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STUDY OF AN ASYMPTOTIC PRESERVING SCHEME FOR THE QUASI
NEUTRAL EULER-BOLTZMANN MODEL IN THE DRIFT REGIME

MEHDI BaDsiH*

Abstract. We deal with the numerical approximation of a simplified quasi neutral plasma model in
the drift regime. Specifically, we analyze a finite volume scheme for the quasi neutral Euler-Boltzmann
equations. We prove the unconditional stability of the scheme and give some bounds on the numerical
approximation that are uniform in the asymptotic parameter. The proof relies on the control of the
positivity and the decay of a discrete energy. The severe non linearity of the scheme being the price to
pay to get the unconditional stability, to solve it, we propose an iterative linear implicit scheme that
reduces to an elliptic system. The elliptic system enjoys a maximum principle that enables to prove the
conservation of the positivity under a CFL condition that does not involve the asymptotic parameter.
The linear L? stability analysis of the iterative scheme shows that it does not request the mesh size and
time step to be smaller than the asymptotic parameter. Numerical illustrations are given to illustrate
the stability and consistency of the scheme in the drift regime as well as its ability to compute correct
shock speeds.
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1. INTRODUCTION

This work is devoted to the construction of a numerical scheme for the simulation of the quasi-neutral Euler—
Boltzmann system: such a model represents the evolution of an unmagnetized quasi-neutral plasma where
electrons are adiabatic and their density obeys the Boltzmann relation [14,24] and ions are submitted to the
self-generated electrostatic field. In this model, we assume that the ions internal energy and the electric energy
are of the same order as e~! where £ > 0 is a possibly small parameter. When € — 0, we reach an asymptotic
regime which is called the drift regime: in this regime the pressure force is balanced by the electrostatic-field.
In return, the momentum equation for the ions degenerates into an equation where the velocity can be seen as
the Lagrange multiplier of the zero total force equation [6,7,25,28]. In many practical applications however, the
value of € is not uniform and can vary with respect to the spatial localization of the plasma. Typically, bounded
plasmas are usually such that in the core plasma the regime is € < 1 while near the boundaries, boundary effects
such as the Debye sheath may yield a regime where ¢ = O(1) [2,4,30]. It is therefore of interest to develop
numerical scheme that are able to simulate both regimes. A standard approach to adress this diffuculty consists
in a domain decomposition with respect to the local value of ¢: with the use of either the e-dependent model
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in region where ¢ = O(1) or a limit model in regions where ¢ — 0. The coupling of these models is however
not straightforward and brings many other technical difficulties related to the interfaces reconnection. To avoid
such difficulties, we employ the so called asymptotic preserving approach introduced by Jin [16,17] so as to be
able to simulate both regimes ¢ = O(1) and € — 0 with a single model. The efficiency of this approach has led
to significant development both in plasma physics and fluid mechanics [7,8,10,26,28,31]. However efficient in
practice, rigorous stability analysis and proof of convergence in the limit ¢ — 0 for complete physical models
is often a difficult task. In this respect, the present work is devoted to analyse some properties of a scheme
for the quasi-neutral Euler-Boltzmann system. The motivation of this work comes from some of the questions
raised in a previous work of Deluzet et al. [7] on the Euler-Lorentz model. Notably, besides the ability of the
scheme to be numerically asymptotic preserving, some questions around the ability of the scheme to preserve
the invariants (physical energy, positivity) and computing the correct shock speed in a non conservative form
of the Euler—Lorentz equations was formulated.

This work is organized as follows. In Section 2, we introduce the quasi-neutral Euler-Boltzmann system and
describe its mathematical properties. In Section 3, we discuss numerical issues related to the Euler—Boltzmann
system. In Section 4, we introduce the discretization and define the non linear implicit scheme. Section 4.1 is
devoted to prove the existence of a solution to the scheme, its unconditional stability and give some uniform
(with respect to the small parameter) bounds. In Section 5, we introduce an iterative linear scheme to solve the
non linear scheme. It is proven to be positivity preserving and linear L? stable under a CFL condition that does
not involve the small parameter €. In Section 6, we illustrate the ability of the scheme to capture the correct
shock speeds and test its stability properties in the drift regime.

2. A FLUID MODEL FOR A QUASI-NEUTRAL PLASMA DYNAMIC: THE SCALED
EULER—BOLTZMANN SYSTEM

We consider a confined plasma that is made of one species of ions. To model this plasma, we use a fluid
approach where the plasma position is denoted = and belongs to the unit periodic segment [0, 1],er = R/Z. In
our fluid description, the unknowns of the model are the ions density n : (t,z) € [0,T) x [0,1]per — RT, the
macroscopic ions velocity u : (t,z) € [0,T) X [0,1]per — R, the ions pressure p : (t,z) € [0,T) X [0, 1]per —
R*, and the ions fluid energy density w : (t,z) € [0,T) x [0,1]per — R* and the electrostatic potential
¢ :[0,T) x [0,1]per — R. They are assumed to be solutions to the following Euler-Lorentz equations posed in
(OvT) X [Oa 1]pcr5

On + 0, (nu) =0, (2.1)
0 (nu) + 8, (nu?) + %afp _ énE (2.2)
Ohw + 0y (u(w+p)) = nuk, (2.3)
E=-0,9, (2.4)

enu? 1
w = 9 + ﬁp. (25)

Here, the constant parameters € > 0 and v > 1 denote respectively the thermal energy relatively to the ions
kinetic energy and the adiabatic constant. As it is, the system (2.1)—(2.5) is not a closed set of equations, we
therefore use the physical hypothesis of quasi-neutrality with adiabatic electrons [24]. Namely, it mathematically
writes

V(t,z) €[0,T) x [0,1], n(t,z)= "B with T. > 0 a fixed parameter. (2.6)

The set of equations (2.1)—(2.6) now provides a closed system for (n,u,w,p, ). The hypothesis of quasi-
neutrality with adiabatic electrons enables to reduce the number of unknowns of the system and to re-write it
into a set of conservation laws. Indeed, the algebraic relation (2.6) enables to eliminate the electrostatic potential
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thanks to the following formal computations: from (2.6) we get, ¢ (t,2) = T In (n (¢, z)) and from (2.4) we have

E(t,x) = —T, 8:1?75(23”). Therefore the momentum equation writes in the conservative form:
1

Oy (nu) + 0, (an) + gaw (p+Ten)=0. (2.7)

Some algebra also enables to write the energy equation (2.3) into the conservative form:
O (w+Ten(In(n) —1)) + 0z (u(w+p+ Tenln(n))) = 0. (2.8)

It stems from writing the right hand side of (2.3) into the sum of a temporal and spatial derivate:
Oz
nul = —T,nu - —Tenudy In (n) = —T.0; (nuln (n)) + Tedy (nu) In (n),

then using the equation (2.1) we obtain:
nuE = =T.0, (nuln (n)) — Te0: (n)In (n) = =0 (Ten (In (n) — 1)) — T.0, (nuln (n))

which is enough to get the conservative energy equation (2.8). Finally, (2.1)—(2.6) is formally equivalent to the
following system of conservation laws of unknown (n,u,w,p, ¢):

O + 9, (nu) = 0,
Oy (nu) + 0, (nu?) + 19, (p+ Ten) = 0,
(P.): {0 (w+Ten(In(n) —1)) + 05 (u(w+p+Tenln(n))) =0,
w= e 4 Lop,
¢p=T.In(n).

The three first equations of (P.) stands for the local conservation of mass, momentum and energy while the
two last algebraic equations are constitutive relations relating pressure and electrostatic potential to energy and
density. The system (P:) is supplemented with a periodic initial data (no7 u?, w0, p°, (;50) where p® and ¢° obey
the constitutive relations.

2.1. Conservation properties and admissible set

Smooth periodic solutions to (P.) system conserve mass, momentum and energy as stated precisely in the
following proposition.

Proposition 2.1. Let e > 0 and (n., ue, We, Pe, Pc) a smooth periodic solution to (P.) on [0,T]. Then one has
forallt €[0,T):
1
@/, ne (t,z)dz =0,

d 1
T (neue) (t,x)dz =0,
0

1
@/, (we + Tene (In(ne) — 1)) (¢,2) dz = 0.

It is also mandatory that solutions to (P.) belong to the admissible set Q = {(n,u,w,p,¢) € R®> : n >
0, w— 5”2“2 > 0}. When designing a numerical scheme, it is important to check that the numerical approximation
shares the same conservation properties as solutions to the continuous problem. It is a necessary step to assess
the robustness of the numerical scheme and often a necessary step towards theoretical convergence result.
Significant efforts have been made in this direction in the context of fluid dynamics, for example with the work

of Herbin [12,27].
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2.2. Existence theory for (FP;)

The system (P.) can be re-cast into a system of conservation laws for the wvariables
(n,nu,w+ Ten (In (n) — 1)). It has the form:

AW + 0ufe (W) =0, (t,2) € (0,T) x [0, per,

W = (n,q,e)t where ¢ := nu,e:=w+ Ten (In (n) — 1),
p=(r=1)(e= %L ~Tn(n(n) - 1), ¢=T.In(n)

2n

where the flux is defined by

q
7 . (=D _ & _ T.nl YTen
fg (W) = n + € € 2n ) el n(n) + 5
q &q
4 “Dfe-L _Tn1 T
et -1 (e 35~ Tntam) +4%n)

Therefore (P:) is strictly hyperbolic since the Jacobian of the flux f. has three real distincts eigen values:

Ao =u—c. <A =u< AL =u+c. where
T,
co = 2IMENTe (2.9)
€

is the acoustic speed. In the case T, = 0, the system is nothing but the compressible Euler equations for which
existence theory is available [9,22,29]. The case T, > 0 should not rise specific difficulties since considering the
specific entropy S (n,q,e) = In (&) the system (P-) admits the additional conservation laws for any h € C* (R)
and smooth solutions:

O¢ (nh (S)) 4+ 0z (nuh (S)) = 0. (2.10)

Particularly, if h € C? (R) satisfies the inequality };Ll,/((g)) < % the couple (—nh (S (n,q,e)),—nuh (S (n,q,e))) is

an entropy-flux pair and therefore the system (P:) is symmetrizable which enables to apply the Kato-Friedrichs
theory [18].

2.3. The drift limit ¢ — 0t

The asymptotic ¢ — 07 is called the drift limit. In this limit, the pressure force balances the electric-field. To
be more precise, let us assume that smooth solutions to (P.) admits the formal asymptotic Hilbert expansion:

ne =ng+eny + O (),
u0+5u1+(’)(52),
w€:w0+5w1+(’)(52).

Ug

2
with we = =% + ﬁpa. Plugging this expansion into (2.1)—(2.7) and balancing the equal order terms in €, we

get the following system:

Oing + Oy (n0u0> =0,

9y (noug) + 0z (noud) + 9z (p1 + Tena) =0,

0z (po + Teno) = 0,

O (wo + Teng (In(ng) — 1)) + Oz (ug (wo + po + Teng In (ng))) =0,
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Substituting wg in the in the fourth equation and expanding the computation leads to an equation for the
pressure that writes:

0tpo + Oz (uopo) + (v — 1) podruo = 0.

Therefore the formal limit system reads:

d¢no + Oz (nouo) = 0,

A (nowo) + 0z (noud) + d,m =0,

0z (po + Teng) = 0,

0ipo + Oy (’UJOPO) + (’Y - 1)p06xu0 =0,

(FPo) :

where w1 = p;+T.n; is the first order correction of the total pressure. The system (FPp) of unknown (ng, ug, po, 7)
is closed. The study of the convergence of the solutions to (P:) toward the solutions of (Py) when ¢ — 07 is a
classical problem arising in fluid mechanics and more generally in the framework of the so called singular limits
of hyperbolic systems [1,19,23].

2.4. Non conservative formulation (Pcf)

It is sometimes easier to work with a non conservative formulation, that is with a set of variables that is not
conserved. As far as the system (P;) is concerned, the energy equation (2.3) can be replaced by an equation on
the pressure. Indeed, if we assume a smooth solution (n,u,w, p, ¢) and then multiply the momentum equation
(2.2) by u, we get:

1 1
(6,5 (nu) + 0y (nu2) + gax (p+ Ten)) u=0= 0 (nuz) + 0y (nu3) + gax (p + Ten) u = nudsu + nu’d,u.

Then thanks to the momentum equation (2.7) and the continuity equation (2.1) one has for the right hand
side of the second equation:

nudyu + nu?dyu = u (ndyu + nudyu) = u (8,5 (nu) + 0y (nuz) —u (O + Oy (nu))) = —g@w (p+Ten).

We therefore deduce: - -
€ 2 € 3 _
Oy (2nu ) + Oy (2nu ) +0; (p+Ten)u = 0.

Substracting the last equation to the conservative form of the energy equation (2.8) gives the following
equation for the pressure:

Op+ 0 (up) + (v — D) poeu=—(y— 1) T (0s (nln(n) —n) + 9, (un (In (n) — 1)) + ndyu) =0 (2.11)

where the right hand side of the last equality vanishes thanks to the continuity equation (2.1). Under the
smoothness hypothesis, the system (P:) is equivalent to the following non conservative system:

ogn + 0, (nu) =0,

0 (nu) + 0, (nu?) + 20, (p+ Ten) = 0,
(PL):{ Oup + Oy (up) + (v — 1) pdyu = 0,

woe g L
¢="T.In(n).

with a periodic initial data (no, u%, w0, p°, (;50) where w® and ¢° obey the constitutive relations.

3. NUMERICAL ISSUES RELATED TO THE USE OF EITHER (P.) OR (P)

In this section, we briefly discuss the motivation and the numerical issues we care about in this work concerning
the numerical simulation of (FP).
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3.1. The three dimension Euler—Lorentz model as a motivation

First and foremost, we mention though it is one dimensional in space, our model contains the essential of the
numerical difficulties encountered in the numerical simulation of the three dimensional Euler—Lorentz model for
strongly magnetized plasmas. Specifically, in the strong magnetic field regime, the parallel (to the magnetic-
field) momentum equation degenerates into a balance of force between the parallel gradient of pressure and the
parallel electric field. In [7, 28] asymptotic preserving schemes are proposed for the three dimensional Euler—
Lorentz model. A special care is dedicated to the reformulation of the model so as to ensure that the spatial
discretization would yield formally an estimate of the parallel gradient of total pressure that should scale like
the ion Larmor radius. This estimate would ensure the asymptotic consistency of the scheme. One can make
an analogy with our one dimensional model, to this effect if one assumes the spatial variable z as being the
coordinate aligned to the magnetic field. The essential of the discussion in [7,28] is to ensure an estimate of the
form 9, (p + T.n) = O (&) in some norm. Linear L? stability issues in the asymptotic ¢ — 0 are also discussed.

3.2. Positivity and asymptotic consistency: use of (Ps’)

To derive a numerical scheme that is asymptotically consistent, one has to ensure two things at the discrete
level:

(a) The positivity of the total pressure p + T,n so as to avoid unphysical gradient.
(b) The estimate 0, (p + Ten) = O (g) for some norm.

The use of an equation on the pressure at the continuous level has the advantage to verify a maximum
principle, it then gives a hope to ensure the positivity of at the discrete level. As far as the second point
is concerned, we mention that it is not mandatory to employ a non conservative form to ensure the formal
asymptotic estimate 9, (p + Ten) = O (g), it is also possible to ensure it with the conservative system (FP;) (see
[15] for a proof). Here the non conservative formulation enables to derive an equation on the total pressure
p + Ten that is uniformly elliptic in € [5].

3.3. Asymptotic stability: on the necessity to implicit the gradient of total pressure
and the divergence of velocity

It is known that the numerical discretization of hyperbolic systems involving a small parameter may suffer
from severe stiffness on the numerical discretization parameter [13,26]. A classical approach to overcome this
difficulty is to use the so called IMEX splitting schemes [3,31] that is the discrete counterpart of splitting
operator techniques: stiff operators are implicit while the a priori non stiff operators are explicit. Here we
propose to explain what is the minimal level of implicitness our numerical scheme shall implement to avoid
stability problem in the drift regime ¢ < 1. Let us consider a constant solution (n°,u®,w?, p°, ¢°) to (P!). Let
us consider a solution (n,u,w,p, @) to (P!) associated with an initial data that is a small perturbation of the

1>
constant state. Let then write the solution as:

n=n"+nu=u’+ap=p"+pw=u’+1¢=0¢"+¢.
Neglecting the second order terms in (P)), it yields the following linearized equations:
i+ ul0,n 4+ no,u = 0,
n°0yi + u® (9t + u0pt + n°0,0) + n®u’8, it + %875 (p+ Ten) = 0,
O + u’0up + p°0, 0 = 0.
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where the second term of the momentum equation vanishes thanks to the continuity equation, we therefore

obtain the linearized equations for (ﬁ, U, P, W, q~5>

O + u00,7 + n0,u = 0,
04l + u00, 1 + =50, (p+ Toh) = 0,

end
Oyp + ul0,p + yp0,1 = 0,
N (N 1
W=enu+ —5— + b

To now identify which terms are needed to be implicit, we consider a semi-discretization in time of the form:

ke {0,..., [ L]},

Skl =k . ~
b+ u00,nk + nlo,uk =0,
~k+1__ ~k

— 09 ~k 1 ~k+1 ~k+1)
s + w00, + o0y (P + Tt = 0,

Sk+T

~k
Pxi s+ w08 + p 0, ak = 0,

where At > 0 and 7%, @*, p* stand for an approximation at time t;, = kAt > 0 of 7 (tk, ) , U (tk, ) N7 (t’“, ) .
If we take k* = k, and use the linearized momentum equation to express @** as a function of 9, (j)'k +T.n ),
therefore we obtain by inserting v** in both the linearized density and pressure equations, an elliptic equation

for the total pressure that takes the form:

2
P TRk ATtam (ﬁk +Teﬁk) ik
where 7* is a residual term.

Such an explicit discretization would yield a stability constrain that is dependent on . From a computational
point of view, it is unacceptable. However, if we chose kx = k + 1 the stiff term becomes implicit and the
discretization would yield a stability constrain that is dependent on u° but not on e. In this scope, the minimal
level of implicitness is:

(a) To treat the gradient of total pressure in the momentum equation implicitly.
(b) To treat the divergence of velocity in the mass flux and in the pressure equation implicitly.

Let us mention however that the implicitness of the gradient of total pressure is not the only way to ensure sta-
bility independently on . Another way to do it [15,26], is to split the gradient of pressure 19, (p**! + T.a**1),
and to substitute it by ad, (ﬁk + Teﬁk) + (% - oz) Oz (;5’““ + Teﬁk“) where o > 0 is a numerical parameter
that must be correctly chosen so as to ensure the stability of the scheme.

3.4. Shock speed computation for the non conservative formulation (PE’) and energy
conservation

Though it is convenient to work with (P/) to ensure the positivity of the pressure (because it is not in this
case the difference of two non negative terms) and the formal AP consistency, it brings another difficulty related
to the hyperbolic structure of the Euler-Boltzmann model. It is well-known that for hyperbolic systems [20],
solutions are rarely classical even if the initial data and the boundary conditions are smooth. Solutions develop
discontinuities owing to the fact that characteristics cross in finite time. In this case the pressure equation
and the energy equation are not equivalent. Therefore (P.) and (P.) are no longer equivalent. To palliate this
eventuality, we use the strategy developed in [27]. We shall add a corrective source term in the discretization
of (2.11) that accounts for the numerical representation of measures appearing when the solution is no longer

smooth. It is proven in [27] that under suitable a priori estimates, such an approach allows to recover the
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Rankine-Hugoniot relations when the mesh size and time step tend to zero. To clarify the discussion, let us
briefly sketch what information is lost in the computation of Section 2.4 when solutions are no longer smooth.
Consider the simple inviscid Burgers equation posed in (0, +00) x R:

82
Ors + s <2> =0. (3.1)

In the case s is smooth, we can multiply by s (3.1) and perform differentiation in time and space to obtain:

d, (f) O (f) =0 (32)

Assuming now a solution of the form s (¢,2) = s;1a<st (t,2) + Sp1lasoe (¢, ) yields the Rankine-Hugoniot
relation for the first equation o = 2£2= while for the second o = 2 (s; + s,.). It therefore gives different shock
speeds. One may ask what is missing in (3.2) and why do we obtain different shock speeds. To understand, let
us write the weak formulation of the Burgers equation (3.1). We shall say that s € L* ((0,400) x R) satisfies
the Burgers equation (3.1) in the weak sense if

+oo
/ / 50rp + f(8) Opipdtdr =0 Ve € C((0,+00) x R),
R J0

where f(s) = % To mimick the formal computation of Section 2.4, or simply to try to obtain (3.2), we
are tempted to take ¢ = sy for some ¢ € C}((0,+00) x R). However it is not possible since a priori
s & C((0,+00) x R). Let us proceed by regularization: there is s, € D ((0,+00) x R) such that s, — s in
LY ((0,+00) x R) for 1 < p < oc.

Now take ¢ = s, with ¢ € C} ((0,4+00) x R) we obtain:

“+o0 “+oo
/R/O 88,000 + [ (8) $p0pdtda = — /]R/O ($018n + f (8) Ozspn) Ydida. (3.3)

It is easy to see that the left hand side tends to [, f0+°° s20up + f (s) 80,dtdz as n — +oo. As for the right
hand side, if s9;s,+ f (s) Oz, is only bounded in L ((0,4+00) x R) then up to a subsequence, s9;5,,+ f (8) 05,
tends to a measure. Thus in the case solutions are discontinuous, weak solutions to (3.1) are different from weak
solutions to (3.2), they have both different weak formulations. To ensure the consistency between the two
formulations at the discrete level, one has to take into account this measure. Our last numerical concern in
this work, is the conservation of a discrete analogue of the energy equation (2.3). To obtain the conservation of
the energy, one shall perform the formal computation of Section 2.4 in the opposite sense. To do so one has to
ensure the discrete analogue of the following properties:

e The cancellation at the discrete level:

/ Oz (p+Ten)u+ (p+ Ten) Ozudz = 0.
[0,1]per

e Make a crucial use of the the continuity equation (2.1): 9sn + 9, (nu) = 0.

A convenient tool to ensure these two properties is to use a staggered discretization where density and pressure
are discretized on a primal mesh, while the velocity is discretized on a dual mesh. It enables to build discrete
differential operator such that the duality between the “divergence” of the velocity and the gradient of total
pressure holds. Another important property is that the continuity equation needs to be valid both on the primal
and the dual mesh.
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4. AN UNCONDITIONALLY STABLE NON LINEAR IMPLICIT SCHEME FOR (P)

In this section, we introduce the discretization and propose a non linear implicit scheme to approximate solu-
tions to (P.). Let us begin with the mesh notation. Let a time step At > 0 and define for all k € {0,1,..., | £ |}
the discrete times t, := kAt. Let N € N* and Azx 1= 5 +1 be the mesh size. The the periodic umt 5egment
line [0, 1]per is discretized with the points defined for all i € Z by z; := iAx where for all (i,j) € Z?, the two
points z; and x; denote the same grid point and we note it z; = x; if and only if z; — z; € Z. In particular,
we have for all ¢ € Z, z;4(nv41) = 2;. In the spirit of finite volume framework, we introduce the control cell
C; =[x T;iy1) where z;_1 = x; — &z, Tipl =T + £2. We also define the cell centered on z _1 by
C;_ 1= [xl 1,x2) We use a staggered discretization, namely the density and pressure are discretized on the
prlmal mesh 7, := U C; while the velocity is discretized on the dual mesh 7,* := igzcl_f' In all the sequel, we

i—fa

shall omit to prec1se the dependence on T, > 0 and v > 1 of the solutions to (P.) for any € > 0. For any ¢ > 0,
the discretization of (P.) consists in approaching for each k € {0,1,..., 2]}, the unknown functions n. (¢¥,.),

Pe (t ,.), ug( ,.) by:

n. (t", z) ~ n’;h (x) := Zn’;ilci (2), (4.1)
1€EZ

Pe (tk7$) psh Zps zlc (42)
1€Z

Ue (tkvx) Nueh Zug 1_110 % (.I‘), (43)

i€EZ
where the three sequences (n’;i)iez C R, (pk )zGZ C R, ( ; 1) , C R are assumed to be a solution to the
' &1=3/ie

following non linear scheme (P xy a,) :

Vi€ {0,...,N}, (4.4)
Az pig k+1 k1
E (ns,i ) + Fs Jitd Fe i—1 =0, (45)
Az 1
A (ﬁ;ji%u’;ji% —nk, auk, ;) +EE T = FEL T 26y (BT 4+ Tk ) =0, (46)
AT k41 ok k+1 1yt k+1 kt1
Ay O = pE) H )y — o)l + (=) (5T 6 (ul ) = SEF (4.7)
with the periodic boundary conditions:
Vi € Z, (4.8)
k+1 _  k+1
ns,i - ng)i+(N+1)’ (49)
k1 _ k41
U’E i_l - uE,i—‘y—N-‘r%, (4.10)
E+1 _  k+1
pg 7 ps,i+(N+1)' (411)

where all terms will be defined here under. The non linear scheme is supplemented with a periodic initial data
(ngi)iEZ C Rf, (uo .7%)1_62 CR, (pgﬂ‘)z‘ez C Rt where for all i € Z:

g,
= [ nl@de, o, = [ w@de p2 = [ (@)de.
g,1 A{L‘ CI £ E,1— 5 c. € £,1 Aw C_L €

For consiceness, we shall use the notation (n%, p¥,u¥) € R” x R x R” to denote the sequences (n” C

5ai)i€Z
R, (pf;l-)i€Z CR, (u§=i_%)iez C R at an iteration k& € N. The staggered discretization (4.1)—(4.11) features two

important properties:
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(a) For all k € {0,..., %]}, the duality formula

/[ b )k () e = / P (@) gl (2) dx (4.12)
0,1]per

[0, 1] per

Kk (JUIEC i+l p? z) k (ulec,wrl - ulec,ifl>
holds’ where 81p5,h = Z Tlci+% and al‘us,h = Z ZAJ: 2 1C7;'
i€z i€z
(b) The validity of the discrete continuity equation on the dual mesh 7, :

A A
A0 N g OB ) L S R =0 T (2 ey e A =
(4.13)

2

where n’;i_l and F¥, are defined here under by (4.15) and (4.16).
: ;

)

Now we shall defined precisely, the flux and the density at the interfaces. Our scheme follows the standard
finite volumes approach, the discrete continuity (4.5) equation is obtained by integrating the continuity equation
(2.1) on C; and considering the discrete values n¥ as an approximation of the mean values of the density at
times t in the cell C;. The flux of mass at the interface is upwind on the density with respect to the sign of

the velocity:

+ —
k1 _ [, k41 k+1 k41 k+1
FEfL = (Wbt ) bt () nb (4.14)
where ()" := max (.,0) and ()~ := max (—.,0) denote respectively the positive and the negative part functions.

The discrete momentum equation (4.6) is obtained by integrating momentum equation (2.7) on C;_1. The
density is here defined in the cell CF% as the mean value over the two neighbouring cells:

k k
ng._1+n;,
nk .= SEinl et (4.15)

ei—3 2
The flux of mass and the velocity at the interfaces of the cell C’z_% are defined by:
Fk | +FF

Fekz — “_%“ﬂ (4.16)

The velocity is here upwind with respect to the sign of the flux of mass:

k ek
u*. I FF. >0
PR A A 4.17
Yesi {uk. . otherwise. ( )
&,1+5
In (4.6), §;_1 denotes the two points finite difference operator centered at x;_1, namely,
> T3

Gy (PET + Tenk ) o= (pET = pETL ) + T (nE ! =kt (4.18)

Finally, the discrete pressure equation is obtained by integrating the pressure equation (2.11) in C;. The flux
of pressure at the interface is upwind on the pressure with respect to the sign of the velocity:

+ —
k+1 | k+1 k+1 k+1 k+1
(UJp)s i+3 = (u57¢+%) Pe i ueﬂ;_:,.% Peiv1- (4'19)

In the discrete pressure equation (4.7), §; denotes the two point finite difference operator centered at x;,
namely

i (uf“) =kt (4.20)

u, Jit % ei—31
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Lastly, the corrective source term is non negative and here defined for all ¢ € {0,..., N} by:

2 Ax 2 Az 2
Shtl.— Zpk (ukH *USHL) +—nk-(uk+11 —uF, 1)
T3

c(y—1)75 T oAr e \Yeitd oAt et \Yei-t T Yeig
2
k+1 k+1 k+1
R (ubtl, =t ) (4.21)

The source term Sfjl is a numerical representation of measures appearing when solutions develop discon-

tinuities. It is designed to compensate in the cell C; the contribution of the residual terms R’;J{l , and R:ﬁ_ 1
? 2 ? 2

that originate from the kinetic energy balance (4.23).
Let us now make some comments on different aspects of the scheme:

e The two properties (4.12) and (4.13) together with the presence of the source term (4.21) are crucial to
solve the problem of having a conservative scheme that computes the correct shock speeds (see Sect. 3.4).
Specifically, the purpose of the duality formula (4.12) is to ensure the cancellation of the sum of the integral
of non conservative products. The validity of the continuity equation on the dual mesh (4.13) aims at
recovering a discrete total energy balance: namely, we want to mimic the formal computation of Section 2.4
so as to derive an equation for the kinetic energy (2.8). Altogether, these properties ensure the consistency
of the scheme (P;Atwmt) with (P.) when At and Az tend to zero. It is necessary, if one wants to recover the
Rankine-Hugoniot relations (for further details we refer to [12]). In this respect, we performed discrete time
and space differentiation on the discrete momentum equation and continuity equation (4.6), (4.5). Using
(4.12) and (4.13), we obtained in Proposition 4.2 a discrete kinetic energy balance with a residual term and
in Proposition 4.3 a discrete potential energy balance with another residual term. On the contrary to our
formal computation of Section 3.4 where the solution was assumed to be smooth, in Propositions 4.2 and 4.3
the discrete numerical approximation is a priori discontinuous. It thus yields the presence of Dirac measures.
The residual terms are therefore the numerical manifestation of this measures. For instance, one can check
that if the velocity u. has a discontinuity then the residual term in Proposition 4.2 does not tend to zero
when Az and At do. The role of Sfjl is therefore to compensate the contribution of this residual term on
each cell.

o It is proven in Lemmas 2.1 and 3.1 of [11] that such a discretization of the continuity equation and the
pressure equation yields the unconditional positivity of the density (provided it is at initial time) and the
unconditional non negativity of the pressure (provided it is at initial time). Essentially, the proof relies
on the algebraic structure of the discretization of the continuity equation that plays a central role in the
derivation of stability estimate. The discrete continuity equation (4.5) is used to prove the non-negativity of
the pressure. Without going too much in the details, with the choice of an upwind flux the discrete continuity
equation (4.5) can be re-written into the form:

M (uf“) nktl = pk
where M (uk‘H) € Mp+1 (R) is an M-matrix. As far as the nonnegativity of the pressure is concerned, the
authors in [11] work with the internal energy. One can re-write the discrete pressure equation (4.7) in terms

of the internal energy by decomposing the pressure as p’;,i = nkF.s* . and obtain that the pressure equation
re-writes

,1%¢e,1

Az +
(nk+15k+1 kg ) 4R Rl phtl kL ke (Sk+1) 5; (uIEchl) _ Sf;rl

At €t e, €,i%¢,% g,its 5,i+% gi—35 &i—3 €1 €1
where
k+1 . pk+1
1 _ JSeq HECL L 20,
e+t k+1 .
2 Seit1 otherwise.
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Multiplying by (sfjl)_, using the discrete continuity equation (4.5) and summing enables to show that

(sk,)” =0foralli € {0,...,N}. The discussion of Section 3.3 on the stability shows that to avoid the

£,
standard CFL stability condition of the form % = O (E%>7 it is necessary to implicit the gradient of

e—0
total pressure in the momentum equation (2.2) as well as the flux of mass in the continuity equation (2.1).
Keeping this in mind, to recover some energy balance, it also requires to implicit the flux of mass also in the
momentum equation (2.2). This is why our scheme is fully implicit. It may possible that another approach,
as in the spirit of pressure-correction scheme [12] may avoid the implicitness of the flux to obtain stability
under a CFL number that does not depend on &.
o The flux of mass and pressure (4.14)—(4.19) at the interfaces can be written under the form:

k+1 k+1)
R kAL ke f(”wﬂ—“| k|
eitt T MeiptYeivd B) U ivl
k+1 k+1 k+1 k+1
k+1 (PJH st) k+1 (pEtJrl pet) W
sty = P TP ) e Wt et )y

which can be seen as a Rusanov flux where the viscosity only depends on the velocity. In the standard
Rusanov flux [21], the viscosity depends on the maximal characteristics speeds of the system which in our
case would include the acoustic speed ¢. (2.9).

We have the following.

Theorem 4.1 (Positivity). Lete > 0, and let n? € (R;”)Z ,pY e (IR*)Z ,ul € RZ periodic. Letk € {0,..., x|}
and n¥ € RZ vk € RZ, pk € RZ q solution to (P/,At7A$)' Therefore for all i € Z nfl >0 and p';i > 0.

€
4.1. Unconditional stability and uniform in € bounds

In this section, we are concerned with the well posedness of the scheme (Pcf At Az) - More precisely, we are
going to prove that:

e The scheme is well-defined. Namely it has a solution for any positive numbers e, At, Ax.

e Solutions to the scheme are unconditionnaly stable. Namely, for any positive numbers e, At, Az, the scheme
preserves the positivity of the density, the non negativity of the pressure, the total mass, the total momentum.
It dissipates some discrete energy functional and provides L>° bounds on the pressure and density that are
uniform in ¢ as soon as the initial data are O (1) as ¢ — 0T.

By periodicity, summing the discrete continuity equation (4.5) and the discrete momentum equation (4.6)

yields the conservation of the total mass and momentum, namely for all k € {0,..., [ ]}:
N N N N
Z ko_ Z 0 Z k _ Z 0
Nei = €,i? 771571-7%1145717% - ns,zféus i—%
=0 =0 =0 i=0

Moreover, because the scheme also provides the density to be positive, we control the L'-norm of the discrete
density n’;h and thus any norm since we are working in finite dimensional functional spaces. This therefore
gives the L* boundedness of the density. The cornerstone to get the existence of a solution to (P: A, Az) and
an L bound on the pressure, is to obtain an estimate for the discrete energy. More precisely, let us define for

a solution (nlg, uk, p’,__f) to the scheme (PE’ At, AI) the discrete energy functional:

2
> n’;,i_% (U];i_%) PL k k
€ (né, uf,pk) Z + +Tonk, (In(nf;) = 1) | Az (4.22)
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To prove the decay of this functional, we need a discrete analogue of the conservative energy equation (2.8).
To do so, we crucially uses the duality property (4.12) and the validity of the discrete continuity equation (4.13)
on the dual mesh. One has the following.

Proposition 4.2 (Kinetic energy balance). Let ¢ > 0, let n? € (Rj‘)z,pg € (R+)Z,u2 € RZ periodic. Let

ke {0,...,| 2]} and nk € R% pk € RZ, uk € R? a solution to (P! at.az)- Then the following relation holds
forallk €{0,...,| 5]}, i€{0,...,N}:

Az 2 2 1 2 2
k+1 k+1 _ Lk k L (phtl (k12 gkl () kL
oAf \ejim1 (ue,i—l) Mei—i (ue,i—%) + 2 (Fs,i (us,i ) Foio (us,i—l) )

2 2

1 T
1 k+1Y , k+1 Le E+1\ , k+1 _  pk+l
+ 55‘”’—% (p )um.i% + = d. i1 (n )uw_i% =—RI,, (4.23)
where the residual term is given by
2
k k+1 k )
nv . wtt, —u
k1 Az ei-g ( £i=3 i3 k+1 (, k+1 k1 )2
Ty = —— —F7 (ull —ulT
E€,0— % At 2 € £, €i—3%
2
k41 [ k+1 k+1
+ (us,i—l - ue,i,%) : (4.24)

Moreover, because of the definition of velocity at the interface, one has R’;jﬁl >0.
T3
Proof. Tt is a consequence of Lemma A.1 by taking the convex function s € R +— 1) (s) = % The non negativity
of the residual term, follows from the definition of the velocity at the interfaces of each cell C;_1. Indeed one
has by definition

o1 {ufjﬁ; if FF, >0,

&t ufﬁr% else
We therefore deduce that
nk (uk“ —uk )2
RFH1 L= g ei—% \ ei—% ei—% + ( kJ.rl)_ ('U,kJ.rll _ oyt )2
ei—% At 2 b ety &1=3

2
() (b -l )

O

We obtained a discrete balance for the kinetic energy, but we need a discrete balance for the total energy.
Note that in the kinetic energy balance (4.23), we have two non conservative terms: 26;_1 (pf*1) u’;‘ﬁ , and
w2
Te
=0
ing to this term is compensated by the sum of the non conservative term of the discrete pressure equation (4.7)

thanks to the duality formula (4.12). In order to get rid of the second term, we shall mimick at the discrete
level the formal computation of Section 2.4. We have the following.

2

1 (nfj“) u’;':i 1. When carrying the discrete summation of the kinetic energy balance, the sum correspond-
? 2

Proposition 4.3 (Discrete potential balance). Let ¢ > 0, let n? € (Rj)z,pg € (R*)Z ,ul € RZ periodic. Let
ke{0,....| 2]} and nk € RZ, pF € R% uk € R% a solution to (PL at.az)- Then the following relation holds
forallk €{0,...,| 5]}, i€{0,...,N}:

A
=7 (5 (n (k) = 1) —nb; (I (n)) 1)) + FEL (kL) — FEC m (k) (4.29)
—ug iy 0y (W) = =D
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where the dissipative term is non negative and given by:

k+1 2 k+1 [, k+1 k k+1 k+1 k+1\2
ki1 Az ( + n’;z) i (uk+1 )+ LA + (nsj—&-l ne + ) i (uk+1 )’ naj—&-l (ner'r-s-l - ”e?z’L )
4 At 2 k+1 eiti k+1 eit+i k41
2 (6541’ 2 (511
where
aftt €lmin (nf;, nETt)  max (nf;,nE ) [ A5 AL €lmin (nf,nETY)  max (n1E et ) |

Proof. Let us consider the function ¢ : s € R} — s(In(s) —1). Let k € {0,...,[ %]}, and i € {0,..., N}. Let
us multiply the discrete continuity equation (4.5) by 9’ (nf1"), therefore we have:

AL (et 0! (n41) 4 (FE2, — B0 ) of (nk1) =0 (4.26)

Since the function 1 is C? (R* ) and that the density is everywhere positive, a Taylor-Lagrange expansion

around nk‘H yields the existence of a™! €] min (nfl, nk“) max (n’; i nk+1) [ such that
nk k:+1 w// k
B~ (1) = (o, — ity ) 4 (e )

Therefore we can re-write the first term:

Az Az
A (a1 < ) 0! (0E1) = A2 (0 (nE1T) — 0 (08 +

For the second term, we simply rewrite it as:

(FEy = ERD ) (ki) = FASL 0 (nkih) — BEP 0 (nB5) + FATL, (07 (nE) —of (nk12))

E’L+2 Ei—73 £,1

Using the definition of the fluz, the expansion of the second term of the right hand side yields

. ]
FEL 0 () = (511)) = nt (O (2) =t (nti2) (w52, ) =i (m (o) —mm 1)) (w202, )

e it cits

since the logarithm function is C? (Ri), a Taylor-Lagrange expansion around both nkJrl and nff}rl yields the
existence of BFT AT €] min (nlgﬁrl,nffl) ,max (nfﬁ_l, nfﬂ_l) [ such that:
k+1 k+1 k+1 k+1
In (nk+1 ) —In (nk+1) _ ( citl ~ M ) B (ne,i+1 ne )
e,i+1 e, - k+1
e, 2 (87 “)
k41 k41 k+1 E+1 \2
ln( k+1) In (nk+1 )_ (ns,i B s,z‘+1) o (ns,i - a,z‘+1)
M i eit+1) = k41 2
P it1 2 ()
We therefore obtain that
k41 ( k+1 k+1
+ ot (nEt —nl ) +
k+1 / k+1 / k+1 _ k+1 k—i—l k+1 £,1 €,141 k+1
FEEL O 0EE) = 858 = = s ) (1) ¢ BB ()
i

2
k+1 (nk+1 k+1

- n.t T —Mn. ) -
k+1 k+1 k+1 €,i+1 €,i+1 5,1) k+1
+(nefin —nei) (UE»H%) * k1 Ye i+l
2(3+1)°
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Collecting all the terms together yields

k1 (”HL nk+1) N
e, e,
FECL (00 (05) o () = Loy () + e ()
2 (8541’
N 2
"Isth (”fﬁrlfnétl) k41
(“e%%)

2 (yF+1)?

Gathering all the term together yields the result.

Remark 4.4. Note that the dissipation term Df’J{l does not vanish when At and Az tend to zero if the density
has a discontinuity.

N Sk+1

€
Remark 4.5. The source term S’H'l is by construction so as g o §R§—il =0.
T

We can now prove the following Theorem.

Theorem 4.6 (Existence and unconditional stability).
Let e > 0 and let n? € (RI)Z ,pY € (R*)Z ,ul € RZ periodic. For all k € {0,..., LAltJ} there exists at least one
nk e (RF)” ke (R+)” ,uf € R” solution to (P! n, n,)- Besides, for all k € {0,...,|4;]} the following holds:

€
(a)
N N N N
k ko 0 0
Donbi=donee Dombqubiy =3l
i=0 =0 '

E (nEF Wbt ph ) — & (nk uk, pk) = -1 ZAthjl

where D?jl >0 is defined by (4.25).
(¢) Consequently,

kN
—T.<¢& (nf,uf,pfj) <& (ng,ug,pg) - T, ZZ thj'l.
n=0 1=0

(d) Moreover, one has

2
k k
ei—3 (%,i—%) P Ax < M

N
0< sup n’;i +Z

+ & (ng, ug,pg) + 7.
i=0,..,N

(e) Provided the initial data n2,u2,p? is O (1) as € — 0, we have the L*-boundedness uniformly in e of the
density and pressure:

sup nf, = 0O(1), sup ph, = 0(1).
i=0,...,N e—0 i=0,..N ' e=0

Proof. We begin with proving the estimates: (a) it suffices to sum the discrete continuity and momentum
equation. (b) and (c) We begin with summing the kinetic energy balance (A.1) together with the pressure
equation (4.7) (divided by v—1) and the discrete potential balance (4.25). Then thanks to the periodic boundary
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conditions and the discrete duality between the divergence of the velocity and the gradient of pressure (4.12),

the non conservative terms cancel. Moreover, since by construction ;" T 5 R’;J{i 1 =0, we get
T2

N
€ (niH ult pith) — € (n2,ul,pl) = =T,y AtDI}
=0

where the residual D?jl is defined in (4.3). Then it suffices to sum the previous equality from n = 0 to
n =k —1 to get the desired result. (d) Note that for all z € R}, T,z (In(z) — 1) > —T,. therefore we have,

2
k k
N (ue’i*%) PE k o,k k ~ kok ok 0,0 ,0)
E > + — —T. | Ax < S(ne,ua,ps). Moreover, since £ (ng,us,pe) <¢& (ns,us,ps) it

=0

comes that

ei—1 \Tei—3 e, 0,0 0
Z +’y—71 Axgg(ng,ua,pa)—&—Te.

The stability estimate (d) is obtained thanks to the discrete continuity equation (4.5) combined with the
conservation of the L'-norm and the positivity of the density, one has
k

N
Z”f,iAx 0
0< sup nf, <=0 _ Hns,h”Ll.
£,1 — =

i=0,...,N ’ Ax Ax

The last estimate (e) is a consequence of (d). For the sake of simplicity, we now omit to precise the dependence
on ¢ of the discrete density, pressure and velocity. Let us now prove that the scheme is well-defined, we shall
apply the Brouwer fixed point theorem. By periodicity, it suffices to prove the existence of the scheme over

one period. To do so, let us consider k& € {0,..., L%J} and a solution (nk,uk,pk). We look for (n,u,p) €
RN+ x RN+ x RN+ golution to:
Vi e {0,...,N}, (4.27)
Ax
Ap (i =) + Fipy (nw) = Fioy (n,u) =0, (4.28)
Ax £k 1
Ar (ni_%ul_% - ni_%ui_%> + F; (n,u)u; — Fy—1 (nyu) ui—q + g(Si_% (p+Ten) =0, (4.29)
Ax
A7 (pi = p8) + (up)ipx = (up);_ s + (v = 1) (1) "6 (u) = Si (n,u), (4.30)
N =TNNi1, Po=DPN4+1, U1 =Uynil, (4.31)
where
Fip1(nu)= Ml L = ikl 15 u,_1 if F; >0,
F, FigtFivy nicatng 0 u,, 1 else
i 2 -1 7 i+
and
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We shall build (n,u,p) as the fixed point of a certain map. Let us introduce for M > 0, By := {u €

1
RN+L: (Z?LO u?_%) * < M} which is a convex and compact subset of RN*1. Let us now denote by S : u €
By — (n(u),p(u)) € (RN“): X (]RNH)Jr — u* (n(u),p(u)) the mapping that associates with a given
velocity u, the density n (u) > 0 solution to (4.28), the pressure p (u) > 0 solution to (4.30) and u* (n (u),p (u))
solution to (4.29). Note that this map is well-defined since for fixed u € By, the system of equation on n (u) is
linear, invertible and yields n (u) € (Rj)N—H, the system of equation on p (u) is also linear, invertible and yields
p(u) € (]R“‘)N—ir1 and the equation on u* (n (u),p (u)) is explicit. Moreover, the map S is continuous on Bj; for
every M > 0. It remains to prove that there exists M > 0 (that depends on the mesh size and the previous

state at time t;) such that S (Bp;) C Bas. The discrete total energy balance (that is also valid for the system,
given the velocity field u € RV+1) yields the following

N+1 N+1 o, * 2

2 en;_1 (u)ul_y (n(u),p(u)) 4 L
Z * L 2 _ 2 Z 2 13 < e
2 Uz—§ (Tl (u) y P (U)) c P 2’17427% (U) = 54_(i)]flf Nni (U) A{L’ )

where £F is the discrete total energy associated with the solution (nk, uk, pk). To conclude, it suffices to prove
that we can find M > 0 such that 4 £ 4T, < M?2. To do so, let us estimate the lower bound

f ; A
e, _in an(u) T

inf n; (u). One has that n (u) satisfies for all i € {0,...,N}:

i=0,...,N
PREVAN (++7>+At 7+At "
n; =n; ——mn; (u; u, —Nit1U; —ni_qu .
’ b Ax "\t Tieg Ag iy T Ay T g
Since n (u) is positive we infer that
At
, k_ 2t (4 -
n; > n; Aa:nl (ui+%+ui7%).
Because u € By, one has u;’;% < [ugp 1] < M and ui__% < |u;_1| < M and therefore n; > nk — 28, M,
k
which gives n; > H;ﬁM Therefore we have the lower bound,
Au
‘ gnf an‘
inf n; (u) > —C— INEYS
i=0,...,N 14 %M

It thus yields the control of the L?-norm of S (u):

4(1+20IM) 8 4+ T,

e inf nk Az
i=0,...,N

Z“f_% (n(u),p(u)? <
=0

1+ 288 M)

Then we claim that there exists M > 0 (large enough) such that 45( P Sk%} < M?2. In virtue of the

i=0,..., N

Brouwer fixed-point theorem there exists at least one (n,u, p) solution to (4.28)—(4.31). By induction we deduce
that the scheme is well-defined for all k € {0,...,[ % ]}. O

Remark 4.7. Provided the initial data are O (1) as ¢ — 0%, the scheme provides bounds that are uniform
in € for the pressure and the density. Up to subsequences, the sequences (n’g) , (plg) converges to some limit
(nlg) , (p’g). Nevertheless, it is not enough to conclude the asymptotic consistency of the scheme. We need a
uniform estimate on the velocity (u’g) Unfortunately, we have not been able to get more informations on the
velocity. In the same spirit, it worth noticing that in the case one has a uniform in ¢ estimate for the velocity,
the kinetic energy must tend to zero as ¢ — 07 and the source term Sfjl and the residual term Rff;l as
well.
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5. AN ITERATIVE LINEAR SCHEME TO SOLVE THE NON LINEAR ONE

5.1. Definition of the linear scheme

Here we propose an iterative procedure to solve the non linear scheme (Pg' At, Aw) based on a linear implicit
scheme. The reason for introducing such an iterative process lies in the fact that, the non linear scheme requires
to solve a genuinely non linear system. Standard Newton-like methods may be very cumbersome and delicate
to implement. Our motivation here, is therefore to avoid this specific difficulty by offering an iterative scheme
where each iteration requires to determine the solution of a linear scheme that is proven to preserve positivity

and is linearly L? stable independently of the small parameter e. Let us now define our iterative scheme: given

e>0and k€{0,...,| %]} and nf € (Rj) ,pk e (R+) ,uf € R” a solution to (P, x; a,), we define at time
t¥ the iterative scheme I* (P6 AtAz)
(nfl,k’pfl,k7u71,k) = (ngapgvuéC) ) (nO,k7p0,k’u0,k) = (n§7p§7u§)a (51)
VreN, Vie{0,...,N},
Ax r+1,k k r+1,k r+1,k
= <n - n) + LN - I o, (5.3)
A:Z: ™K T T T (g T
At (n/k;u:;k nfl—iusz 7) + Fl Myt — FRR o+ 51—% (prHF 4+ Ton™ ) =0, (5.4)
Az r+1,k k rk r,k T, + r+1,k rk
N ( ; pw) + ()i = (up); 2y + (v = 1) (pi ) & () = S0, (5.5)
Vi€ Z, (5.6)
ng T = ni (5.7)
r+1,k 1,k
p1+ p::Nﬂv (5.8)
r+1,k _  r+1,k
U1 = UiN+D (5.9)

where the integer r here refers to the internal number of iterations. To lighten the notation we shall omit in this
section the dependence on ¢ of the internal iteration (n“k, prk, u’“’k). Provided the density remains positive, at

each iteration r € N, the velocity u"*!* is defined from equation (5.4) depends implicitly on p"*** and n"+1:*
but explicitly on the flux. Here the mass flux is defined at each iteration r € N by:
( rk n'r‘ k)
r+1,k . _rk _r+lk H_l r.k
Fz‘+§ =Nt T Y| (5.10)
rk nlkpnnk . .
where n’ 1= ————** and the source term is here given by
2

2 r.k Ax k rk k 2 Az nk rk k 2
ch-DY T oA “(“H%_“H%) 24t (“ $ %)

i—1 -
+ {(E;’“"“)Jr + (F{”“)_} (ujf% - u:f%)Q. (5.11)

Other quantities are defined similarly as for the non linear scheme (4). Note that if the sequence
(nr*k,p“k,ur’k) € R? x R%Z x R? converges to some (n,u,p) € RZ x RZ x R% then (n,u,p) solves the non
linear scheme (PE’VM’AI) at the iteration k + 1.

5.2. Reduction to an elliptic system and positivity conservation

Let k € {0,..., L%j}, provided the density is positive, each internal iteration r € N of I* (PE’AtAx) is
equivalent to solve a linear elliptic system of unknown (n’“‘“”g , p’”“’k). Then the update of the velocity u"+1*
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becomes an explicit step. For clarity of exposure, we shall defined some discrete finite difference operators.
Namely, for a vector ¢" € R%, and for i € Q the discrete centered Laplacian operator centered at z; is defined
by:

Ai(q") =10;11(q") —0;_1 (¢") where 6,1 (¢") = qj}1 — ;- (5.12)

We also define the the diffusion operators:

—1 5i+l (")  6;_1(q")
An (qr) — ni _ ni (513)
it+3 i—1
AN = 6y (@) gy 3| =60y (a7 Juf_y - (5.14)

We can now re-write the iterative scheme. Thanks to the momentum equation (5.4) one has for all » € N and
forallie {0,...,N}:

. At At
Sk +Lk _ Kk k rk rk kork r+1,k r+1,k
mt =l gt = R (R B ) = 0y (T T
If n:ikl > 0 one has:
2
Rk At At
61‘ r+1,k\ _ 67,‘ NeUe _ AT Fr,k rk) _ AT r+1,k Te r+1,k ) 515
(u ) nnk Az * ( ut) Axe * (v Hden ) (5.15)
nkuk anrl nffl
where §; ( ni,,f) = —5 uerl — = ufﬁl. Plugging this expression into the pressure equation (5.5) yields
ni+% 2 ni_% 2
7 T + At ? n71 (g T T
iR (- 1) <p2k) (At) AP (prthR g Tl :pl;i + g (5.16)
e (Ax)
with
. T (AN T AL (nFuR At At
_r,k r,k r.k 1k .k rk rk
ik _ _1(.=) AP (FrEyTR) — —1(») =5 ——6,»( ) el
p1 (7 ) pz (A$)2 (2 ( u ) (7 ) pz ACE TLT’k A.T (Up) + AZE’ )
(5.17)
Eventually using the definition of the flux (5.10), the discrete continuity equation (5.3) rewrites
At)?
n;’+1,k - ( ) QAi (prJrl,k +Tenr+1,k) — nlgfz +’f_l:’k, (518)
e (Ax) ’
with )
At At (At)
_rk Jul rk k k rk, rk
. = —A! ’ — 761* Az " ’ . 5.19

It thus yields a linear elliptic system of unknown (n"*%* pr+1.F) that writes

Vi e {0,...,N},
+1,k At)? A - _rk
np PR LB A (K Tont ) =k

+ 2 _
r+1,k r.k A n~t r r _rk
(LLHHF) Pt -0-1) (pi ) s((AtaZfAi (P 4 Ten™0k) = pk s + 57",
r :
with 2" given by (5.19), p7"* given by (5.17), and,

Vi € Z,
r+1,k _ r+4+1,k r+1,k _  r+1,k
n; =TMir(N+1)y P = DPir(N+1)

Provided n" is positive, there exists a unique (n" ™%, pr+1¥) € R% x R” solution to (LIT1F).
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Remark 5.1. In the limit £ — 07, the system (LIT1*) degenerates into

Vi€ {0,...,N},
(L5t A (prHbR 4 Tonrt0R) =0, AP (prtk 4 ToprtE) = o,
0 "\ VieZ,
r+Lk _ r+1k r4+1,k _ _r+1k
i = Mip(N+1)y Pi =Pitr(v+1)

which is an ill-posed problem since any constant vector is solution. This difficulty is overcomed using a Duality-
Based decomposition [25] which here consists in the decomposition of the solution into LI *1* into its mean and
fluctuation.

We are now going to prove that the solution to (LZ**) is such that p"+% 4+ T,n™ 1+ € (R**‘)Z. To do so,
we shall need the following Lemma.

Lemma 5.2. Let ¢ > 0, let n® € (RH)”,pF € (RY)”,uf € RZ periodic. Let r € N and n™* € (RH)” prk €
RH)% yrk € (R)? a solution to (LF) . There exits 6™% > 0 that depends only on (nF,pk. uk nk prk omk
( ; : D Y o Peyug,n"E phty

and T, > 0 such that if 0 < ﬁ—; < 6"F then p’g’i + Tenk’i +[):’k + Teﬁz’k >0 foralli € Z.

€

Proof. Let A := £%, then one decomposes for all i € {0,..., N} the rights hand side (5.19) and (5.17) as:

ik _rk _rk _k _k _rk
nk o nlt =nk =Rt )+l ), ekt = =T () + 5 (),

with

Jul

rk\ ™~
% () = NPA (FrFun) 4 <(§) +4, (n’“u’“)) :

k, k

) =0 (= 1) ()AL () (W -1 () s (n ; >+ o (@”’)r’kf) '

n'r‘,k

and where ﬁikl (A) = ar* +a"" (\) > 0 and ﬁlkl (\) =pi* —|—]371]fi (A)4+AS!"" > 0 for all A > 0. Then combining

—

all the terms together, yields that

PE A+ Tenl, + 5% + Tenl™ = pb, + Tonk, — 7% (V) — Tl (V) + 075 () + Tl ().

—

Since ﬁ:_kz (A + Teﬁ:li (\) > 0, it suffices to prove that the second degree polynomial function ff’k A=

o +Ten§7i —ﬁﬁi— (\) —Teﬁgi (M) is positive on some interval containing zero. Now let us remark that f:k (0) =

pk + T,nk > 0 therefore by continuity there exists )\Z’k > 0 such that if 0 < A < /\z’]C then ff’k (M) > 0. Letting
ok = ie{gnigN}Az’k we have 0 < A < §"F = pgi + Ten’g,i +132’k + Teﬁz’k > 0 for all i € {0,...,N} and by

periodicity it holds for all i € Z. O

Remark 5.3. Note that for the previous lemma to hold, it is necessary that p’é?yiJrTen’;,i > 0 foralli € {0,..,N}.

This lemma gives a threshold for the CFL number at each iteration. Namely given k € {0, ..., L%J} and r € N,

one can choose the CFL number as £ < {minN} sup{\ > 0 | pF, + Tunk, —p" . (\) = Toa" , (\) > 0}. Note
=0) : : ’ :

K3

yeeey

that the supremum is easily computable since it consists in computing the positive roots of a family of second
degree polynomials.

Let us now give a result of positivity.
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Theorem 5.4 (Positivity). Let ¢ > 0, let n* € (]Rj)z,plsC € (IRJF)Z,LL’Ec € R” periodic. Let v € N and

n" € (Rj‘)z,pr € (]R“L)Z,u”" e (R)” a solution to (LT*). There exits 6™ > 0 that depends only on
(n?,pf,uf,nr,pr,ur) and T, > 0 such that if 0 < % < 6"F then the solution to (Lg“”“) verifies

PR LT Lk e (RE)P. Moreover if A;- (p"t*) >0 and A;’*_I (n"t1F) > 0 where i* :=  arg minn] "
1€{0,...,N}
L i Tl r+1,k +\Z r+1,k +\Z
and 7* := arg minp) then n"™tH% € (RF)™ and p"+tH% € (RT)™.
j€{0,...,N}

Proof. Let 6"% > 0 the one of Lemma 5.2. Let us define for all i € Z, w} " = p*1F L 7,0 "% Then one has
for alli e {0,...,N},

St (A i .
A, (wr+1,k) —(v-1) <pi,k> (A?) N (wr+1,k) :Pf,i JrTen/;i Jrﬁi,k +Teﬁi,k > 0.

wr+1,k _ Te (At)2 SA!
e (Ax)

’ e (Ax)®

Let us show that wiﬂ'l’k > 0 for all ¢ € {0,...,N}. By contradiction, if it is not the case then let i* =

arg min wiHl’k. One has therefore wfjl <0, A (w”‘l) >0 and A?;l (wr"’l) > 0, it therefore gives that
i€{0,...,N}

_r+1 _ Te (At)2
’ e (Az)?

1 + (At)Q -t +1
Aie (™) = (v = 1) (p}) FAL (W) <0,
e (Ax)
and leads to a contradiction. Using a similar maximum principle for the elliptic density equation and the pressure
equation, one can prove the positivity of the density and the non negativity of the pressure. O

5.3. Linear L2-stability analysis for the iterative scheme

Let us consider a constant state (ng, ug, po) € R} x Rf x R* and note that it is an equilibrium to (P;At,Aw) .

Let therefore k € {0,...,|4;]} and assume that the initial guess for the iterative scheme Iy (P o, a,) Writes
for all i € Z:
k

k _ ~k ko _ ~
n; =ng+n;, uifé—uo—i—u%%, D

where (7F,a*, p*) € R* x R* x R” is a perturbation of the constante state. Now writing the solution of our
iterative scheme Iy, (P! o, a,) 88
k ok k .k k .k
n,t =mng+n;", u:;% :uo+u2’7%, Pt =po+ P
and neglecting the second order terms, we get that the linearized iterative scheme reads LI* ( E’ At A%):

(ﬁ07k7ﬂ0,k7ﬁ07k) _ (ﬁk,ﬂk,ﬁk) 7
vreN, Vvie{0,...,N}
v ﬁf) + nod; (@ HF) + uod;_1 (mk) =0,

Az (prrth —]5?) +pod; (07F) +uod;_y (BF) + (v = 1) 6 (a+1F) =0,

A 1k~ N 41k Sl k)
Eng (ui_% — g ) + nougdi—1 (™) + 20,1 (pr Tk + Toam k) =0,

i1
2
Vi€ Z,
~r+1,k _ ~=r+1,k ~r+1,k _ ~r+1,k ~r+1k _ ~r+1k
Pt T Y (veg) T i o Py TR

Assuming for all r € N the Fourier decomposition in L?[0, 1]per:

~rk Z kE 2irlx; ~mk Z k 2imlz;, 1 ok Zk 1 s
n;”» — ’I'L? e?lﬂlzl’u’;’;% _ u;‘, e i-3 ’p:» —_ p;ﬂ e217TlCE1 with 12 -1
IEZ l€Z IEZ
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and injecting these expression in the linearized iterative scheme yields for all modes of index [ € Z the linear
system

rk k
ny g
AXTY = XF 4+ BX)F withfor e N, X% = [ w® | X = [uf |, (5.20)
p* »
and
1 ismo 0
o Te. —inlAx . —inlAx
Al — 1leen0 1 1$lesn0 , (521)
0 (v = 1) poisi 1
_uoislefiﬂ'lAm 0 0
B, = 0 —ugiseimlA 0 (5.22)
0 —pois; —upiseintAz

where s; := 2% sin (7rlAx). In view of the Parseval identity, the L? norm of the approximation associated with
LI* (P! oy as) is given by

g
(AP S N A S A A A PP S A

I€Z l€Z leZ

We shall then say that the linearized iterative scheme is linearly L? stable if for all | € Z the sequence
(Xlr’k) o converges and its limit denoted Xlk'H’k satisfies HXlkH’ng < || XF||2 where ||.]|2 is the Euclidian
re

norm on C3. Now to proceed further, it is easy to see that the matrices 4; and A; — B; are invertible for all
l € Z. One can therefore prove the following.

Lemma 5.5. Let ||.||2 also denote the subordinate Euclidian norm for matrices. If for alll € Z, ||A;*By|la < 1
and || (A; — B)) " ||l2 < 1 then linearized iterative scheme is L2-stable.

Proof. We deduce from the recursive formula (5.20) and the assumption that |4, 'B||2 < 1 for all [ € Z and
r € N one has

1

XPF = (A7 B) X+ (1— (A7 B)) (1 - (A7 B) ™ A7 xF.

The sequence (X ! k) converges to
reN

1

XPPHE = (L= (A7 BY) ™ AXE = (A (L= A7 B)) T X = (40— B) 7 X}

and it is easy to conclude. (I

One can show that || (4; — B;) " |l < 1. It therefore suffices to determine under which condition we have

|A;'Byll2 < 1. A necessary condition is that spectral radius of A;'B; is lower than one. We thus have the
following.

Theorem 5.6 (Asymptotic linear L?-stability). Let (no,uo,po) € Ry x Rf x RY. Assume there is 0 < § < 1

such m < 1—46 and the CFL condition % < 211“). Therefore there is 1 > 0 such that for any 0 < e <n

and for all | € Z the matrix Alel has three distinct eigen values of modulus strictly lower than 1.
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Proof. Standard but tedious computations yields that for all [ € Z the matrix A;lBl has three eigen values
given by:

e limhr g (2 -inpuoe + s1po 2\/812 (((Teno 4+ po (v — 1)) noe~md2yy2e + 1 /4 pg?) + ie nopouo)>

A =— -
+ (E) 25,2 (Teno + po ('7 _ 1)) e—inlAz 4 9 ¢ no ’

. —irlA
do = —isjupe T

Remark that A (¢) e —% and |Ao| = sjup. Therefore there is 7 > 0 such that for all 0 < ¢ < 7,
A+ (e)] <

Tomor—ps T <1, [A-(e)| <1.1It then suffices that s;uo < 1, that is the case under the CFL condition

At 1
2 < 3ug 0

Remark 5.7. Note that the veracity of the condition: there is 0 < § < 1 such m < 1—4 depends on
the kind of physics we consider. Typically, if we write the ionic pressure as py = T;ng where T; is a ionic reference

temperature then the inequality writes: ﬁ < 1 — 4. It therefore depends both on the temperature ratio
T

(v—1)

Ze and the value of . In the plasma physics context, fluid models are derived from kinetic ones and ~ takes the

T;
form v = d% + 1 where d,, is the dimension of the velocity space. When d,, > 2, the stability essentially depends
on the temperature ratio.

Remark 5.8. If one replaces in the previous analysis ug = 0, one can show that the scheme is unconditionally
stable.

6. NUMERICAL RESULTS

The aim of this section is to illustrate the main features of our non linear scheme (PE’ At, Am) and to test its
ability to be stable and consistent in the drift regime ¢ < 1. We shall explain how we proceed numerically: we
fix N € N, T > 0 and take Az = A-. For k € {0,..,|£;]} and r € N we define the relative [? error at the

E
. . 1,k _ ok )
r-th iteration of the solver Iy (PE”MAI,) by e?‘Lk = HWHWT—,JTlVZHz where we denote W% = (n™* u™* prk)

the solution of I* (PE’_’AnAz) at iteration r € N and where ||.||2 denotes the euclidian norm on R3WV+1. For

each iteration k € {0,..., | &; ]}, the iterative solver I (P;,At7A$) computes at each internal iteration r € N the

time step according to the CFL condition of Lemma 5.2, that is At = Az {min sup{A > 0 |pF, + T.nk, —

;Eikl (\) — TJLEIZ (A\) > 0}. The iterative scheme stops iterating when there is 7 € N such that ;™' < 1071, In

all the numerical test cases presented under, the electron temperature is T, = 1.

6.1. Shock speed computation in € = O (1) regime

Here we test the ability of our scheme to capture the correct shock speed. For this test case, homogeneous
Neumann boundary conditions are prescribed on each boundary. We consider the Riemann problem with the
initial condition defined for all z € [0, 1] by

no (LC) = 1'07 Po ('T) = (103 - 1) 1z§0.5 (‘r) + (10_2 - 1) 1z>0.5 (.’IJ) y U0 ((E) =0. (61)

We discretize the problem with Ax = 5% and we choose ¢ = 1 and 7 = 1.4. We represent in Figure 1 the
exact solution and the approximation at time T' = 0.012 and the evolution of the discrete energy (4.22). We see
that the scheme computes the correct shock speed and is slightly diffusive. Refining the mesh size diminishes
the diffusion. The energy as expected theoretically is non increasing.
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FIGURE 1. Riemann problem with initial data (6.1). ¢ = 1, T, = 1,7 = 1.4. The solid line is
the exact solution in figure (A),(B) and (C) is the exact solution. Figure (D) is the evolution
of the discrete energy.

6.2. The drift regime ¢ < 1

For this test case, we consider an initial condition of the form:
Vo € [0,1], n® (z) = 1 + ecos (2mx) ,ul (x) = 1.0, p°(x) =1 —ecos (27x), (6.2)

with v = 3. We discretize the problem with a spatial step Az = 1/64 and a temporal step that is fixed
At = 1%%7 then the CFL is fixed at 0.01. We look at ¢ values of 10™* and 10~%. We compare the numerical
solution to (P A n,) with the analytical solution to (P!) which is given for all ¢ > 0 and z € [0, 1]per by
ne (t,x) = nl (x —t), ue (t,x) = 1.0, pe (t,x) = p? (z —t). In Figure 2, we represent the error between the
analytical solution and the numerical approximation given by (PE’ At, AI) at time T = 1.0. We observe that there
is a little error between the limit solution and the numerical approximation. Note that in the case ¢ = 1079,
the CFL % is ten times greater than /¢ and the scheme is still able to compute a solution which evidences its

asymptotic stability.
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pressure.

(E) Pressure error ¢ = 104

6.3. Spatial convergence of the scheme

Here we measure the spatial convergence of (P/

€

(F) Pressure error € = 1076

T, =1, v = 3.0. Left column: ¢ = 10~*. Right column:
e = 1075, Top row: error on the density. Middle row: error in velocity. Bottom row: error in
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At Ax) towards an analytical solution. The test case we pay

attention to, is a pure transport problem where the velocity remains constant. For € > 0 given, the functions
defined for t > 0 and x € [0, 1]per by:

Ne

where p? (v) = 1.0 + e cos (2rx), n? (z) =

(t, ) :ng (x—1t),

—pg(m)+2.0
Te

pg(t,x):pg(x—t),

u® (t,z) = 1.0,

, and u? (z) = 1 are solutions to (P!). We perform a spatial

convergence study where the CFL is 0.1. We represent in Figure 3, the total L!-error between the analytical
solution and its approximation as a function of Az at the final time 7 = 0.01 for ¢ € {1,107%,107*}. We
measure a spatial convergence rate equal to one for all the curves, which is the best we could expect from the
scheme since the exact solution is smooth and the flux are first order consistent.
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FIGURE 3. L'-error (in logarithmic scale) between the exact solution and the numerical solution
as a function of Az at the time 7' = 0.01 for € € {1,1072,10~*}. The CFL number is 0.1.

7. CONCLUSION

We considered the numerical discretization of the quasi-neutral Euler-Boltzmann equations. We proposed a
non linear implicit scheme based on staggered grids that was proven to be unconditionally stable and to provide
some uniform bounds with respect to €. Because of its non linearity, we proposed an iterative linear implicit
scheme to solve it. The iterative scheme was proven to preserve the positivity and to be L? linearly stable under
a CFL condition that does not involve . We test the ability of the scheme to compute the correct shock speed
through a Riemann problem and we showed that the scheme is stable when the CFL number is larger than
Ve. Let us mention some perspectives of amelioration of this work. Due to the lack of uniform estimate for the
velocity, the theoretical convergence of the scheme in the drift regime is not proven. This problem is postponed
to a future work. Extension of the scheme to higher order in space flux is also a possible perspective. Eventually,
the extension of the scheme to a more realistic magnetized plasma model in a three dimensional geometry is an
on going work.

APPENDIX A.

A.1. Kinetic balance

We recall a technical lemma needed to derive the kinetic energy balance equation, a proof can be found in
[27].

Lemma A.1. Let ¢ > 0, T, > 0 and ¢p € C? (R) a convex function. Let (nk,uk,pk)keN solution to the non

linear scheme (P, n, ). Then the following relation holds for all k € N and i € {0,...,N}:

Az 1

At (w (uf:é) —¢ (Uf_%)) + Fz‘k+1¢ (“f“) - Fi]iﬁlz/’ (“fjll) + - (MJrl _pfjll) ' (“f:é)
T,

= === (i k) ' (uh) - R

£ =3

(A1)
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where the residual term is given by

2
k k+1 ok
Ritt = 2T (u"‘g ) i Gard (A2)

where

2
k+1 () k+1 k+1 "okl
F; (“z *“F%) (G (@ )
2
k+1 () kt1 k1 "kl
+ F (“1—+1 _“ij%) W (&)
k+1 : k+1 k+1 k+1 . E+1 , k+1 k+1  k+1
el elmin (wf ], wf L) max (uFTE W L) N €lmin (wft ) max (uf T uf ) [
=3 tm3 T2 tm3 T2 =3 =3

k+1 . E+1 ) k+1 k+1 ) k+1
& €] min (ui_l ,uiié) ,max (%‘—1 ,uiié) [.

In particular, since ¥ is convex and by definition of the fluz, the residual term is non negative, Rfjll >0.
2
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