
= p(n™™) = 5p' (0" V- g7+ 0(5)
P = 55 (07 (Vs - T+ s - q70) + 0(0). (7.9)

Now, we replace p(n™™*1) in (.7 ) by the right-hand side of ([.9). This leads to (F.5).

None of the above listed manipulations has altered the conservative character of the
scheme, nor its consistency. Thanks to these modifications, this scheme is consistent
with the RIEL-1 formulation of the Euler-Lorentz model, and in the limit 7 — 0, with
the RIDF-1 formulation of the Drift-Fluid model. This is precisely stated in the two
following propositions:

Proposition 7.2 The SDAP-1 scheme can be equivalently formulated as follows:

5_1(nT’m+1 —n"™) + Vm+1 - qﬁ;:fl—l + V m+1 - qI,TH =0, (7.10)
T,m berl T,m T, m ,m 7,m
Gt = r X (T [p(07™) = 89/ (07™) (T - G 9 g0

rom+1 m _1, m m e
—wrm gl b (A = ) + (V- (TS ) e ) r)

nTm
O g = OV (9 (07 (Vs - qTIT) + 8 BJLEL Vs - gl =

_ . q’T,m ® q’T,m
=70 1q||£n+1 -7 (V- (7))”%1

_V||m+l [p(nT’m) — 5p/(n7’m) Vlmﬂ . qi’:nnﬂ} +
(T = OV L - ) BT, (7.12)

The SDAP-1 scheme is consistent with the RIEL-1 formulation of the Euler-Lorentz model
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Proof: We first take the parallel component of (f.5) and get:

1 m mm TR
T {5 1(Q||;n+—’1—1 - Q||;n+l) + (V- (7))”’”“} +

+V||m+l [p(nT’m) — 5p'(n7’m) (V”m+1 . qﬁ;ﬁtl + VJ_m+l . qI:nnH) =
=n"" RS (T.13)

Using () to eliminate n™™ %! at the right-hand side of ([71J), and bringing all terms

involving qT;,T:{l to the left-hand side and all other terms to the right-hand side, we find

([[13). Now, taking the cross product of (7.§) with ™" we get ([.11). Eq. ([.13) is a
time-integrated version of the wave equation (p.3). Therefore, the whole SDAP-1 scheme
is consistent with the RIEL-1 model. This ends the proof. [

Eq. ([.13) takes the form of an elliptic problem for qﬁ;:f{l where the right-hand side
is known. This elliptic equation, supplemented with the Neumann boundary conditions
(6-17), is well posed and provides the updated value qﬁ;:f{l. Once qﬂ;ﬁ’fl is known, n™™m*!
can be computed using ([.10). Finally, eq. ([.I1), which is clearly a time discretization
of (B.2), can be solved. Alternately ([.11]) can be written:

<Id - 5|B;—+1|bm+1X) VD S (7.14)
1 T, M T,m
YR o (Vi [pa™) = 5 (07) (P G+ P - 20
m m =1 mm qum ® qT’m
T JrlEJ_;Lril 7 {_5 1qlerl + (V- (7)>lm+l}> , (7.15)

where Id denotes the identity matrix and 6™+ x denote the matrix of the vector product
by 6™+, The vector Y™+/2 is constructed with known quantities and ([-I4) can be easily

1
solved for g7 as follows:

m—+1

rmil 0[BT

m+1/2 m+1 m—+1 m+1/2
e SV (—rY™HZ g Byl YLy, (7.16)
This algebraic relation provides the update ql’fnnfll.

We have the obvious:

Proposition 7.3 The limit 7 — 0 in the SDAP-1 scheme leads to the following First
Semi-Discrete Drift-Fluid scheme or SDDF-1 scheme:

5’1(n0’m+1 — no’m) + V||m+1 . qﬁ;:f:l + V [ m+1 - qj)_’:nnﬂ =0, (717)

0m+1 bm+1

qimyr = W X (vimﬂ [p(nam) - 5p,(n0’m) (vllerl ) QE;;Tl_l + Vims - Qi’$+1 )]
—nOmHETL) L (7.18)
- V||m+l <p/(n0,m) (va—H . qﬁ;ﬁtl)) = —v”m+1 [p(no’m) — 5p/(n0’m) VJ_m.H . qj)::nn+l] -+

+n0’m+1Eﬁ’Znt11. (7.19)
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The SDDF-1 scheme is consistent with the RIDF-1 reformulation of the Drift-Fluid model.

Proof: Eqgs. ([.17) and ([.18) are clearly consistent with (£.3), (B.4), while ([.19) is a
time-integrated version of (b.). Therefore, the SDDF-1 scheme is consistent with the

RIDF-1 model. "

This last proposition shows that the SDAP-1 scheme si AP.

7.3 AP scheme based on the second reformulation

Definition 7.4 The Second Semi-Discrete AP scheme (SDAP-2 scheme) is defined by:

5—1(nr,m+1 _ nT’m) +V- (qﬁﬂ—fl—lbm-i-l + QI:}-H) — O, (720)
T {51<qr,m+1 - qT,m) + V- (q ' n(?n? ' )} + vp<n7—,m+1) —

— nT,m+1Em+1 + qr,m—I—l % Bm+1. (721)

The rationale for this scheme is the same as for the SDAP-1 scheme. We start from ([.6),
([[7]) and transform the mass flux using ([-§). However, here, we do not transform the
pressure term in the momentum balance eq. This leads to the SDAP-2 scheme.

Again, none of these manipulations has altered the conservative character of the
scheme, nor its consistency. We show that this scheme is consistent with the RIEL-2
formulation of the Fuler-Lorentz model, and in the limit 7 — 0, with the RIDF-2 formu-
lation of the Drift-Fluid model.

Proposition 7.5 The SDAP-2 scheme can be equivalently formulated as follows:

T(sflnT’erl — 5V||m+1 . (V||m+1p(n7’m+1) — nT’erlEWntll) =

S R {—v 4 5(V - (%))”mﬂ} , (7.22)
T,m bm+1 T, m T,m m
QLmJ—r’—ll = ‘Berl‘ X (vLmelp(n ’ +1) —n’ +1Elr;z’—i1

qT,m ® qT,m

nT,m

))1m+1}), (7.23)

{67 (g = aTa) + (V- (
qr,m ® qr,m

nT,m

o (V”m+1p<n7,m+1) _ nT,m+1E|r|7n++11) =0. (7.24)

0 (g = gfl) + (V- ( )it +

It is consistent with the RIEL-2 formulation of the Euler-Lorentz model

26



Proof: Taking the parallel component of ([.21), we find (F.24)). Inserting the value of
qﬁ;ff{l found from ([224) in ([:20) leads to ([:23). Taking the cross product of b™*! with
([7:2]) leads to ([23). Eq. ([:29) is a time-integrated version of the wave equation (f.9).
Therefore, the whole SDAP-2 scheme is consistent with the RIEL-2 formulation of the
Euler-Lorentz model. ]

Eq. ([:27) is a nonlinear elliptic equation for n™™*!, the right-hand side of which is known
from previous time steps. It has a unique solution thanks to the boundary conditions
(6-13). Furthermore, these boundary conditions guarantee that

V||m+1p(n7’m+1) — nT’m+1EWntll = O(T) (725)

Eq. ([.24) looks singular as 7 — 0. However, with ([.27), the seemingly singular term at
the right-hand side of ([-29) is of order unity and the equation is not singular as 7 — 0.
Finally, ([.23) can be alternately written:

Id — T pmtl o qﬂ:lm:—ll — pmtl oy Zm+1/2’ 7 96
5‘Bm+1| L
1 m
Zm+1/2 _ |Bm+1| (vlm+1p(n7,m+1) . nr,m—l—lEJ_;ril +
. o q’T,m ® q’T,m
+7{—0""q s + (V- (——Dumn), (7.27)
and has the solution

,m—+1 5|Bm+1| m+1/2 m+1| zm+1 m+1/2
’ = (—TZ + 5\8 | b X J ) (7.28)

Lm+l 72 +52|Bm+1|2

We investigate the limit 7 — 0 in the following proposition whose proof is easy and
left to the reader:

Proposition 7.6 Taking the limit 7 — 0 in the SDAP-2 scheme, expanding n™™ =

Ot bt 4 o(7) and using the boundary condition ([6.13) leads to the following
Second Semi-Discrete Drift-Fluid scheme or SDDF-2 scheme:

V||m+1p(n0’m+1) — no’m—'—lEﬁ?ntll =0, (7.29)
5O 5V s - (Ve (p (n Y ) — e ety —
0,m 0,m
) ® )
— 5_177/077” + {—V ° q07m + 5(V N (%))”m*kl} 5 (730)

0,m 0,m
g ®q
nO,m

+ (V”mﬂ(p/(no,m-i-l)nl,m-l-l) _ nl’m“Eﬁ?ntll) =0. (7.31)

S (gt = i) + (V- ( ))jjmtt +

bm+1

0m+1 % (v¢m+1p(n

qym+r = |Bm+1| O’m—H) - n07m+1ETrjb_J}1)7 (7.32)
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The SDDF-2 scheme is consistent with the RIDF-2 reformulation of the Drift-Fluid model.

This last proposition shows that the SDAP-2 scheme si AP.

7.4 Time semi-discrete schemes: conclusions

In the previous sections, we have derived two different semi-discrete AP schemes (the
SDAP-1 and SDAP-2 schemes). In the limit 7 — 0, these two schemes are respectively
consistent with the two previously established reformulations of the Euler-Lorentz problem
(the RIEL-1 and RIEL-2 reformulations). To derive these schemes, we have started from
the time continuous problem in its original form (the IEL form) instead of using the
reformulated forms. Both schemes are derived from an implicit scheme where the flux in
the mass conservation equation, the pressure flux in the momentum conservation equation,
and the Lorentz force are evaluated implicitly. Then, the two schemes are transformed
somehow similarly: in the SDAP-1 scheme, the implicit pressure gives rise to an elliptic
equation for the parallel momentum through the use of the mass conservation equation.
A symmetric operation is performed on the SDAP-2 scheme, where the implicit mass
flux gives rise to an elliptic equation on the pressure through the use of the momentum
balance equation. Both elliptic equations are degenerate: they are one-dimensional elliptic
equations posed in the direction of the magnetic field lines.

The derivation of time semi-discrete schemes is a preparation for the development of
the fully discrete ones which will be performed in the next section. Time semi-discrete
schemes are also convenient for linearized stability analyses in the spirit of section or
B3 The stability analysis of these schemes will be considered in future work.

8 Fully discrete AP scheme

8.1 Fully discrete schemes: general setting
8.1.1 Classical schemes

Before considering AP schemes, we recall the framework of the classical explicit shock-
capturing schemes. We start from the original IEL formulation of the problem (7.1)), (I.2),
which we write as follows:

3
AU+ 0, f5(U) =71g(t,U), (8.1)
j=1
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where U = U(z,t) is the vector of conservative variables, f;(U), the flux and g, the source

term:
V= ( Z ) - W)= ( n~'qq +q;1p(n)6j ) ’ 52

0
9. U) = ( nE(t) + g x B(t) ) ' (8:3)

We denote by e; the unit vector in the j-th direction (for instance, e; = (0,1,0)). Here,
we always assume that the space dimension is 3.

We develop a finite-volume formulation on a structured, cartesian mesh. However, the
concepts would easily be generalized to a finite volume method on an unstructured mesh.
Let K = (ki, ko, k3) € Z3 be a multi-index, and Cx = hi[ky — 1/2, k1 + 1/2] X halks —
1/2,ko+1/2] X hslks —1/2, ks +1/2] be the associated finite-volume cell, with space steps
h; in the j-th direction. We denote by U|}%} an approximation of U(xg,t™), where zx =
(k1ha, kaohg, kshs) is the center of cell cx. Similarly, f;|7 tei/2 denotes an approximation
of fi(U(Txe;/2,t™)), With Tg e, /2 = ((k1+1/2)h1, kohg, kshs), and similarly for j = 2, 3.
Finally, ¢"(U) ~ g(t™,U).

The classical schemes are written as follows

Definition 8.1 Classical explicit shock-capturing explicit schemes are given by:

3
SN UIRT = UIR) + Y05 (filRsey o = FilRe—e, ) = 79" (UIR), (8.4)

Jj=1

The fluxes are the sum of a central discretization term and a numerical viscosity term,
according to:

m 1 m m m m m
Fili oo = 5 U1 + U ) + 1ilise, o UTR = Ul (85)
with a suitable viscosity matrix pj|?+ej/2.
We denote by

Dj‘?+€j/2 = /’Lj‘?+€j/2(U|% - U‘?Jrej)v (86>
the numerical viscosity. In explicit shock capturing methods, p;|7% e;/2 is derived from
the Jacobian matrix of the flux functions. For instance, the Roe scheme corredponds to

of;

82 = | GO ). 87)

where U|% te;/2 18 a conveniently chosen average state between U % and Ul%,.,. The
Rusanov scheme would correspond to p;|7 tey/2 begin a scalar such that

1l R ey 2 = max{ max{ |\ (U], (A (UlR e, 0)l 5 [N (UlR 1)1}

such that A\;(U)is an eigenvalue of %(U)}, (8.8)
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The CFL stability condition, which guarantees the stability of the scheme, is as follows

pd < h = min hy, (8.9)
J
with

= |m 8.10
W= s XM K te, /25 (8.10)

Any other shock capturing methods can be considered as well. We refer the reader to

[0, B2, B3, BJ] and references therein.

8.1.2 AP schemes

By contrast to our presentation of the Semi-Discrete schemes in section [], we gradually
derive the final expression of the fully-Discrete AP schemes from a general semi-implicit
shock capturing scheme framework. In this section, we present the common starting
point for the two AP schemes which we consider in this work. Then, in two forthcoming
sections, we will develop the specificities of each of these schemes which are intended to be
consistent discretizations of the Reformulated Euler-Lorentz models RIEL-1 and RIEL-2.

We plan to design AP-schemes from minor modifications from classical shock capturing
schemes in order to ensure that the discretization of the left-hand side of ([[1]), (7.9) is
in conservative form. The conservativity property guarantees correct shock speeds at the
discrete level. It cannot not be guaranteed if the scheme is developed from the RIEL-1
or RIEL-2 reformulated systems because of the presence of many and sometimes complex
terms in these formulations. Another reason for dealing with the original system ([.]]),
([(.3) is the need for numerical viscosity to stabilize the discretization. While it is easy
to adapt the literature to ([(]]), ([3), it is uneasy to decide where and how numerical
viscosity should be added to the RIEL-1 or RIEL-2 formulations.

The common framework for both AP schemes is a modification of (B.4) where some
kind of implicitness in the flux and source terms is introduced:

3
SO — Ul + S b Gl = Bl ) =7l U, (8.1

J=1

where the implicit fluxes are denoted fj ?ii] /o O distinguish them from the explicit ones

(B-4). The AP schemes will be such that the implicit fluxes j':]\?ii] Jo are fairly simple
modifications of the explicit fluxes (B.H). Like in the time semi-discrete case, we construct
them by making the mass and pressure fluxes implicit. Additionally, the implicitness only
applies to the central part of the flux, because impliciting the viscosity is not needed to
make the scheme AP. The implicit fluxes are thus given by:

Fm L1z m r|m m m m
fj‘Kiij/z =5 [fj aRns fj‘Kiij + 1% e, 2 (Ul = U|K+ej)] : (8.12)

60



m+1

The bars denote implicit central fluxes f;|%" given by:

f m+1 __ ( QJ ?-H ) (8 13)
K (gl + 7 p(nlE ey ) '

and (n~'q;q)|% is a short-hand writing for (n™!)|% ¢;| q|%. Note that this part of the
momentum flux is kept explicit, because impliciting it is not needed to make the scheme
AP. The viscosity matrix and the CFL conditions are constructed only from the explicit
part of the system, i.e. they are associated to the flux:

no=( 0, ) (8.14)

n -q;q

This systems has eigenvalues 0 and w; = ¢;/n. For instance, for the Rusanov scheme,
il te;/2 18 & scalar equal to the maximal value of |u| in the adjacent cells:

PilR ey o = max{ Julge] s ful e, pol s luliie;| 3 (8.15)

In doing so, neither the numerical viscosity nor the CFL condition depend on 7, a condition
for the scheme to be AP. Any other shock capturing methods can be considered as well. It
may improve the stability of the scheme to keep some small explicit part in the mass and
pressure fluxes, in the spirit of the method proposed in [B0]. We will defer the development
of this idea to future work.

Inserting (B.4) and (B.13) into (B.13) and the resulting expression into (B4), we get
the following expression for the scheme:

w

57l — ) + Z sl o= Fulptt p) =0, (8.16)

0~ (% %+1 - q@|?) + Z h;1<fq¢j

= T’l(n@“E 4 (g™ x B, i=1,2,3, (8.17)

+1
%-{-Ej/z fqz] K— ej/z)

Here, we have supposed that the electric and magnetic fields are appxomitated by cell-
centered discretizations E|7, B|j%. The fluxes are given by:

fn] ?ii /2 ; [QJ ?H + g %iij + Dnj|%+ej/2] ) (8.18)
Fuslitd o = T [l + plolet2)] d +

b [0 G + 07 ) R, + Dalfneye] - 5 =1,23, (819)

where D, | te;j2 and Dg,; % +e, 2 are the entries of the numerical viscosity vector D; | ey

Dj‘%ﬂj/z = <Dnj|%+ej/2a Dq1j|%+ej/2a Dq2j|%+ej/2a Dq3j|%+ej/2> : (8.20)
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and Dj|3,. ., is given by (B.@) (but with the viscosity matrix associated to the explicit
part of the flux, as pointed out in the previous paragraph). For later usage, we define:

m 1 — m — m m .
qu‘j|K+ej/2 = 2 |:(n 1Qin)|K + (TL 1Qin)|K+ej + qu‘j|K+e]~/2} ;4,7 =1,2,3. (8'21)

Alternately, inserting (B.1§), (B-19) into (B.14), (B.17), we can write:

3 -1
ol a3 [l —ule] A =0 (522)
j;—lh.‘l
67 @l — il + T [Pl — Pl L)) + Ayl =
=7 YW BT 4 (g x BT, i=1,2,3, (8.23)
with
3 fl
Al = 37 L [ Duslisey o = Dasliey o] (8.24)
J 31
Aglk = Z hj_l [Fqij|?+ej/2 - Fqﬂ|?—ej/2i| , 1=1,2,3. (8.25)
j=1

We are now going to modify this scheme in two different ways in order to make each of
the resulting scheme consistent with either the RIEL-1 or the RIEL-2 formulation of the
Euler-Lorentz model, and a fully discrete counterpart of the time semi-discrete SDAP-1
and SDAP-2 schemes respectively.

8.2 Fully discrete AP scheme based on the first reformulation

First, we decompose the momentum into its parallel and perpendicular parts. Specifically,
we denote by

(Id-b@b)g =1d=blg ®blg, qig=~10d-b@Db)[gqlk (8.26)
gl =alx b, adx=aqlgblE + alk- (8.27)
Therefore, we can write

it = qlEt R+ (b bt gl

= q g7 OET + (Id=b®b)[g™ gl + O(0) (8.28)

and insert this approximation into (B.1§). This leads to a modified expression of the
discrete mass flux:

Fom 1 m m m m 2 m
fnj|Kiij/2 qll‘ o b i +qll|Kiij b Kiij] + Dnj|K+ej/27 (8.29)
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with

(1 = b @ B[ ql); + (1 —b@ b)Y aliy.)s| +
+Duj% 4,2 (8:30)

N | —

The discrete mass balance eq. (B:I) with the modified flux (B.29) is now written:
3 h*l N
SNl =)+ 3 il bt — it bt ] + Al = 0. (831
with
~ 3 ~ ~
Anlf = Z hj_l [Dnj|?+ej/2 - Dnj@—ej/z] : (8.32)
j=1

Proceeding like in section 3. We now expand p(n;|%™!), using (8:223) and (B:31)):

p(n™) = p(nlR) + ' (nl@) (n[g+ = nlR) + 0(9), (8.33)
3 -1
/ h;
=p(nli) =30/ () (D =5 [qulﬁié bRt — i, ]ITiJ}
j=1

+AL R +0(0)),  (8.34)

w

—1
= Pl — 5/ (nl}) Z |l it = et bl | +00), (3.35)

7j=1
with
Pl =p(n[i) — 6 p'(n|i) AnlR. (8.36)

Then, replacing p(n|7™) in (BI9) by its approximation (§39) leads to a modified mo-
mentum flux:

- L -
fqu ?ie]/2 FQij %Jrej/z +
o1 S pl

- {p'(n\?) > 5 lalie, bRt — ailre, bilite,]
r=1
h ! 1 1 1 1
n|K+eJ Z ; |:q|||%::——ej-+e,~ bT|?iej+eT —q |%j——ej-—e,n bT|%iej—er] 5ij7 (837)
r=1

with

K+e;/2 = ~5 |:P‘K+P‘K+e ] 0ij + Fjli

K+ej/2 i,y =123 (838)

F qij
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The momentum balance eq. (B.17) with the modified flux (B.37) is now written:
0N @l = al®) + D[R

-1 1 3
_57' h; pnlm E:h Ulgnlmtl  ppmet! —qmt byt
4 K+e; J q” K+e¢+ej J K+e¢+e]~ q” K+eifej J K+e¢76]'
Jj=1

3
1 1 1
n|K el Zh |:q|||K eit+ej ]|K eite; q|||?+el €j j|?—i—_ei—ejj|} -

7j=1
=7 (g BT+ (g% x BIgT)),  i=1,2,3 (8.39)
with
~ 3 ~ ~
qu|? = Z h]_l [qu'j|?+ej/2 - qu’j|?—ej/2 , 1=1,2,3. (840)
j=1

Thus, we are led to the following definition:

Definition 8.2 The first Fully-Discrete AP scheme (or FDAP-1 scheme) is given by

3 —1

h- -

Ol = ml) + > - [l bl - alitl bl | + Aalz =0, (8.41)
=1

J:
S Ha [P — @il ) + Ay R

~17.—1 3
_57' h; () Z Bt g mtt L bt —qmt byt
4 p K+e; J q” K+e¢+ej J K+e¢+e]~ q” K+eifej J K+e¢76]'
=1

3
n|K eZ Zhj |:q|||?+;+ej ]|K eite; _q|||%+iZ €j j|?—i—_ii—ejj|} -
7j=1
=7 (0BT + (gt x Bt i=1,2,3, (8.42)

with A, |7 given by (§33), B30), [B8) on the one hand and Aqi@ by 40), (B33),
B.38), [8.21), (8.-8) on the other hand.

The quantities An@ and Aqi@ only depend on known quantities at the previous time
steps (with the exception of the magnetic field which is supposed to be know but taken
at the current time step). An@ collects a consistent approximation of V, - ¢, and
the contribution of the numerical viscosity (see (B30)). The quantity A, [% collects
a consistent approximation of V - (n7'¢ ® q) + 77'Vp(n) and the contribution of the
numerical viscosity (see (B.:3§) and (B:21))).

We now show that this scheme can be recast into a consistent approximation of the
RIEL-1 reformulation and that it is actually AP.
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Proposition 8.3 The FDAP-1 scheme can be equivalently formulated:

3 51
h; X
Tl =l + 30 [l I, el ] S Al =0, (649
=1
82h;thi!
7'qll|m+1 Z TJ { "Nl R pe;) bil o |:q|||Kiii+€j bJ|Kiii+6j _q||Kiiz € AKi;_eJ}
ij=1

—D (n|K el) b |m+1 [Q||%+;+61 j|K eite; Q|||?+; ej ]|%tii—ej:| } +

3 -1

h .
+OE T % [%M?ié bilte, — ailite, bilite, ] = R[%, (8.44)
=1
m+l T m+1 m+l _
_ X =
QJ_| S ‘B‘?Jrl‘ (ﬂ‘
b|mle m m+1 m+1 -1 _1m
mr1] {G|K nlg By =716 C]|K} . (8.45)
NERE
with
Rft = RI% + 0B [7 (nl — 6A.|%), Eylpt = Z b B (8.46)
3 3 )
Rl =7 bl gl — 70> bl Ay IR (8.47)
i=1 i=1
G = By
ortht

3
7 / m m—+1 m+1
4 {p (n‘KqLei) § : [q|| |K+el+ej J|K+el+e] q||‘K+eifej bj K+6¢76]'i|
=1

3
n|K eZ Zh ! |:q|||?+;+ej ]|K eite; _q| |%+; €;j j|?—i—_ii—ej]}' (848)
Jj=1

This scheme is consistent with the RIEL-1 formulation of the Euler-Lorentz model and is
a full discretization of the SDAP-1 time semi-discrete scheme.

Proof: We first consider the parallel component of the momentum and take the dot
product of (843) by b2t (ie. we multiply §43) by b;|%™ and sum over i). We
multiply by 70 and we find:
§%h; thit
m+1 ? m+1 m+1 m+1 m+1 m+1
7—q|||K+ - Z Tj { (n|K+ez) b ‘ * |:q|||Kjrre¢+ej bj Kieﬂrej - q”‘Kieifej bj Kjrreife]}
ij=1

Pl ) Bl gl bl = il bl | =

- 5Zn|?“b EOEIRT SRR, (849)

i=1
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with R|% given by (B47). Inserting (B4T]) into (B:49) allows us to replace n|[%t! by an
expression involving ¢||%"" and known values at time n. This leads to (B44). We now
consider the transverse component of the momentum. Taking the vector product of (B.42)
with b7 and dividing by ’B@H}, we find (B45).

We now show that the FDAP-1 scheme is consistent with the SDAP-1 time semi-
discrete scheme (and consequently, with the RIEL-1 reformulation of the Euler-Lorentz
model). Eq. (B:44) is a discrete version of the elliptic equation:

Tq =60 (V' (n)V - (b)) — EV - (q)b)) = R. (8.50)

Developing the term R|7 using (B40), (B33), (B30), (B21), we find:

Rl =— Zb [ [PlR e, — Pl o] + 0B % (0|5 — 6A,|%)
+7 {—— > bt Z hit [ N i) [ Rve, — (n‘lqij)\?_ej]
53 30 [ow o] 4 00 - (530

We easily convince ourselves that ¢ ! R|7 is a consistent approximation of the right-hand

side of ([[.13), and consequently, that (B.44) is consistent with ([.19). Eq. (B.43) is clearly
a consistent approximation of ([I0)). Finally, G|7 appears as a consistent approximation

of Vp(n) + 7V - (n"'q ® q) and therefore, (B45) is a consistent approximation of ([-11)).
This ends the proof. n

K+ej/2 q7..]

Supplemented with the Neumann boundary conditions (6.17), the elliptic equation (B.44)
is well-posed. Its inversion allows us to compute the values of g "+ from the right-hand
side R[7 which only involves known values. From the knowledge of q|||m+1, we can use
[B4) to find the new values n|7™ of the density. Finally, the quantities lying at the
right-hand side of (B45) are known at this level of the recursion. Therefore, ¢, |7 can
be computed thanks to the formula:

5 Bm+1
q1 |m+1 2 4 5‘2 ‘|I;|m‘+1‘2 ( 7(Id — b ® b) m+1-|—
+6 | BIRH ot <) {GIR = n|p T BT — 15T R}, (8.52)

where the right-hand side is known.

We now investigate the limit 7 — 0.
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Proposition 8.4 The limit 7 — 0 of the FDAP-1 scheme is the following First Fully-
Discrete Drift-Fluid scheme (FDDF-1 scheme):

w

hi! X
07 (it =l + - [qu\?ﬁ] bilitre, — ailkLe, bilkle, } +Anfg =0, (853)

1 1
h
§ 1 1 1 1 1
- { (n|K+eZ) b |m+ [Q|| |%iei+ej bj|?iei+ej- - q|||?ie, €j ]|%j——ei—eji|

’l_]f

_p,(n|%—ei)bi|?+l |:Q|||%+;+ej j|K ei+e; _Q|||?+iz ej ]|%+ii—eji|}+

3 -1

h-
B Y0 = (il bl — il bl | =
j=1

= ——Zb [ [Pl e, — PR ] + 0B 5 (] — SAL[R), (8.54)

m+1 __ m+1 GO m+1E m-+1 8.55
qulm o { GO — | B (8.55)
}BIK |
with
—1

G?‘? - [P|%+ei - P|%—ei]

-1 3
_5hz /(n|m ) hfl |m+1 |m+1 _ |m+1 |m+1
4 P K+e; j q) K+ei+e; J K+ei+e; q) K+ei—ej J K+ei—e;
Jj=1

3
n|K e; Zh ! |:q|||?+;+ej ]|K eite; _q|||%+iZ €j j|?+; e]}' (856)
J=1

This scheme is consistent with the RIDF-1 formulation of the Drift-Fluid model and is a
consistent space-discretization of the SDDF-1 time semi-discrete scheme.

The last two propositions show that the FDAP-1 scheme is AP. We now consider a scheme
based on the second reformulation.

8.3 Fully discrete AP scheme based on the second reformulation

Following the strategy developed in section [7.3, the second Fully-Discrete AP method
(or FDAP-2 scheme) consists in using the modified mass flux (B.29) but the unmodified
momentum flux (B:19). Therefore, the FDAP-2 scheme is defined by:
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Definition 8.5 The Second Fully—Discrete AP scheme (or FDAP-2 scheme) is given by

ot —nlR) + Z [mﬂ?ié bilre, — anlite, bilite, ] + AR =0, (857)

—17—1

m m T h’z m m m
o (q@ K+1 —qilx) + 5 [ (”‘Ki;) _p(n|Kt;)} + Ayl =

=7 ' n[ZT BT + (g < BIRETY)), i=1,2,3, (8.58)

with A, |7 given by 833), [8:30), (B-8) on the one hand and A, |7 is given by (B.23),
(B-21) on the other hand and we recall that the definition of the numerical viscosities is

given by ([8.4).

The quantities An@ and A, |% only depend on known quantities at the previous time
steps. An@ collects a consistent approximation of V - ¢, and the contribution of the
numerical viscosity. The quantity A, |7 collects a consistent approximation of V- (n™'¢®
q) and the contribution of the numerical viscosity. We now show that this scheme can be

recast into a consistent approximation of the RIEL-1 reformulation and that it is actually
AP.

Proposition 8.6 The FDAP-2 scheme can be equivalently formulated:

hit
—0 Z { ?iij ‘?iij ( 2 [p(nlﬁiiﬁei) —P(nlﬁiij_ei)] —nlﬁiijEilﬁiij)

i,j=1
-1
ol b, (M [l ) = plal, )] < nl B
ol rAL =0, (8.59)
g%t = Zb o < S [p(nlEhe) — p(nlEtL)] — nlg ™ E; \m“> + Q%
(8.60)
_
qJ_‘m—H — b‘ >< QJ_|m+1
NER
b|m+1 m-+1 m+1 -1 _1m
= Ty X {G|K —nlg T ElgT =70 q|K}. (8.61)
Elr
with
- y S bt
Al = Balt = 07"l + Y 2 QI bilih, — QUi bilitt ] (862)
Qi = Zb e (@l — 00, [7) - (8.63)
15 (m Tﬁlhz‘_l m+1 m+1
TGl = 5 (IR — L]+ AR (8.64)
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This scheme is consistent with the RIEL-2 formulation of the Euler-Lorentz model and is
a full discretization of the SDAP-2 time semi-discrete scheme.

Proof: Taking the parallel component of (B.5§), we get (B.60). Inserting it into (B.57)
leads to (B:59). We now consider the transverse momentum. Comparing (B-5§) with
(B:43) and having the expression (B.48) of G;|% in mind, we notice that relation (B.43),
which was derived in the case of the FDAP-1 scheme, applies to the FDAP-2 scheme as
well with G;|7 simply replaced by G;[%. This leads to (B61)).

We now show that the FDAP-2 scheme is consistent with the SDAP-2 time semi-
discrete scheme (and consequently, with the RIEL-2 reformulation of the Euler-Lorentz
model). Eq. (B.59) is a consistent approximation of

6V - (b b)(Vp —nE)) + 76 'n+ 7A = 0.

Furthermore, a more careful inspection of A, |7 easily shows that it is a consistent ap-
proximation of the right-hand side of ([.23). Therefore, Eq. (B.59) itself is consistent with
([723). It is then clear that (B.60) is consistent with ([:24). Then, the quantity G;|%% is

a consistent approximation of Vp(n) + 7V - (n"'q¢ ® q) and therefore, (B.61]) is consistent
with (7.23). ]

Eq. (B59) is a discrete elliptic equation. Supplemented with the Neumann boundary

conditions (B18), it is well-posed. Its inversion allows us to compute n|7™ from the

quantity A,|? which only involves known values. Once n/m™! has been found by the
inversion of (B59), the parallel momentum eq. (B:60) can be used to find ¢|#™". Finally,
the quantity éz\? is known from the previous steps of the recursion. Eq. (B-59) applies
with G| replaced by G;|% and determines ¢ 1|2t from the known values appearing at

its right-hand side.

We now investigate the limit 7 — 0.

Proposition 8.7 Taking the limit T — 0 in the FDAP-2 scheme, expanding n™ |t =

nO|2 4 T 4 o(7) (where the dependence of the solution upon T has been restored)
and using the boundary condition (.13) leads to the following Second Fully-Discrete Drift-
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Fluid scheme or FDDF-2 scheme:

Zbl’““(i pCl522) — plal52)] = B ) =0 o

hi!
—52 { L, b |?i;.( PO e P e — P O 0 R
i,j=1
1|m+1 '|m+1 )
K—l—ej ? K+6j
h;!
|m+1 A|m+1 )}
1 K—Ej
P50 mrl A = 0, (8.66)
q”|m“——5zb|m“(; PR R = o R n L]
—n! [FHERT) + QIR (8.67)
1 b|m+1 h"il 1 1 1 1
ol = gl {5 0l )] - | (5.6
K

This scheme is consistent with the RIDF-2 formulation of the Drift-Fluid model and is a
consistent space-discretization of the SDDF-2 time semi-discrete scheme.

Proof: Expanding (B.59) in powers of 7, we find at the leading order:

hi!
_52 { el mig(’ Pl ) = Pl )| = mgﬂmg)

2,7=1

m m hl_l m % K K
_b | +1 Ktij < 2 |:p(n0|KJ_rij+ei) _p(n0|Ktij_ei)] | +1 E | g )} -
(8.69)

and at the next order, (B:6d). With a discretized version of the homogeneous Neumann
boundary conditions (6.19), eq. (B:69) can be integrated once and leads to (B.69)). Taking
the 7 — 0 limit in (B.60) leads to (B.67), because the leading order (in 77!) term cancels
due to (B:63). Finally taking the 7 — 0 limit in (B.6]]) leads to (B.68). This scheme is obvi-
ously consistent with the SDAP-2 scheme and consequently, with the RIDF-2 formulation
of the Drift-Fluid model. ]

The last two propositions show that the FDAP-2 scheme is AP.
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8.4 Fully discrete AP scheme for the Euler-Lorentz model: con-
clusion

In this section, we have derived two fully-discrete schemes for the FEuler-Lorentz model,
which are consistent with the Drift-Fluid limit when the parameter 7 (representing the
scaled cyclotron period and Mach number) tends to zero. They have been shown to
be respectively discretizations of the two reformulations of the Euler-Lorentz model, the
RIDf-1 and RIFD-2 models. These schemes are based on standard explicit shock-capturing
schemes where implicit evaluations of the mass and pressure fluxes and of the source terms
have been introduced. Then, some simple approximations have been performed. These
approximations alter neither the conservative character of the scheme, nor its consistency
but give rise to discrete elliptic equations for the parallel momentum and the density
respectively. These elliptic equations are strongly anisotropic, with a diffusion which is
concentrated along the magnetic field linres. Therefore, they lead to AP schemes provided
that they are uniformly well-posed as the parameter 7 tends to 0. The uniform invertibility
of these elliptic equations as 7 tends to 0 as well as a practical methodology to solve them
in coordinate systems which are independent of the magnetic field lines are investigated
in the next section.

9 Numerical resolution of strongly anisotropic ellip-
tic problems

9.1 Introduction to strongly anisotropic elliptic problems

This section is concerned with the numerical invesion of strongly anisotrpic discrete elliptic
problems such as those undelying the FDAP-1 scheme (B:44) or the FDAP-2 scheme (B-59).
More specifically, we are interested in:

Definition 9.1 The continuous anisotropic elliptic (AE) problem is as follows: findn™ (x)
defined on ) as the solution of

™m =V - (Vyn" =n"E)) =7F, in Q, (9.1)
with boundary conditions:
(b-v)(Vyn" —=n"E|) =19, on T, Ul_. (9.2)

Here, the domain geometry is as defined in section [0.3. The vector field E(x) and the
function F' are known smooth functions defined on 2 while g is a known function defined
on I'y UT'_. The parameter T is positive.

This problem is the generic one which needs to be solved when using the SDAP-2 scheme,
specifically when inverting ([7.29), with boundary conditions (p.I3) up to obvious nota-
tional changes. Indeed, replacing §°7 by 7 at the left-hand side of (:23), and lumping all
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the terms at the right-hand side of ([.23) into F, we find (D.1]). We also have to assume an
isothermal pressure relation p(n) = n in order to get the linear AE problem. A nonlinear
pressure relation would give rise to a nonlinear anisotropic elliptic problem:

™" =V - (Vip(n") —=n"E)) =7F, in Q, (9.3)
(b-v)(Vyp(n™) =n"Ey) =79, on 'y UI'_. (9.4)

The resolution of this nonlinear problem by means of Newton’s method would lead to
solving a sequence of linear problems of the AE type. It may be desirable to design more
elaborate methods in the small 7 case but these developments will be the subject of future
work. In these notes, we will restrict ourselves to the linear AE problem.

The AE problem enters the class of strongly anisotropic problems because it can be
recast in the form

™m" =V - (b®b)(Vn" —n"E))=71F, in Q, (9.5)
(b-v)b-(Vn" —n"E)=7g9, on 'L Ul_. (9.6)

Thus, it appears as an elliptic problem with a diffusion matrix equal to b ® b. This
matrix is a rank one matrix, and is therefore singular on a two-dimensional manifold (the
orthogonal plane to b). This is highly degenerate elliptic problem.

The AE problem is also nothing but a one-dimensional elliptic problem posed along the
field lines. However, we aim at designing methods which do not require the computation
of these field lines, nor any integration along them. The difficulty with the AE problem is
that it becomes singular when 7 — 0. Indeed, letting 7 — 0 in the AE problem leads to
Vn® =n’Ej = 0. Supposing E = 0 just for the sake of simplicity, this condition becomes
V”no = 0 and means that n° is constant along the magnetic field lines. However, this
constant is undetermined by the leading order equations in the AE problem. To find the
value of this constant, it is necessary to expand n” in powers of 7: n” = n® + 7n! = o(7)
and to look for the existence condition for the first order perturbation n'. From the
numerical viewpoint, any standard discretization of the AE problem (like finite-difference
or finite-element methods) will lead to inverting a matrix with condition number of the
order O(77!), and is therefore unpractical if 7 < 1. The goal of the following discussion is
to propose inversion methods with uniformly bounded condition number with respect to
7 when 7 — 0. We will again call these methods "Asymptotic-Preserving’ (AP) methods
for highly anisotropic elliptic problems.

These methods can be extended when the elliptic operator has a transverse part of
order O(1) (when 7 — 0). Such problems are encountered for instance in ionosphere
models (see []) and the presented material has been the subject of a []. The remainder
of this section is organized as follows: we will first discuss a simple one-dimensional
framework in the continuous case. Then, we extend it to the general three-dimensional
framework. The, we discuss the discrete case, specifically aiming at solving the set of
equations resulting to the application of the FDAP-2 scheme for the Euler-Lorentz model.
Again, we start with a toy one-dimensional problem and then, in the last section, we
discuss the fully discrete Three dimensional problem arising from the FDAP-2 scheme.
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9.2 A simple one-dimensional ”anisotropic” elliptic problem:
the continuous case

This section is intended for introductory and illustration purposes. Basically, this one-
dimensional example is illustrating what happens along each magnetic field line. The
1D-AE problem is defined as follows:

Definition 9.2 The one-dimensional continuous anisotropic elliptic (1D-AE) problem is
as follows: find n" (x) defined on [0, 1] as the solution of

T d d T T _ y
™' —— <%n —n E) =7F, in [0,1], (9.7)

with boundary conditions:

d
d—nT —n"E=71g, atx=0andx=1. (9.8)
T

The wvector field E(x) and the function F are known smooth functions defined on [0, 1]
while g is a known function defined only at x = 0 and x = 1. The parameter T is positive.

The first order derivative term can be removed by means of a simple transformation.
Introducing the electric potential ¢(x) such that

o(z) = — / " E(y) dy, (9.9)

we remark that
d du™

%nT —n"E=¢"? T u” = efn’. (9.10)

Then, the 1IDAE problem is written as follows:

Proposition 9.3 With u™ defined by (9.14), problem 1DAE is equivalent to the following
one-dimensional modified anisotropic elliptic (1D-MAFE) problem:

d du”
T — — (e =7F, in[0,1 11
e fu" — - <e dx) TF, in [0,1], (9.11)
d T
e ? dQ; =79, at x=0andz=1. (9.12)

For the limit 7 — 0 of the 1D-MAE problem, we have:
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Proposition 9.4 Let u” be the solution of the 1D-MAFE problem. Then, when 7 — 0, u”
converges to u® where u® is constant on [0, 1] and given by:

| Fads gl
u’ = 20 (9.13)

1 )
0

Proof: We expand u™ = u® + 7u' + o(7). Inserting this expansion in the 1D-MAE
problem, we get, at leading order:

where [g]g = g(1) — g(0).

d du®
- (e—¢—dl;) —0, in [0,1], (9.14)
0
6_¢Cfii =0, atzr=0andz=1 (9.15)
T
and at the next order:
d du!
el — - (M%) —F, in [0,1], (9.16)
d 1
e"i’di =g, atz=0andz=1. (9.17)
x

From (D.14), (P.13), we get that u° is a constant over [0,1]. Then, for problem (P.16),
(P-17) to have a solution, a compatibility condition is required. Indeed, integrating (D.14)
upon z € [0,1] and using the boundary conditions (P.17) leads to condition (P.13). .

0

Back to the n™ variable, we find that n™ — n® with n® = u% ¢ with the constant u° given

by (R.13).

We now introduce a variational formulation. We denote by V' the space H'(0,1) =
{u € L*(0,1)|u" € L*(0,1)} where L?(0,1) is the space of square integrable functions
on [0,1] and u' denotes the space derivative of u. We endow V with the norm |u|y =
(|ul? + |u'|>)Y/? where |u| = (fol lu(z)|?dx)'/? is the norm on L?(0,1). The scalar products
on V and L?*(0,1) are respectively denoted by (u,v)y and (u,v). We also define the
following bilinear forms on V' and L?(0, 1) respectively:

1 du d 1
ag(u,v) = / gm0 20U dr, (u,v)y = / e ?uvde. (9.18)
0 0
Finally, we define the linear form I" on V' by:
(T, v) = (F,v) + [gv]g (9.19)

Now, taking v € V, multiplying (P:I1)) by v, integrating on = € [0,1] and using the
boundary condition (0.19), we are led to the following
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Proposition 9.5 A variational formulation of problem 1D-MAE is as follows:

Find u™ € V such that:
ag(u”,v) +7(u",v)y = 7(v), YveV. (9.20)

We note that the bilinear form ay(u,v) + 7(u,v)s is coercive on V. However, the best
coercivity estimate is of the order of 7:

ag(u,w) + 7(u,u)y > Ct|v[3. (9.21)

This leads to an estimate of the solution u” in terms of the right-hand side I' as follows
C
|UT|V S ?|F|V’ (922)

This estimate deteriorates as 7 — 0. Therefore, the condition number of any standard
finite element method based on (0.20) tends to co as 7 — 0. Such a method cannot
be used when 7 < 1. We aim at finding a variational formulation which has bounded
condition number when 7 — 0. For this purpose, we adopt the method of [[[7 based on
a micro-macro decomposition of the solution ™. We indeed view the limit u° of u™ when
7 — 0 as the macroscopic component of u™ and the difference u™ — u" as a microscopic
correction. To define the functional spaces associated to the macro and micro components
live, we introduce the following decomposition:

Definition 9.6 We define the spaces G and A as follows:

G={veV|[v =0}, A={veV]v) =0} (9.23)

Proposition 9.7 (i) We have:
V=GoA (9.24)
(ii) G is characterized by

weG@ <<= weV  suchthat ay(u,v)=0, YveA (9.25)

Proof: (i) is obvious.

(ii): that v € G = ay(u,v) = 0, Vv € A is obvious (it is even true for all v € V).
Conversely, suppose that v € V such that ag(u,v) = 0, Vo € A. Decompose u = p + ¢,
with p € G and ¢ € A. Then, 0 = a4(u,v) = as(q,v), Vv € A. Choosing v = ¢, we have
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as(q,q) = 0. But, by Poincaré inequality, /a ¢ 18 anorm on v and is equivalent to | - |v.
It follows that ¢ = 0 and that u =p € G. n

We now decompose the solution «” of (P.20) into
u=p +7¢", p G ¢ €A (9.26)

We have:
Proposition 9.8 (i) u” is the solution of ([9-20) if and only if the pair (p™,q") given by
(19:28) is the solution of the following variational formulation:

Find (p7,q") € V x A such that:

ag(q",v)+ (p" +7¢",v)s = (I v), YweV, (9.27)

as(p”,w) =0, Ywe A. (9.28)

(i) This variational formulation is well-posed and there exists a constant C, independent
of T such that

(P74 )lvxv < C|T|vr. (9.29)

(111) When 7 — 0, (p7,q¢") — (p°,¢°) and u™ = p™ +7q" — p° where (p°, ¢°) is the solution
of the following variational formulation:

Find (p°,q°) € V x A such that:
ag(®,v) + (%, v)y = (T,0), Vv eV, (9.30)
ap(p’,w) =0, Yw € A. (9.31)

Proof: (i) We insert the decomposition (P.24) into (P.20) and get (p™,¢") € G x A such
that (P.27) holds for any v € V. Now, using the characterization (p.25) of G, we get
(0:23). Conversely, let (p7,¢") € V x A be a solution of (0.27), (P.2§). Constructing u”
according to (9.26) obviously leads to (P.20).

(il) We refer to [[I[7].

(iii) is obvious. "

Now, we examine what is the PDE problem solved by the variational formulation
(P27), (p28). Taking successively a smooth test function with compact support, followed
by a smooth function with non-zero boundary values, we easily find that (p, ¢") solve the
following PDE problem:

e (" +7q") — % <e—¢%> =F, in [0,1], (9.32)
(@ °0)(0) = 9(0), (e *)1) = g(1), (93)
q"(0) =0, (9.34)
p’ is a constant. (9.35)
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The boundary value problem for ¢7 is overdetermined, having one Dirichlet and one
Neumann boundary condition at x = 0. However, the presence of the unknown constant
p” introduces another degree of freedom which compensates for this over-determination.
More precisely, let us consider the map F which to p™ € R associates F(p”) = (e~ mi?m
9)(0) € R, where ¢ is the unique solution of the mixed Dirichlet-Neumann boundary value

problem:

6_¢(p7 —+ TqT) dci» ( ¢Cfiqx) = F, n [O, 1], (936)

dq”™
dx

¢"(0) =0, (e7—=)(1) =g(1), (9.37)
This problem is uniquely solvable. Additionally, it is uniformly solvable when 7 — 0
thanks to the Dirichlet boundary condition at x = 0 which makes the elliptic operator

—r ( —¢ Ci) invertible with these boundary conditions. Finding a solution to (P.32),
(P39) is equivalent to finding a root to the equation F(p™) = 0. But F(p") is an affine
function of p™ with

F(p) = F(0) + F(0)p,
and F'(0) = e 22 (0), with Q" the unique solution of the problem
dx

“1+7Q7) — — (e dg) 0, in [0,1], (9.38)
@) =0, (*“L)n)=0 (9.39)

Then, the existence of p” is equivalent to F'(0) being non-zero. By contradiction, sup-
pose that F'(0) = 0. This means that %(O) = 0. Then, denoting by U™ = % and
differentiating (P-3§) with respect to x leads to

U — % (dbd‘;( ¢UT)) =0, in [0,1], (9.40)
UT(0) =0, U(1)=0, (9.41)

which implies that U7 = 0. It follows that Q7 is a constant and by (P.3§), this constant
must be QT = —1/7. But this is in contradiction with the first boundary condition (P.39).
Therefore, —( ) # 0 and consequently F'(0) # 0. Finally, there exists a unique root p”

of F(p™) = 0 given by p” 7(0 . Additionally, this root is uniformly bounded when
7 — 0, because both .7-"(0) and f( ) remain bounded when 7 — 0. Indeed, both elliptic
problems associated to F(0) and F'(0) are uniquely solvable when 7 = 0, thanks to the
Dirichlet boundary conditions and the Poincaré inequality and F’(0) cannot be zero also
in that case. As a summary, we have proved by elementary means that problem (0.39)-
(0.39) is uniquely solvable and that its inverse is uniformly bounded with respect to 7
when 7 — 0.
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9.3 The multi-dimensional strongly anisotropic elliptic problem:
the continuous case

We recall some notations. We define b = B/|B| where B is a divergence free field (nabla -
B = 0) over the domain €. As a consequence, V -b = —b- V(In|B]|). We define the

boundaries 'y, I'_, Ty like in section f.3. The magnetic field lines are curves, solutions of

the differential equation %X (s) = b(X(s)). For simplicity, we suppose that all magnetic

field lines intersect the boundaries I'y and T'_ at two points denoted by zj and z,
respectively. In this case, we denote the magnetic field line starting from z,: X (zg;s),
or simply B, = If b is regular, by the Cauchy-Lipschitz theorem, for any = € 2, there

exists a umque x, such that z € B —. We count the arclength s from its origin at z; .
Extensions of the present theory to mMore complex cases, where the magnetic field lines
may intersect the boundary at one or zero points are possible but will be discarded here
for simplicity.

We introduce an ’arclength potential’ ¢ by:

o) == [ By dsto), (9.42)

0

where z, is such that z € Bxa and x, x denotes the arc along the magnetic field line

issued from z, and ending at x. Note that there is no condition on F for the existence of
¢, because ¢ is not a 'true’ potential, but only the primitive of the electric field along the
direction of the magnetic field lines. The introduction of ¢ allows to remove the electric
field by a simple transformation. Indeed, we remark that

b-(Vn™ —n"E)=e % -Vu', u =e’n’. (9.43)
Then, we have the

Proposition 9.9 With u” defined by (9.43), problem AE is equivalent to the following
modified anisotropic elliptic (MAE) problem:

e " — V- (e ?(b@bVu) =71F, in Q, (9.44)
(b-v)e ®-Vu =79, on T UT_. (9.45)

We note the following lemma:
Lemma 9.10 (i) Let u be a solution of the problem:

V.(bu) =0, in Q, (9.46)
(b-v)u=0, on I UTl_. (9.47)

Then, u = 0 identically on €.
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(ii) Let f be defined on Q2 and g be defined on T'y UT'_. Then, the problem

V.(bu)=f, in Q, (9.48)
(b-v)u=g, on Il UTl_. (9.49)

has a solution provided the following solvability condition is satisfied:

[ wasw-[55]" -0 (9.50

0 7To 0

for all field lines, i.e. allzy, € I'_. Under this condition, the system has a unique solution:

u(z) = |B(x) { | s + Bim)} , (951)

xo T v
where xq is such that x € B,

Proof: (i) Elementary computations show that b - V(ﬁ) = ﬁv - (bu). Then, (P.44) is
equivalent to saying that % is constant along each magnetic field line. But (P.47) implies
that u = 0.

(ii) Eq. (0.48) implies that b - V() = ‘%. Integrating this equation along any
magnetic field line leads to (P.51)). Identifying (.51)) at zj with the boundary condition
(P-49) leads to the compatibility condition (P.5(). If this relation is satisfied, then, formula

(B.57]) provides the unique solution to the problem. ]

With this lemma, we can now prove the

Proposition 9.11 Let u™ be the solution of the MAE problem. Then, when 7 — 0, u”
converges to u® where u® is constant along the magnetic field lines (i.e. b-Vu™ = 0) and
s given by:

(9.52)

where xq is such that x € B,

Proof: We expand u” = u® + 7u! + o(7). Inserting this expansion in the MAE problem,
we get, at leading order:

~V-(e?b®bVu’) =0, in Q, (9.53)
(b-v)e®-Vu' =0, on I'yUl_. (9.54)

79



and at the next order:

e’ — V- (e?(b@bVu')=F, in Q, (9.55)
(b-v)e ® -Vu' =g, on T UT_. (9.56)

From (P.53), (P.54) and Lemma (i), we deduce that b- Vu® = 0. Then, from Lemma
D.10 (ii), problem (P.57), (D.50) is solvable if and only if the compatibility condition (P.50)
is satisfied (with f replaced by F' — e %?u?). This leads to condition (0:52). "

Back to the n” variable, we find that n™ — n® = u°(z; )e™® with u°(zy ) given by (P53).

We now introduce a variational formulation. We denote by V' the space V = {u €
L*(Q) | b-Vu € L*(Q)} where L*(Q) is the space of square integrable functions on 2. We
endow V with the norm |uly = (Ju[* 4 [b- Vu|?)"/? where |u| = ([, |u(z)[*dz)"/? is the
norm on L?(2). The scalar products on V and L*(Q) are respectively denoted by (u,v)y
and (u,v). We also define the following bilinear forms on V' and L?(0, 1) respectively:

ap(u,v) = / e (b-Vu) (b-Vo)dz, (u,v)s= / e Puvde. (9.57)
Q Q
Finally, we define the linear form I" on V' by:
(T',v) = (F,v) —i—/ gudl'(z) (9.58)
r-ur+

Now, taking v € V', multiplying (P.44) by v, integrating on = € {2 and using the boundary
condition (P.45), we are led to the following

Proposition 9.12 A wvariational formulation of problem MAE is as follows:

Find u™ € V' such that:
ag(u™,v) +7(u",v)y =7(0v), YvelV. (9.59)

Like in the one-dimensional case, we note that the bilinear form a4(u,v) + 7(u,v), is
coercive on V. However, the best coercivity estimate is of the order of 7 and is given by
(P21)). This leads to an estimate of the solution u” in terms of the right-hand side T" of the
form (P.29), which deteriorates as 7 — 0. Therefore, a standard finite element method
based on (P-20) cannot be used when 7 < 1. We aim at finding a variational formulation
which has bounded condition number when 7 — 0. For this purpose, like in the one-
dimensional case we adopt the method of [[7] based on a micro-macro decomposition of
the solution u’.

Definition 9.13 We define the spaces G and A as follows:
G={veV|b-Vo=0}, A={veV|vr_ =0} (9.60)
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Proposition 9.14 (i) We have:
V=GoA (9.61)
(ii) G is characterized by

welG <<= weV  suchthat ay(u,v)=0, YveA (9.62)

Proof: (i) First, suppose that v € G N A. Then, v is constant along the magnetic field
lines and its restriction on I'_ is zero. By the assumption that all magnetic field lines
contained in 2 intersect I'_ at one point, v is identically zero in €2, which shows that
GNA=10. Let us now take any function v € V and construct a function p € G by the
formula p(x) = v(z, ), where z; is the foot of the magnetic field line passing at z (in other
words, w € 8906)' Then g = v — p obviously belongs to A. This shows that V = G + A.

(ii): the proof of proposition P.7 can be reproduced in the multi-dimensional case without
any change. n

Like in the one-dimensional case, we decompose the solution u” of (P.59) into
u'=p +71q", peG, q €A (9.63)

Then, proposition P.§ applies without any change to the multi-dimensional case. We state
it in detail for the sake of completeness (the proof is similar and is omitted):

Proposition 9.15 (i) u” is the solution of ([0.59) if and only if the pair (p™,q") given by
(19.63) is the solution of the following variational formulation:

Find (p7,q") € V x A such that:
ap(q",v) + (p" +7¢",v)p = (I',v), YveV, (9.64)
as(p”,w) =0, Ywe A (9.65)

(ii) This variational formulation is well-posed and there exists a constant C, independent
of T such that

(P, ¢)vxv < CIT]yr. (9.66)

(iii) When T — 0, (p™,q7) — (p°,¢°) and u™ = p™ +71¢" — p° where (p°, ¢°) is the solution
of the following variational formulation:

Find (p°,q°) € V x A such that:
ag(®,v) + (%, v)y = (T,0), Vv eV, (9.67)
ap(p’,w) =0, Yw € A. (9.68)
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Now, we derive the PDE solved by the variational formulation (0.64), (B.65). Using the
same method as in the one-dimensional case, we find that (p7, ¢™) solve the following PDE
problem:

e (p"+7¢) V- (e?b@bVq)=F, in Q, (9.69)
(b-v)e®-Vq =g, on T, UT_, (9.70)
¢ =0 onl_, (9.71)
~V - (e ?(b®bVp")=0, in (9.72)
(b-v)e™®h-Vp" =0, on Ty. (9.73)

(9.74)

The boundary value problem for p” is equivalent to saying that p” is constant along the
magnetic field lines (b - Vp™ = 0) and that p” is determined by its boundary value on
I'y. The boundary value problem for ¢ is overdetermined, having one Dirichlet and one
Neumann boundary condition on I'_. However, the presence of the unknown constant
p"|r, introduces just the right number of degrees of freedom to compensate for this over-
determination.

We can also see intuitively that this formulation has a condition number which is inde-
pendent of 7. Indeed, for given p”, constant along the magnetic field lines and determined
by its boundary value on I';, we can find ¢” by solving the mixed Dirichlet-Neumann
boundary value problem:

e (p"+7¢) -V -(e?bebVq)=F, in (9.75)
(b-v)e ®h-Vq" =g, on Iy, (9.76)
¢ =0 on .. (9.77)

The operator ¢ — 7 %q — V - (e7?(b ® b)Vq) with Dirichlet boundary conditions
on I'_ and Neumann boundary conditions on I'; is invertible whatever the value of 7
is. Therefore, the inversion of (P.79)-(P.77) provides a solution ¢" as a function of p7,
whatever the value of 7. The additional boundary condition (b - v)e™?b-Vq™ = g on
I'_ gives another condition which allows us to compute p™. The solvability of this last
condition is also indpendent of the value of 7 as was explicitly seen in the one-dimensional
case.

9.4 The discrete anisotropic elliptic problem: back to the one-
dimensional problem

The discretization of the Fuler-Lorentz model directly leads to an anisotropic elliptic
problem in discrete form. Therefore, we are not free of choosing the numerical method
for dicretizing it. Rather, the method is imposed by that of the discretization of the
background Euler-Lorentz model. Despite this fact, we will see that we can apply the
same ideas than those developed in the last two sections for the continuous problem, to
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these discrete formulations. Like for the continuous problem, we will start to develop the
ideas in a simple one-dimensional framework, before applying them in full generality to
the three (or more)-dimensional framework.

The discretization of the Euler-Lorentz model by the FDAP-2 scheme (a similar study
could be conducted for the FDAP-1 scheme) leads to a discretization of the form:

ht h~t
—7 { <7 (nk+2 - nK) - nK+1EK+1)
hfl

— (7 (7’LK — TLK_Q) — nK—lEK—l) } + TN = TFK, (978)
where again, we restrict ourselves to linear pressure-density relationships. We also have
made 0 = 1 and collected all known terms at the right-hand side into the generic term
Fi. K is now a one-dimensional index ranging in Z. The discrete electric field is also

&

one-dimensional and denoted by Ey. Eq. (P.7§) is a generic one-dimensional model for
E5).

Now, we introduce the boundary conditions which are an important aspect of this
discussion. We suppose that the unknown ng is defined for K ranging over a finite
interval K € [-M, M| :={-M,—-M+1,...,M —1,M}. For the sake of the forthcoming
developments, we write (0.7§) in the form of a mixed problem and we highlight the
dependence upon 7:

(Vi1 — V1) + 5 = TFk, K € [-M, M], (9.79)
1
= g, — g ]~ Ex, K€ [-M+1,M—1]. (9.80)

To complete this formulation, we need to impose boundary conditions in the last row of
cells (K = M or K = —M) and in an additional row of fictitious cells (K = M + 1 or
K = —M —1). We impose the following boundary conditions (which are the discrete
counterpart of (5.19)):

7]7\—4 = ’YX/[+1 =T49dm, ’YZM - 'YzM_l =T9-M, (981)

where g4/ is supposed known.

Since our solution method for strongly anisotropic elliptic problems relies on the intro-
duction of an appropriate variational formulation, we first introduce the discrete counter-
part of the original variational formulation (P.2q). Multiplying (D.79) by a test sequence
{vk Yk e[-a,0), performing a discrete integration-by-parts and using (P-80) together with
the boundary conditions (D.81]), we get the following

Proposition 9.16 The solution n of problem (9.79), (9.80) with boundary conditions
(9.81) satisfies the following discrete variational formulation:

Find n™ € V such that:
ap(n™,v)+7(n",v) =7(T,v), YveV, (9.82)
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where V = (*([—=M, M]), the space of square integrable sequences on [—M, M], and

M-1

h—l h—l
aE(u,v) = Z 7 (7 [uk+1 — uK—l] — UKEK) (Uk+1 — UK—l) s (983)
k=—M+1

(u,v) = Z UR U, (9.84)
k=—M

(L0 = (F, ) + = lgar(ons 1+ var) = g-as(varar +voar)]. (9.85)

We note that the form ag is not symmetric but its leading order part ag (corresponding
to the discretization of the second order derivative) is. We also note that the for ag(u, u)+
7(u,u) is coercive on V. However, we have no better estimate than

ap(u,u) + 7(u,u) > 7|ul}, (9.86)

(with |u|? = (u,u)) which implies that there is no better estimate for the solution n” of
(P32) than |n"|y < 77 T]y. The condition number of formulation (P-87) tends to co as
7 — 0 and it cannot be used for solving for n” when 7 is very small. We are going to
remedy to this problem by introducing the discrete analog of formulation (P27), (P:2).

Definition 9.17 We define the spaces Gg and A as follows:

-1

h
GE == {U € |4 | 7 ['Uk—l—l — 'UK—l] — ’UKEK - 0, \V/K € [—M + 1, M — ]_]}, (987)
A= {'U eV | V_pM = V_pM+1 = O} (988)

Proposition 9.18 (i) We have:
V=GpaoA (9.89)
(ii) G is characterized by

ueGp <= weV suchthat ag(u,v)=0, YvéeA. (9.90)

Proof: (i) Let v € Gg N A. Then, vk is the solution of a two-stages linear recursion
where two successive steps are zero. This implies that v is identically zero, proving that
GgNA = 0. Now, let v € V. Then, there exists a unique p € G which satisfies
Py = V_pr, DP_me1 = U_pre1- Indeed, p is the solution of two-stages linear recursion
and has specified values at two successive points. Then, px is uniquely defined for all
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K’s. Then, defining qx = vg — pg, we obviously have ¢ € A, showing that V = Gg + A
and ending the proof of point (i).

(ii): that u € G = ag(u,v) = 0, Yo € A is obvious (it is even true for all v € V).
Conversely, suppose that u € V such that ap(u,v) = 0, Vv € A. Let ¢ for K €
[—M + 1, M — 1] be arbitrary. There exists v € A such that ¥x = vk — vk_1. Indeed,
vk is defined by a two-stages recursion with initial conditions v_j; = v_p;41 = 0. Then,
such a v in A exists and is unique. Replacing vk 1 —vx_1 by ¥k in ap(u,v) = 0, we are
led to the following relation:

M—-1

h=t (h7!
Z 5 <7 [Upy1 — Ug—1] — UKEK) Y =0, Y{¥r}re-mi1,m-1)
k=—M+1
This clearly implies that u € G and ends the proof of the proposition. n

We now decompose the solution n™ of (0.83) into
n"=p +7q¢", p €Gp, ¢ €A (9.91)
We have:

Proposition 9.19 (i) n™ is the solution of ([9-83) if and only if the pair (p™,q") given by
(9.91) is the solution of the following variational formulation:

Find (p”,q") € V x A such that:
ap(q",v)+ (p" +7¢",v) = (T,v), YveV, (9.92)
ag(p’,w) =0, Yw e A. (9.93)

(ii) This variational formulation is well-posed and there exists a constant C, independent
of T and h such that

(P, ") vxv < C|T|v. (9.94)

(111) When 7 — 0, (p7,q¢") — (p°,¢°) and u™ = p™ +7q" — p° where (p°, ¢°) is the solution
of the following variational formulation:
Find (p°,q°) € V x A such that:
ap(¢’,v) + (p°,v) = (T,v), Yo eV, (9.95)
ag(p’,w) =0, Vw € A. (9.96)

Proof: (i) We insert the decomposition (P.97)) into (0.89) and get (p™,¢") € G x A such
that (P.93) holds for any v € V. Now, using the characterization (0.90) of G, we get
(p:93). Conversely, let (p7,q") € V x A be a solution of (p.97), (P-93). Constructing n”
according to (9.91)) obviously leads to (P.89).

85



(i) We refer to [[I7].

(iii) is obvious. "

Another, more elementary view of this proposition is as follows. A given p™ € G depends
on two arbitrary quantities: p”,, and p”,,,,. For a given p” € G, we can solve for ¢”
satisfying (0.93). The form ag(u,v) is coercive on V. Indeed, if ag(u,u) = 0, then
u € GpN A and with (P:89), is such that u = 0. Additinally, the coercivity constant can
be proven uniform with respect to h. Therefore, using test sequences v € A, (0.99) can
be solved uniquely for ¢" € A. Then, taking a sequence v € V such that vg = 0, for all
K € [-M + 2, M] leads to two additional linear relations which allow to determine p” ,,
and pT ;. uniquely. This procedure allows us to determine (p”, ¢") uniquely in a uniform
way with respect to both 7 and h.
We now turn ourselves to the multi-dimensional case.

9.5 The discrete strongly anisotropic elliptic problem: the multi-
dimensional problem
We now assume that the multi-index K belongs to a box K = [[>_,[~M;, M;]. The

discretization of the Euler-Lorentz model by the FDAP-2 scheme (a similar study could
be conducted for the FDAP-1 scheme) leads to a discretization of the form:

3 71 _
h; Bt
- E 37 {bj|K+ej bi|K+6j (ZT [n|K+ej+ei - n|K+ej—ei] - n|K+ejEi|K+ej)

i,j=1
hfl
i
_bj‘Kfej bz'\Kfej ( B [n|K7ej+ei - n|K7ejfeJ - n|KejEi|Kej)}

+mn|lg = 7F |k, (9.97)

where we have introduced a linear pressure-density relationships. We also have made
9 = 1 and collected all known terms at the right-hand side into the generic term F'|g.

Now, we write (0.97) in the form of a mixed problem and we highlight the dependence
upon 7:

3 51
h-
_Z JT (bj|K+ej 7T|K+ej B bj|K*ej ”YT|K*€J') +TnT|K = 7—F|K7 VK € K, (9-98)
j=1
3 h<_1
Yk = bilk (27 (n"|kcpe; =17 |k —e)) = nT|KEz‘|K) VK € K, (9.99)
i=1

where i, denotes the internal cells K, = H?Zl[—MZ- + 1, M; — 1]. To complete this
formulation, we need to impose boundary conditions in the last row of cells (K € K; =
[T =My, M)\ TI>_,[= M; + 1, M; — 1]) and in an additional row of fictitious cells (K €
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Kr = T [~M; — 1, M; + 1)\ TI._,[-M;, M;]). We impose the following boundary
conditions (which are the discrete counterpart of (B.19)):

bilk 7k =79k, VK € K;UKp and jg such that v = +ej,, (9.100)

where gx for K € K; UK is supposed known. The condition on jg is that the direction
Jri is one of the directions to which the boundary of K at cell K is normal.

Multiplying (P.9§) by a test sequence {vk } ek, performing a discrete integration-by-
parts and using (P.99) together with the boundary conditions (P-100]), we get the following

Proposition 9.20 The solution n}. of problem (9.93), (9.99) with boundary conditions
(9-104) satisfies the following discrete variational formulation:

Find n™ € V such that:
ap(n™,v)+7(n",v) =7(T,v), YveV, (9.101)

where V = (*(K), the space of square integrable sequences on K, and

ap(u,v) Z [Zb IS < (ulK e, — UlK—e;) — U|KEz‘|K)

Kek i=1
[Zb ™ <— V| ke, — U|K_ej)>] . (9.102)
=) wy, (9.103)

KeKk

nt

hit
<F7 U> = <F7 U) + Z Eik jTQKUK, (9104)

KeKUKR
where in the last term defining (I',v), €;, is defined by vk = €j,.€;,. -

We again note that ag(u,u) + 7(u, u) is coercive on V. However, we have no better
estimate than (P.8@), which implies that the condition number of formulation (P.101)
tends to oo as 7 — 0. Therefore, this formulation cannot be used for solving for n™ when
7 is very small. We then introduce a new formulation in the spirit of what has been done
in the one-dimensional case. To this aim, we assume that there is a space direction ig
such that b;,|x # 0 for all cells K € K. This condition can be removed at the expense of
some additional work which will be detailed in future work. We suppose that 7y = 3 for
simplicity. We also define the set g by:

3 2
Ke = [[I=Mi, M) \ TJI=M: + 1, M; = 1] x [—Ms + 2, Ms]. (9.105)
i=1 i=1
We note that in the 3rd direction (corresponding to ig in the general case), the boundary
cells are shifted and two layers of boundary cells are defined on the left-hand side and no
boundary cells on the right-hand side. The complement K\ g = H?Zl[—Mi + 1, M; —
1] x [=M3 + 2, M3] is denoted by K 4.
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Definition 9.21 We define the spaces Gg and A as follows:

GE:{UEV

3
> bili ((200) 7 (lkcse, — ulk—e,) — ulxEil ) =0,
=1

VK € /cm} , (9.106)

A={veV |v|lg=0VK € Kg}. (9.107)

Proposition 9.22 (i) We have:
V = GE ® A. (9108)
(ii) G is characterized by

ueGp <= weV suchthat ag(u,v)=0, YvéeA. (9.109)

Proof: (i) We note that, for the elements p of Gg, the components p|x for K € Kq are
free. Similarly, for any element ¢ € A, the components ¢|x € K4 are free. Now, Let
v € GpNA. Because v € A, v|f is identically zero on K. Then it is easy to see that the
condition that v € G, owing to the fact that bs|x # 0, allows to determine v recursively
in the layers corresponding to K3 = Constant, starting from the layer K3 = —Mj5 + 2
up to the layer K3 = Mj3. And this recursive calculation shows that v|x is identically
zero on K. This shows that Gz N A = (). Now, we consider v € V. Using the same
recursive procedure as above, we can define an element p € G such that p|x = v|x for
all K € Kg. Once p is found, ¢ = v — p is defined and obviously belongs to A, showing
that V = Gg + A.

(i): that v € G = agp(u,v) = 0, Yo € A is obvious (it is even true for all v € V).
Conversely, suppose that v € V' such that ag(u,v) =0, Vv € A. Let ¢i for K € Ky be
arbitrary. There exists v € A such that

3 h-_l
Vi = ;MK (% (vlrcte, — U|K—ej)> : (9.110)

Indeed, vk is defined by the same recursive procedure as above, starting from the zero
values of v|g for K € Kg. Additionally, the so-constructed v is the unique v € A
satisfying property (0.110). Inserting (P.110) into the expression (P.102) of ar and using
that ag(u,v) = 0, we are led to the following relation:

3 ht_l
> [Z bilx (ZT (Ul pe; = ulk—e;) = u|KEZ|K)

KeKint i=1

Y = 0.
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This clearly implies that u € G and ends the proof of the proposition. n
We now decompose the solution n” of (0.107]) into
n =p +7q¢, p €Gg, q €A (9.111)
We can copy proposition ‘mutatis mutandis’:

Proposition 9.23 (i) n” is the solution of ([9.101) if and only if the pair (p7,q") given
by (9.111) is the solution of the following variational formulation:

Find (p",q") € V x A such that:
ag(qi,v)+ (p" +71¢",v) = (T,v), YveV, (9.112)
ag(p”,w) =0, VYwe A. (9.113)

(ii) This variational formulation is well-posed and there exists a constant C, independent
of T and h such that

(P74 )lvxv < C|T|yr. (9.114)

(iii) When T — 0, (p7,q7) — (p°,¢°) andu™ = p™+71¢" — p° where (p°, ¢°) is the solution
of the following variational formulation:

Find (p°,q°) € V x A such that:
ag(q’,v) + (P’ v) = (C,0), YveV, (9.115)
ag(p’,w) =0, Vwe A (9.116)

This variational formulation has the following interpretation: First, take an arbitrary
p” € Gg. Then, p” depends on independent components p|x for K belonging to Kg.
Using the fact that ap is coercive on A (the proof is similar as in the one-dimensional
case), we find a unique ¢7 € A such that (P.I13) holds for any v € A. But ¢” depends
on the chosen element p™ of G. Then, taking v such that v|x # 0 if and only if K € K¢
gives as many independent relations as needed to fully determine p”.

Variational formulation (P.119), (P.119) leads to a solution methods for the discrete
anisotropic elliptic problem with a uniform condition number with respect to 7 when
7 < 1. This method does not require the numerical determination of the magnetic field
lines nor any integration along these lines.

9.6 Strongly anisotropic elliptic problems: conclusion

The resolution of the Euler-Lorentz model when 7 < 1 (the limit 7 — 0 corresponding
to the so-called drift-fluid limit) leads to a strongly anisotropic discrete elliptic problem.
We have seen that this problem degenerates when 7 — 0 and leads to an ill-conditionned
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numerical resolution. We have proposed a new variational method. This method has
a condition number which is independent of 7 when 7 < 1 and is therefore efficient
independently of the value of 7. Additionally, it provides the correct solution to the
limit problem when 7 — 0. The knowledge of the magnetic field lines is not needed
and no integration along these field lines need to be performed. Therefore, this method
is particularly suitable to a context where the magnetic field is susceptible to vary with
time.
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Conclusion

In these notes, we have described how to construct Asymptotic-Preserving schemes for
plasma fluid models in a variety of situations. We have first considered the quasi-neutral
limit and applied the methodogology to the Euler-Poisson and to the Euler-Maxwell
problems. In a second part, we have focused on the Euler-Lorentz model in the drift-fluid
limit which arises when the magnetic field is large and simultaneously the Mach number is
small. In all cases, the same methodology has been applied. First, we find a reformulation
of the original problem in such a way that it directly appears as a perturbation of the
limit problem. Then, we focus on the time discretization by considering time semi-discrete
schemes and we determine which terms must be evaluated implicitly in order to make the
scheme AP. Once a proper time discretization has been found, we apply it to a fully-
discrete version of the scheme. In this last step, issues like conservativity or numerical
viscosity can be brought into the framework of AP schemes.

We have focused on a presentation of the methodologies. We refer to the bibliography
given in the introduction for applications to practical cases and performance tests.

The AP methodology can be applied to a large variety of situations. Of particular
interest are cases where where several limits must be taken independently. An important
issue for instance in two-fluid models is to treat simultaneously the smallness of the Debye
length (quasi-neutral limit) and the smallness of the electron mass (Low Mach-number
limit in the electron fluid equations). Another issue is the design of schemes for the Euler-
Lorentz model which are AP when both the Debye length and the cyclotron period may
tend to zero independently.

Other open problems concern the stability analysis of the schemes in the nonlinear
settings, as well as the obtention of rigorous error estimates.
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