N

)
(& o) EUROfusion

/
\

EUROFUSION WP15ER-PR(15) 14613

F Deluzet et al.

A DRIFT-ASYMPTOTIC SCHEME FOR A
FLUID DESCRIPTION OF PLASMAS IN
STRONG MAGNETIC FIELDS

Preprint of Paper to be submitted for publication in
Journal of Computational Physics

This work has been carried out within the framework of the EUROfusion Con-
sortium and has received funding from the Euratom research and training pro-

gramme 2014-2018 under grant agreement No 633053. The views and opinions

expressed herein do not necessarily reflect those of the European Commission.



This document is intended for publication in the open literature. It is made available on the clear under-
standing that it may not be further circulated and extracts or references may not be published prior to
publication of the original when applicable, or without the consent of the Publications Officer, EUROfu-
sion Programme Management Unit, Culham Science Centre, Abingdon, Oxon, OX14 3DB, UK or e-mail
Publications.Officer@euro-fusion.org

Enquiries about Copyright and reproduction should be addressed to the Publications Officer, EUROfu-
sion Programme Management Unit, Culham Science Centre, Abingdon, Oxon, OX14 3DB, UK or e-mail
Publications.Officer@euro-fusion.org

The contents of this preprint and all other EUROfusion Preprints, Reports and Conference Papers are
available to view online free at http://www.euro-fusionscipub.org. This site has full search facilities and
e-mail alert options. In the JET specific papers the diagrams contained within the PDFs on this site are
hyperlinked




A DRIFT-ASYMPTOTIC SCHEME FOR A FLUID DESCRIPTION OF
PLASMAS IN STRONG MAGNETIC FIELDS

FABRICE DELUZET*, MAURIZIO OTTAVIANI', STEFAN POSSANNER*

ABSTRACT. In this work we present a numerical scheme for the ion Euler equations with
Braginskii closure in the drift ordering of hot and strongly-magnetized plasmas. The
scheme is constructed with the aid of asymptotic-preserving techniques and can be used
on all time scales, ranging from the inverse cyclotron frequency to the time scales of plasma
transport and ion drifts. There is no severe time step restriction related to the choice of
time scale. Electrons are assumed adiabatic. The plasma is a three-dimensional slab in a
uniform magnetic field. We use the ion-temperature-gradient dispersion relation for the
scheme’s verification. The promising results show that this could be a first step towards
all-scale (all-speed) schemes for fluid tokamak simulations. Global plasma simulations
could be envisioned, with the possibility of adapting the numerical parameters to the
desired resolution.

1. INTRODUCTION

This work is about the numerical solution of the ion Euler equations with Lorentz force
term in three space dimensions, henceforth called the Euler-Lorentz (EL) system, and
written in dimensionless form:

( On®

- .I‘E:

5 +V 0,

o™ ey 1 1
EL (e Io oo e o Y cme | e .
(BL)§ —-+V <F®n€)+8Vp+V I, 8(nEJrF ><B>, (1)

ow* re . . e e e
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Here, n stands for the ion density, I'* = n°u® is the ion flux (u® € R3 denoting the mean
velocity), p® denotes the ion pressure and w® is the ion energy given by
3 T2
w®==nT"+¢ ,
2 2n¢

where T° denotes the ion temperature. The small parameter ¢ < 1 embodies the scaled
Larmor radius as well as the squared Mach number, as precised in section 2. The magnetic
field B is assumed to be given, with unit vector b := B/|B|, which defines the local
coordinates x = (x,x|) as

(x1)1:=[({d—b®@b)x], (x1)2 :=[({d—b®b)x]s, r:=x-b. (3)

ps — nETE , (2)
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The electric field E® = —V¢° relates to the plasma density n° via the Boltzmann relation
[38,41], which together with the quasi-neutrality yields

¢° =T, In (n_) : where n.=n.(x1), T.=T.t,x1), (4)

C
where ¢° stands for the electrostatic potential; the equilibrium density n. and the electron
temperature 7, are assumed to be known and independent of the ”parallel direction” .
The terms II5 and q} denote the gyro-viscous stress tensor and heat flux from the Bragin-
skii closure of magnetized fluids [4, 35].

The purpose of this work is the development of a numerical scheme with uniform proper-
ties with respect to the scaling parameter . The main difficulty is related to the degeneracy
of the momentum conservation law in the limit € — 0. To see this, let us define the parallel
flux I') € R and the perpendicular flux I'; € R? via

Ij:=b-T', T,:={d—bab). (5)

The notation (5) will be used for arbitrary vectors in R?® throughout this work, as well
as for the gradient, V(-) = bV|(-) + V(). Setting formally ¢ = 0 in the momentum
conservation law in (1) leads to

In the limit regime, the perpendicular component of the momentum instantaneously adjusts
in order to establish a zero force balance. The second relation can be solved for I'} , yielding
the ”drift approximation”

nE°xB V. p’xB .

BF  BF g
The first term in (7) denotes the electric-field drift and the second term stands for the
diamagnetic drift of the ions. The calculation of the perpendicular flux T'Y in the limit
¢ — 0 is thus readily achieved by equation (7).

The equilibrium is different along the magnetic field lines. In this direction, the pressure
waves travel at an infinite speed in the limit ¢ — 0 in order for the pressure gradient to
balance the electric forces, securing by this mean the zero force regime. The computation of
the parallel flux Fﬁ in this low Mach regime is more intricate, since it has disappeared from
the first equation in (6). A first part of this work will thus be dedicated to the derivation of
an equation providing Fﬁ whatever the regime. This is achieved thanks to a reformulation of
the system providing an equivalent set of equations in which the drift limit is regular. This
is a standard approach for asymptotic preserving methods, a class of numerical methods
introduced at the beginning of the millennium [37] in the context of multi-scale kinetic
equations [15,16,26,29,30,44]. The concept has since been transported to other areas of
multi-scale partial differential equations (PDEs) [17,36]. Several AP-schemes have been
developed in the context of fluid equations with for instance investigations of the quasi-
neutral limit for plasma descriptions [11,12,21,22], the reduced MHD [24] or, closer to the
asymptotic adressed here, the low Mach number regime [9,25,45]. The present work is a

I =



AP-SCHEME FOR EULER-LORENTZ 3

continuation of a series of papers devoted to the drift-fluid limit [6,7,19]. Two strategies
have been introduced in these precedent realizations to overcome the degeneracy of the
parallel momentum equation. One is close to the methodology of the low Mach number
numerical methods, operating a wave equation in order to compute a pressure consistant
with the force equilibrium along the magnetic field lines [7]. The second approach [6,19],
harness the parallel momentum as the Lagrange multiplier of the aligned force balance
constraint. Both approaches entail the resolution of anisotropic wave or diffusion equations
that degenerate in the drift limit. Indeed, in the ¢ — 0 limit the diffusion along the
magnetic line is infinite, and the computational domain being periodic, the dominant
operator kernel is populated by the functions with a vanishing aligned gradient. This a
common feature for the simulation of tokamak plasmas that has received a lot of attention
[14], specifically by means of asymptotic preserving methods [3, 18,23, 40].

The objective of the present work is to bring the concepts initiated in precedent real-
ization to a richer framework in order to demonstrate the efficiency of the method and
to perform the numerical method verification. The targeted phenomenology is the de-
velopment of the Ion Temperature Gradient Instability (ITG) [10,13] for which analytic
estimates can be compared to the numerical method outputs. With this aim, the modelling
used so far, in order to provide a proof of principle, has to be significantly complemented.
First, the isotherm [6,7] or isentropic [19] plasma descriptions are substituted by a full
description of the ions, with an energy equation, furthermore the system incorporates Bra-
ginskii gyro-viscuous terms [4, 35] as mentioned above. The set up is also extended to a
fully three dimensional configuration with, for sake of simplifying the numerical schemes,
a magnetic field constant and align to one of the coordinates. The asymptotic-preserving
reformulation of the system is thus reworked in this enriched framework. In the precedent
realization [6, 7], the ill-posedness of the diffusion equation for vanishing e is prevented
thanks to a differential characterization of the dominant operator kernel space [8] that
is not readily implemented for periodic geometries. In order to address accurately this
property, the duality based method [18] is operated for the resolution of the reformulated
system with a precision independent of the asymptotic parameter.

This article is organized as follows: in Section 2 the physical context of the plasma fluid
model is precised, with the definition of the scaling assumptions leading to its dimensionless
form. The asymptotic preserving reformulation is addressed in the Section 3 with the
numerical scheme detailed in the Section 4. A stability analysis of the scheme is investigated
by means of a Von Neumann analysis. Finally, Section 5 is devoted to the verification of
the scheme, scanning through the characteristic plasma time scales, from the cyclotron
period to the the drift wave period, which are well separated in fusion plasmas [34], with
a particular attention brought to the intermediate regime characterizing the ITG growth.

2. PHYSICAL CONTEXT AND SCALING

2.1. Fluid equations for strongly magnetized plasmas. The model investigated here
is based on the Braginskii closure [4] for magnetized plasmas. Let m and Ze stand for
the ion mass and charge, respectively, e denoting the elementary charge and Z € N. In



4 F. DELUZET, M. OTTAVIANI, S. POSSANNER

physical variables, the fluid system (1) reads

(On
S TVT=0,
or r 1 1 Ze
1o 1o g _%¢ 8
at+v( )+mVp+mV M, m<nE+r><B), (8)

0 r r
—w+V- [—(w+p)+—-HA] +V.qr=Zel' ' E,
\ Ot n n
where the ion energy is given by
3 m|T)?
= —p4+ — 9
w=gpt— (9)
According to Braginskii [4,35], the gyro-viscous stress tensor reads
I, := 2 —{ (bxW,) - (Id+3b®b)+[(bxW,)-(Id+3bab)'}, (10)
We

where w,. denotes the ion cyclotron frequency and where W, is the rate-of-strain tensor
defined by

2
W, = Vu—l—(Vu)t—g(V-u)Id. (11)
The gyro-viscous heat flux is given by
T
an =2 p v (12)
2 Mw,

These gyro-viscous terms are independent of the collisional regime and have to be included
in fluid models of magnetized plasmas for the sake of a correct description of the drift limit.
We elaborate on this in more detail when we study the cancellation of the diamagnetic
drift terms in the linear, small-¢ regime, c.f. section 4.2. Remark in particular that the
model (8) is non-dissipative.

Due to the small mass ratio between electrons and ions, the electron dynamics is much
faster than the ion dynamics. Thus, electron inertia can be rightfully neglected when
studying large scale phenomena. This leads to the ”Boltzmann relation” [41] along the
magnetic field lines:

6¢(t’x7><¢)}
— . (13)
kpT.(t,x1)
Moreover, in this work we assume quasi-charge-neutrality, since we are not interested in
plasma waves. Then, setting n. ~ n yields an equation for the electric potential,

o= el <£> . (14)

e Ne

ne(t, x|, X1) = ne(xy) exp l

Since we assume T, and n, to be given in what follows, Eq. (14) completes our model; it
is to be solved self-consistently with the Eqs. (8), where the magnetic field is supposed to
be known.
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2.2. Nondimensional model equations. Let us now write the system (8) in dimension-
less variables. This will be useful for identifying the physical regime we are interested in
(drift ordering). We start by introducing a typical scale for all quantities. For instance,
n stands for the plasma density scale, so that the physical plasma density writes n = nn’
where n’ = n'(t,x) is of order one. We also denote by T and ¢ the typical space and time
scales we consider. The dimensionless fluid system completed with the potential equation
reads

( On'  tu

W —V/ I'=0,
or’  tu '\  kgT t kgT t ZeB_s E
—“v’ (1“’@ >+i v OVINELC R v | (s t(_—, ’E’+I"><B’>,
ot n UL T2 m U
ow'  tu | u IV kBT t ZeB_ m uF
_v/‘ |:_ / / _‘H, V/ / — t —T]__‘/ E/,
ot’ T3 n’(w +p)+wci“n’ 4 m wex? " m kgT B
kgT, !
¢ =By (ﬁ)
\ 6¢ n’c
(15)
The following parameters will characterize the plasma regime under consideration:
kpT ZeB
=\ we= e, =2 (16)
m m We

Here, vy, stands for the ion thermal velocity, w. is the ion cyclotron frequency and py,
denotes the ion Larmor radius related to their thermal velocity. Our choice of scales for
the independent variables is the following:

_ L?

z:=1L, t:= : (17)
VthPth

where L stands for a macroscopic length scale, for instance the large radius of a Tokamak
vessel, and the time scale ¢ is known as the "Bohm time”. We now introduce the small
parameter € as the square of the ratio between the ion Larmor radius and the macroscopic
length scale L, signifying that we are interested in strongly magnetized plasmas:

pth>2
=—) 1. 18
- »
Furthermore, we relate the characteristic macroscopic velocity u to the chosen space and
time scales, respectively, leading to
x U

==t —eyE, = =VE<L (19)
It becomes clear that the flow velocities we aim to observe are small compared to the
thermal velocity; hence we are interested in the subsonic regime, characterized by a small
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Mach number. In order to complete the scaling, we suppose

E=2 E—uB, ksT—ed, T-=T. (20)

SRS

The assumptions (17)-(20) represent the so-called ”drift-ordering” of the plasma fluid equa-
tions; applying them to system (15) and neglecting terms of order O(e) in the energy
equation yields the scaled Euler-Lorentz model (1), completed with the scaled potential
equation (4). The primes will be omitted for clarity in the following.

3. ASYMPTOTIC-PRESERVING REFORMULATION

3.1. General considerations. In equation (6) we indicated that the drift limit ¢ — 0 in
the (EL)-model requires a reformulation of the momentum conservation law, in order to
find the correct asymptotic equation for Fﬁ . This reformulation is now presented in detail.
It is based on the works on asymptotic-preserving (AP) schemes for isothermal fluid models
summarized in [17] and implemented in [6,7]. The reformulation is not unique, as several
different approaches can be taken to ”extract” the asymptotic behavior of I'j. Our aim
is to formulate a wave equation for Fﬁ by using the mass conservation law. In the limit
¢ — 0, the wave equation will degenerate to an elliptic problem along the field lines of B.
Depending on the boundary conditions, the elliptic problem has to be treated with care in
order to yield a unique solution Fﬁ. We address the difficulty arising for periodic boundary
conditions in the subsection 3.2 - 7 AP-formulation in a uniform B-field”.

Remark 1. The following paragraphs clarify the AP reformulation of the (EL)-system (1)
on the continuous level. We suggest that readers who are interested in the numerical scheme
go directly to Section 4 and consult Section 3 where necessary, since the reformulation can
be carried out (perhaps in a more intuitive way) also in the semi-discrete setting.

Proposition 1. Suppose that the (EL)-model (1) is posed with initial conditions (ng, T'§, w§),
and I‘ﬁ o 45 such that it satisfies the momentum conservation law att = 0. Then, fore > 0,

an equivalent formulation of the (EL)-model is obtained when replacing the momentum
conservation law with

a2rﬁ 15 151 13 151 15 ab
o — V” [(T + Te)VHFH} — V” [(T + Te)( ”V b+ V- I‘J_)] + E

AT +T)] 0 (. b ) I

ors N d(b ® b)
ot ot

€ -V [(TE + Te)ns}

I 1
I+ (Id-bab)V- (1o =+ ;) + ~V L (n°T) (21D)

1
:E(—nsvmwrixB),

Proof. Let us recall the notation introduced in (5) and thereafter. Applying the projection
(Id — b ® b) on the momentum conservation law in (1) yields equation (21b). Taking the
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scalar product of the momentum conservation law with the unit vector b yields

ol Jb Te 1 1
Il e P . . € - - ere . CTIEY — 2,6 €
s r 9 +b {V (F ® nE)} + SVH(R T°)+b- (V- II}) 5” Viet. (22)

Now, due to the Boltzmann relation (4), one has
nEV||¢E = V”(Teng) y (23)

such that the electric field term can be absorbed into the pressure gradient defined with
the sum of the electronic and ionic temperatures 7° + T,. Then, differentiating (22) with
respect to time, using 0,V (-) = ;b - V() + V| ;0(+), further inserting into the pressure
term the mass conservation law stated as

one
ot

+ V. (bl)+V- T =0, (24)

and multiplying by ¢ leads to equation (21a).

Suppose now that ¢ > 0 and I} is a solution of (21a). Integrating this equation with
respect to time in the interval [0, s], and using that I'j satisfies (22) at ¢ = 0 (according to
our assumption), it follows that I'j satisfies (22) also at ¢ = s. Thus it is also solution of
the original momentum conservation law. Conversely, any solution of (22) satisfies (21a)
by construction. O

We recognize that the first two terms in equation (21a) form a wave equation along the
magnetic field lines with wave speed /(7% 4 T.)/e. In the drift limit ¢ — 0 information
thus propagates with infinite speed along the field lines, and Fﬁ is determined from an
elliptic equation:

~Vy (1 + T)wyrf] - vy [(1° + L))V b+ V- TY)|

ob (25)

ot

[T+ L] - v {now}

ot

Owing to (24), the equation (25) is equivalent to 9,V [(T" + T.)n°] = 0. Supposing that
Vi(T° + T.)n]|;—o = 0 we obtain that the force balance relation (6) along the field lines
is satisfied at all times. The reformulation in Proposition 1 thus yields the correct limit
solution and moreover permits the calculation of Fﬁ, provided that (25) has a unique solu-
tion. We will address this point in the following subsection.

Another formulation can be stated instead of a wave equation, namely an integro-
differential equation. It mimics the equation constructed thanks to a time semi-discretization
and is thus more representative of the equations implemented in the numerical method.
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Proposition 2. For ¢ > 0, an equivalent formulation of the (EL)-model (1) is obtained
when replacing the momentum conservation law with

or: : t
=1 -V [(Tf + Te)/0 VI (s) ds] v [(Tf + Te)/0 (TiV b+ V-T9)(s) ds]
I‘E
-V, [(TE v Te)ng] Ll Ob—cb- {v : (1“8 ®— + H;)] : (26a)
ors  dbeb) IS L
L -2y +(I1d-bab)V- (T ®E+HA)+EVL(TLT) (26D)

1
_ g<—n5Vl¢5+I‘i ><B>,

where ng stands for the initial density n®(t = 0).

Proof. The proof starts as in Proposition 1. Then insert into equation (22) the relation
(23) and the identity
L one(s)
o Os
where under the integrand we insert the mass conservation law (24) at time s.
Letting € — 0 in equation (26a) leads to

ds, (27)

n®(t) = n +

-V [(T0+Te) /;VFO(@ ds] ~V [(T°+Te) /Ot(rﬂv-b+v-r3)(s) ds} -

— v, [(TO + Te)ng} .

If the mass conservation law is satisfied we can use (27) to deduce V| [(T°+T,)n°] = 0. Note
that the zero force regime is recovered without any assumptions on the initial conditions,
unlike the formulation of Proposition 1. O

3.2. AP-formulation in a uniform B-field. For the remainder of this work we assume
a uniform B-field in the z direction, B = b = e,. Moreover, we assume x = (z,y, z) € €,
with the finite spatial domain = [0, L,]x [0, L, ] x[0, L.] and periodic boundary conditions
in the z-direction. Now, the wave-like equation (21a) for the parallel flux reads

aQFi I3 154 € 15
S — . [(T —|—Te)8zl“z} _ 9, [(T LTV FJ
oTs+T.) 0 re 0 (29)
eZ\ Tl oy (rrez) — CTE )
0 {” ot } v 8t< n5> 5<V at A>z
In the limit ¢ — 0 we obtain the second order problem
oT+T,
o, [(Ts n Te)azrg} — . [(Ta YTV - Fj} s {n%} —0,  (30)
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which is ill-posed due to the periodic boundary conditions. The limit equation (30) only
accounts for the macroscopic part of the equation (29), associated to the dominant operator
in the limit ¢ — 0. Its solution is determined up to a function with a vanishing aligned
gradient, which can be determined thanks to the microscopic information contained in (29).
As mentioned in the introduction, there are multiple ways to restore the well posedness of
the problem for € = 0, operating a decomposition of the solution into a part in the kernel
of the dominant operator defined by (30) complemented with a correction. The approach
implemented here harnesses the duality-based decomposition [18] of I'¢ into its mean and
fluctuation along the z-direction. In what follows we denote the mean along z of a function

a(x,y, z) defined on 2 by
IS
a(x,y) = —/ a(x,y, z)dz, (31)
L. J,

The corresponding fluctuations are defined by

!/

a:=a—a, = a=0. (32)
Hence, there exist two unique functions n® and &° satisfying
o=n"+&, &=0. (33)

Inserting the decomposition (33) into (29) and integrating with respect to z yields the
equation for the mean,

0?n° 9 (. I o
g =V ()~ (V) (34)
This equation is coupled to (29), which is used to compute &£°:
6255 82775 5 s 5 5
o e — 0. [(T —l—Te)@Zf] _ 9, [(T +TE)V-I‘L] .
DT +T)] 9l -
0 {” T} =<V () —=(v o)

Remark that 0,n7° = 0 by construction. In the limit ¢ — 0 equation (35) degenerates to

0
noa(T +Te)} _o.

Y (36)

= 0.|(1°+ T)0.8"] - 0.[(1° + T.)V - T | + 0. [
which is now a well-posed problem for £€° due to the integral constraint €9 = 0. We see that
the duality-based AP reformulation based on (33) requires integration along the magnetic
field lines. This is easily done for straight field lines but remains challenging for field lines
that do not coincide with the space mesh. Different techniques exist for the latter case,
which we aim to employ in a forthcoming work.

For clarity, let us summarize here the obtained problem reformulation, based on the
wave equation for 'Y = n® + £°. We will work with an equation for the temperature 7
instead of the energy w® (the conservative form of the fluid equations is not paramount for
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our scheme and more generally for plasma under large magnetic fields). The (AP)-model
corresponding to the (EL)-system (1) reads

2,,E € — 0
o=V H(0) - (v m).
5(?;6;—%5;;5 —@[(Ts—l—Te)azﬁa} _3z[(TE—|—Te)V-Fﬂ
any o [ < e () (7 ) 0
ara v <F5®_‘i Hil>+ “Vi(n ETE)IE(—"EVW*FELXGZ)’
\(;5 Tln(n—5>

The system (37) is defined on [0, 7] x Q@ C R3 where 7 > 0 and Q is a rectangular
parallelepiped 2 = [0, L,] x [0, L,] x [0, L,]. It is supplemented with initial conditions,

n(t =0,x) = ng(x), I'“(t =0,x) =TI'5(x), Te(t = 0,x) = T5(x), (38)
aFE EFiO € € €
0

I
n(t=0,z,y) = L_/o ICodz, E(t=0,x)= ICo— n(t=0,z,y), (40)

z

and boundary conditions,
( Dirichlet: n°(¢,0,y,2) =ny, n°(t, Ly, y,z) = n,,
T°(t,0,y,2) =T,  T°(t, Ls,y,2) =T,
Neumann: 0,I°(¢,0,y,z) = 0,T°(¢, L,,y,2) =0,
0o (t,0,y, 2) = 0" (L, L, y,2) = 0,
0.6°(t,0,y,2) = 0.£°(t, Ly, y,2) =0,

|+ periodic boundary conditions in y and z.

Here, n;, n,, T; and T, are fixed constant densities and temperatures at the z-boundaries,
respectively.
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4. DRIFT-ASYMPTOTIC NUMERICAL SCHEME

We shall now write the asymptotic-preserving numerical scheme for the (EL)-system
(1). The scheme is based on the ideas elaborated in the previous section, in particular
on the reformulation of the conservation law for I'}, in a uniform magnetic field B = e,.
This reformulation is carried out here on the time semi-discrete level, which is simpler than
discretizing the (AP)-model (37) directly. After semi-discretization in time, in a second step
the spatial discretization is presented. We implement a finite volume scheme for hyperbolic
conservations laws [39], with an artificial viscosity of local Lax-Friedrichs (Rusanov) form.
A von Neumann stability analysis brings some insight into the C'F'L-condition on the time

step in our scheme.

4.1. Semi-discretization in time. In what follows we omit the superscript € on the
unknowns for the sake of a more transparent notation. For a function a(t) defined on R*

we denote
m

a"=a(t™), " =) (At)er, (At =0, (42)
q=0
where (At), is a variable time step, defined later via a C'F'L-condition. For more trans-
parency in the notation we set (At), = At in what follows, even though variable time
stepping is allowed in the simulations. The starting point is a time semi-discretization,
where the implicitness of the parallel mass flux, the parallel pressure gradient as well as
the momentum in the Lorentz force are mandatory:

(,m+1 _ . m
%—I—ELF?H +VFT+1 :0,
[+l LIy 1 )
T + V- (I‘m/er &® n—fn) + gazKTm + Te)nm+ ] + (V : HT)Z =0,
| N N rr 1
4V (T e 1) + SV T
nm )
(EL)A | (43)
_ g( MV " 4 T ez> ,
Tm+1 —m I\erl 1 Fm+1 21
- v-( Tm>——TmV~< ) Lo v.qr=o0,
At + nm 3 nm * 3nm an
m+1
m+1l _ Tel (n )
\ ¢ )

where T"/m+1 = (I‘TH, ') but this quantity could have been left totally explicit, as well
as the momentum in the temperature equation. However the resolution of the equations
can be sequenced is such a way that these implicitations come at no cost. Note that we used
relation (23) in the second equation and that the last equation furnishes an initial condition
for the electric potential ¢¥. Inserting now the density n™*! from the first equation into the
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pressure term of the second equation, multiplying by ¢, applying the unique decomposition
(33) for the parallel flux, i.e. T+ = pmtl 4 ¢mFl with ¢mtl = 0 and 9,n™™! = 0, we
obtain the semi discrete AP-scheme

4 nm—i—l _ nm
g FOITT A VDT =0, TTH =g g =0,
m+1 _ m —Fm
%+V-<Fm+l®nm> (V 1), =0,

rr

)~ A0, [(T™ + T,)0.£™H]

i(ngrl + nm+1 _ sz’n) +eve <1—\m/m+1 ® -2

O[T + Tn™] — AO[(T™ + TV - T 4 &(V - TI7). =0,
AP —FTHA; T v (Pm ® g—g + 11 L) + %VJ_(TLme> (44)
_ é( — Vg™ T x ez> ,
B e () e (5 e
).

The cycle for solving the system (44) at each instant ¢" is as follows:

start loop: TP — gt — ¢t (pm L Ay 5 ™t end of loop.

nm—l—l

" =T.In (

\ C

Some of the individual steps in the loop require a more detailed discussion:

- Computation of T'!*': For ¢ > 0 and for a general magnetic field B, the simple
case B = e, included, we introduce the matrix Qg, defined via Qg(-) := (-) x B. The
matrix reads

0 B. —-B,
Gp=|-B. 0 B, |. (45)
B, —-B, 0

We further introduce the parameter x := ¢/At. For k > 0 the matrix xId—Qpg is invertible,
Id denoting the identity matrix,
(14 - )

1 2

= ————— |k’ Id+ Kk B®B)|. 46
k(B2 + £2) [“ + Qg+ (B® )} (46)
This last expression emphasizes the singularity of the matrix xklld — 2g in the limit kK — 0.
However, the matrix [kId — Qg] is invertible on the orthogonal of the b ® b-operator kernel
for all values k > 0. The projector on this kernel orthogonal reads Id —b ® b, which is the
projector on the local perpendicular plane with respect to B. Hence we define the matrix
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0., invertible for k > 0,

1
O, = (kld - Q) 'Id—b®b) = ———— [k(Id —b®b) + Qg] . 47
(k B) ®b) ,B‘QJFHQ[%( ®b) + Op] (47)
With the help of this matrix, the perpendicular flux in system (44) is obtained as
Fm
= g [ﬁrT eV (rm ® -1+ 1 HTL> VL (T — Vg™ . (48)
nm i

Equation (48) is an expansion of the perpendicular flux at time ™! in powers of ¢ around
the drift approximation I'}}, defined as

'S :=—n"V, 0" xe, =V, (n"T") xe,. (49)
Indeed, the drift approximation appears as the zero-order term in (48).

- Computation of £™': the equation for the fluctuation ™! of the parallel flux is
a one-dimensional heat equation in the parallel direction, with the constraint of zero mean
on the solution. The coordinates (x,y) appear only as parameters. This can be a strong
point of our scheme when thinking of parallelization. The constraint can be implemented
by introducing a Lagrange multiplier ™ ™!(x,y), independent of z. In particular, we solve

i m+1 m m+1 m+l _ _i m+1 _ pm\ . m/m+1 F_ZL
€ AL [(T™ + T.)9.6™Y] + A il ™) — eV (r ® nm)

— O(T™ + T.)n™| + At [(T™ + T.)V - T — (V- TI7).. (50)
&l =0.

The Lagrange multiplier is an additional unknown which supplements the equation for the
constraint. Integrating equation (50) along z yields A™*! = 0.

4.2. Cancellation of the diamagnetic drift. The gyro-viscous stress tensor II5 and
heat flux g3 were included in the (EL)-model (1) for the sake of the correct description of
the low frequency physics in the drift regime ¢ < 1, in particular of the ion-temperature-
gradient (ITG) modes. In order to simplify the implementation of the numerical scheme,
we take into account only those gyro-viscous terms necessary for the correct ITG dispersion
relation, which is given in (90). Hence, we define

0 0 —20,u —0,T*
eTe Yz 5 Yy
=" (00 20 |, & i=—2nT| ,71° |, (51)
2 \oo0o 0 2 0
which leads to
g € g € Fi g 5 £ € 151
(VI =0, (V-5 =—{nT =) Vg =—{nT" 7T}, (52)

where {p1, v} = 0,p0,v — 0, ud,v stands for the Poisson bracket in the zy-plane. Employing
the relations (52) we shall explicitly account for the cancellation of the diamagnetic drift
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terms in our numerical scheme. Using the drift approximation (49), remark thus the
identities

V- FTB = {¢m7 nm} ) Fg ’ V() = nm{quv } + {anm> } . (53)
We now use (52) and (53) to rewrite the semi-discrete system (43). For some number
o > 0, we rewrite the particle conservation law as

nm—i—l —nm
0TI V[T T + o{g", ™) =0, (54a)
the parallel momentum conservation law as
[mtt rm 1
z z . I\m/m+1 — o™ z } -0, ™ Te m+1 54b
L oTE) @ =] + O[T + Toum] (54)
e
+o{6™ T} + (o — 1){anm, n—m} ~0, (54¢)
and, finally, the temperature equation as
Tm+1 —_Tm Tm 1 ]_‘\m—i—l — o™
- 4V (rm“—arg)—} 7y [< 7 D)]
At nm 3 nm (54d)
51T™
In what follows, o : RT — [0, 1] will be some function with the properties
o(0) =1, o(e)=0 for e>1, MSO for e #ey. (55)

€1 — &2

This function will serve as an e-dependent switch, choosing between different formulations
in the regimes € ~ 1 and ¢ — 0, respectively. For ¢ > 1 one obtains the original formulation
(43). In the case € = 0, however, we have o = 1 and I‘TH = I'}, such that the equations
(54) read

AT Q. + {¢™ n™} =0, (56a)
I“m—l—l —_Tm m 2 1
z ~ 2 4 az |:( nzm) ] + gaz[(Tm + Te)nm+l] + {Cbm, an} —0, (56b)
Tm+1 —Tm 1 Tm 1 - F;nJrl S
o (rr ) - T (o) e Ty =00 (560)

Note that the diamagnetic drift is absent in the Poisson brackets, a consequence of the the
vanishing Larmor-radius as ¢ — 0. To lowest order, finite Larmor radius effects do not
contribute to the macroscopic plasma drift, fact which is guarantueed by the gyro-viscous
Braginskii terms (51). Note that the above manipulations on the system (43) carry over to
the AP-system (44). In our code we implemented a function o that depends on ~%, which
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is an indicator of the regime investigated, defined as the ratio of the small scale ¢ to the
squared mesh size (see equation (78)):

0 if > 1,
o= (57)
1 i <1,

Remark 2. The rewriting of the scheme in the form (54) and the introduction of the switch
function o are not related to the asymptotic preserving properties of the scheme but to that
of the conservation of specific equilibrium states. This feature will be discussed in more
detail for the ITG simulation. The definition (57) of the switch function o is quite coarse,
with a non smooth transition from one formulation to another. Particular attention should
be paid to this definition in future work.

4.3. Space discretization. We implement a local Lax-Friedrichs (Rusanov) scheme [39]
for the space discretization of the system (44). The mesh covering the spatial domain
Q =0, L,] x[0,L,] x [0, L,] is the following:

r;=(i—1)Az, y; = — 1Ay, 2z =(k—1)Az,
L, (58)

where
ie{l,..., N}, jed{l,....,N, — 1}, ke{l,...,N,—1}. (59)

A function p defined on € is approximated by its values at the nodes, p; jr = p(zs, y;, 21).
Due to the periodicity in the y- and in the z-direction one has

Mi N,k = Mk Vi k and Wi N, = Mija V1,7 (60)

To implement the Neumann boundary conditions (also called non-reflecting) in the -
direction we install ghost points with the indices + = 0 and ¢« = N, + 1, repsectively, and
set

gfj,k - T],k and I‘R}m-‘—l,j,k - Fﬁm,_ﬁk V], k, m . (61)

Space differentials are approximated by standard centered finite differences. In the Rusanov
scheme, for each unknown p™ one defines an artificial numerical flux QL” € R? at time
mAt. The components of the numerical flux in the different space direction are denoted by
Q= (X;", i Z[[‘) They are defined at the half-points, i.e. between the nodes defined
in (58). The artificial fluxes Q' will guarantuee the stability of the scheme, and are defined
as

Xu,i-i—l/? == 5 (Ni+1 — "),

m aGhijg o m

e = 5 (1 — 13", (62)
Zu,k+1/2 T T (Mk+1 — '),
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for each unknown p. Remark that, whenever a spatial index is not stated explicitly, it is
i, j or k, respectively. The local viscosities in (62) are determined from

m v | |y
74172 = MAxX ( n—m’ S ) + \/mgX(Tm +Te), (63)
F;nk+l
p'y1/2 = Max (‘ TL; ‘ , n—m ) + \/mgx(Tm +T.),

Note that we do not take a local but the global maximum of the temperature in these
relations; this stems from the fact that we want our scheme to conserve equilibria with
non-vanishing temperature gradients. Artificial viscosities a” = a(z) would destroy such
a property. We remark also that the Rusanov scheme has usually less artificial viscosity
than the Lax-Friedrichs scheme, which is obtained for o}, , = Az/At, a7, , = Ay/At
and a;” , , = Az/At.

Poisson brackets are discretized with the Arakawa scheme [1]. The discrete version of
the bracket {yu, v} evaluated at the point (z;,y;) is defined as

1

{u, v} = M <#z’+1j¢4ij + pi—1Bij + pij1Cij + pij—1Dij (64)

Fiv1j+1Ei5 + pi-1j-1Fij + pic1j+19i5 + Mz‘+1j—17'lz'j) )

where the coeflicients read

Aij = Hijy1 — Vijo1 + Vigj1 — Vig1j-1, Eij = Vi — Vit
Bij = —vijy1 +Vijo1 — Vicyj + Vietj-1, Fij = —Vi—1j + Vij-1, (65)
Cij = —Viy1j T Vic1j — Vivrje1 + Vic1j41, Gij = —Vijt1+Vim1j,
Djj = +Vit1; — Vi1 + Vigrj—1 — Vic1j-1, Hij = +Viy1j — Vij-1 -

4.4. The CF L-condition. In the Rusanov scheme the artificial fluxes (62) provide the
numerical diffusion leading to stability. For this, the time step (At),, at time ¢t™ must

satisfy
1

m?X(aﬁl/Q)/Aa: + m?x(aﬁl/z)/Ay + mgx<a2n+1/2)/Az :

(At),, < (66)

Note that the time steps computed in this way do not depend! on e, fact which stems
from discretizing stiff terms in (44) implicitly. Unfortunately, our numerical tests revealed
that the condition (66) is not sufficient for stability in all e-regimes. Indeed, we shall show
that there is a more restrictive C'F'L-condition in an intermediate e-regime, i.e. when ¢
is of the order of (Ax)? or (Ay)?, respectively, the square of the mesh parameters in the

1They depend implicitly on ¢ via the unknowns I'"*, n™ and T™.
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perpendicular plane (to B). The situation is best explained by means of the following toy
model (B =e,):

m+1 _ . m
UL v
At (67)
rptt-re o1 1
LTtL-i-ngn ZEFJ_—HXGZ.

This simple model corresponds to the discretization of the rotation term (B-field term) in
(44). We analyze the numerical stability of a standard Lax-Friedrichs scheme for (67):

1
+1 _
Moy = 7 (Mak1s T Ma1p + Malger T Ngp1)

At . At

m

E(Fm,a—kl,ﬂ - F:c,a—l,ﬁ) - m(rza,ﬁ—kl - Fg,la,ﬁ—l) >

e S
+1 +1 __
AL mas ~ Uyas = gagTrass + 11 + o par + 1ol p1)

1
E(n?Jrl,B - ”211,5) ;

(68)

= mtl Pl €
At %0475 ZE,CX,B - 4At

1 m m
m(na,ﬁ—%l - na,ﬁ—l) :

\

Defining U™ := (n™, ", T'}") the system (68) may be written as U™t = AU™ with matrix
A. A stability criterion in the L?-norm can be obtained with the von Neumann method; a
scheme is said to be stable if there exists a constant 0 < v < 1 such that

O™l < wl[U™]]2 (69)
where the discrete L?-norm is defined as
1/2
U™l := [Azdy Y Y (nisl + 07l + ITyasl) | (70)
a g
Inserting into (68) the grid wave functions
ny s = ah)e i(BAYN AP gl ahn)E giBAyn I 5= glahn)g giBAyn (71)

we obtain a system U™ = A(£,n)U™. The three eigenvalues of the matrix A(£,n) are
denoted by A\¢(§,n) with & € {1,2,3}; they are called the amplification coefficients of the
respective eigenvector. The scheme is stable if |\y(¢,n)| < v for all (§,7) € R? and all k.
Otherwise, there may be Fourier components that grow during time iteration.
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It is easily shown that if one takes an explicit rotation term in (67), i.e. I']" X e,, the
von Neumann analysis yields the C'F'L-condition

At < % min (\/EAx, \/EAy,s) : (72)

In this case the time step is severely restricted when ¢ is small, which is normal for explicit
time discretizations. With implicit rotation term, c.f. (68), using the inverse R of the
rotation matrix R in the flux equations,

£ 1 1 £ 1
R=(2 ), R'=——0t=|(2% ], 73
() e (G 2) )
we find one eigenvalue of A(§,n) to be
1
A3(§m) = gleos(€Az) +cos(nAy)] =[] = 1. (74)
The other two eigenvalues can be estimated to

3 € o A\ N

2
<
’)\1,2(5777)‘ — 2 A(L’

—i—ECOSQ( Ay) + At 2sin2( Ay)
B nay Ay nay
e (AY e (At

2"\ Az 2"\ Ay '

At\? e At\? e
1: = c =t °.
case ( x) <3 and ( y> <3 (76)

’ 2

4+ max

A
W
+
>
=
—N
=
&
"

Consider first

Clearly one has |A12(€,7)]* < 1 but the time step is restricted by €. In fact we obtained
the C'F L-condition (72) without the restriction due to the rotation term, thus At ~ /.
However, stability can be obtained also for

At\? At\?

case 2: (E) > g and (A_y> > g (77)
Then, from (75) we get
3 3
At (v —1) < & ‘= .
For 4* < 1 this relation holds for all € and At; in this case there is no restriction on the
time step. This is true in particular for £ — 0 and thus shows the importance of implicit
discretization of the rotation term (B-field term) in our AP scheme. On the other hand,
for v* > 1 we have the C'F' L-condition

(78)

Al < ——— . (79)
=1
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This condition can be restrictive in an intermediate e-regime, i.e. when (Ar)? < ¢ < 1.
Remark in particular that for ¢ &~ At equation (79) yields a C'F'L-condition of parabolic

type,

2
At < : 80
(A0 4 1/(Ay) 0
In the mixed case,
At\? e At\? e

: S ) P 1
case 3 (Ax) > 3 and (Ay> <3 (81)

we obtain, similar to the C'F'L-condition (79),

2

At< o = (82)

Ne—2’ Ax?

The different C'F L-conditions (66), (79) and (82) have been taken into account in our
(AP)-scheme as follows: first, we calculate the value of 7¢ for the given space mesh and ¢.
Then we choose the time step via

IIlil’l(AtRUs, AtROT) if ’)/E >1,
(At),, = (83)

Atgys if *<1,

where we computed Atgyg from (66) and Atgor from (79) or from (82), respectively, with
a C'F L-number 0.5.

5. NUMERICAL TESTS

We now start the verification process of the new (AP)-scheme. In a first part we will
test our scheme regarding cyclotron modes, in order to show the capability of resolving fast
plasma dynamics. We then discuss the dispersion relation issued from perturbations of an
equilibrium with a temperature gradient in x. Due to this temperature gradient, yz-modes
may grow in the plasma, so-called ion-temperature-gradient (ITG) modes, fact which we
will use to test the (AP)-scheme against the ITG-dispersion relation, in particular growth
rates. Finally, we shall explore the solutions obtained in the drift limit € — 0, a regime that
is made accessible with our (AP)-scheme, thus showing its unique capability of resolving
all plasma time scales.

Throughout the verification process, we set L, = 1 and L, = 2 to define the perpendicu-
lar plane (the domain size L, can vary for different tests and is indicated in the respective
section). Dispersion relations will be tested via the Fourier transform of the time signal
arriving in the point x, = (L,/2, L, /2, L,/2). Let s(t) stand for such a signal measured at
this point, then its Fourier transform is denoted by $(w). The power (Fourier) spectrum
is then labeled as A, := [3(w)|?.
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5.1. Cyclotron waves. Let us start with the verification of the fast plasma dynamics,
namely the cyclotron waves. In our scaling, the two cyclotron frequencies are

1
w=tw,==+-. (84)
€
We set L, = 10 and chose the constant initial profiles

no =1, [,0=10"%, L,o=T.0=0, To=T,=1, o =0. (85)

Due to the absence of spatial gradients we shall observe only the pure cyclotron frequencies
(84), provided the time step At is small enough. Instead of the C'F'L-condition (83) we shall
use a fixed time step which provides the necessary resolution, i.e. At = 0.2¢. The number
of mesh points in each direction is N, = N, = N, = 20. Power spectra and absolute values
of signals s(t) = T',(¢,x,) for runs with ¢ € {1072,1073,107*,107°,107%,107", 1078} are
shown in Figure 1. Since the time step is decreased with ¢, the cyclotron waves are resolved

x 10"3 Regime 1: cyclotron modes Regime 1: cyclotron modes

|—-c=1e-02 - = At=2e-03
ol e=1e-03 =102 ——At=1e-03
e=1e-04 ) At=1e-04
e=1e-05
5| e=1e-06
e=1e-07 1
| —c=1e-08 _ AN L
< 3 ‘ ] ( i IH.J Y ; "\"' '.l".;
0 = 1031 ) P Bl N el
=10 @ w W ‘;:,'\. N
T T A
2; T T A
i y 1 3 ' S
1} i y S I TR !
: | 7 ) u !
0 P i 104 , , i i i
102 103 10% 10° 10° 107 108 0 0.05 0.1 0.15 0.2 0.25
w t™

FIGURE 1. Simulation of cyclotron modes with the initial conditions (85).
Left: power spectra A, for signals s(t) = I';(¢,%,) obtained with an
e-dependent time step. Right: absolute value of s(t) for ¢ = 1072 and
different time steps At.

as € — 0. For ¢ = 0.01, the absolute values of the signals s(¢) obtained with three different
time steps are observed in the right panel of Figure 1. Remark the damping of the signals
(negative slope), which vanishes as At — 0 and which is thus a numerical damping. This
is easily understood from our discretization of the Lorentz-force term:

At
-1t =—I7"xb. (86)
£
Scalar multiplication by (/"' + I'"") shows that
At At?
m—+1|2 m|2 m+1 m __ m|2
PP D = 2O b T = - S <0, (87)
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The damping of cyclotron waves could be eliminated by using a Cranck-Nicholson dis-
cretization instead of (86). This question, and more generally the derivation of higher
order numerical methods, is deferred to a future work.

5.2. ITG modes. Let us now perform some more challenging simulations, involving spa-
tial gradients. For this, we choose the following equilibrium state of the (EL)-system (1),
denoted with a subscript ¢’

ne=1, r.=[v], To(x) =T.(x) =T, + vz, ¢.=0. (88)

Here, v* stands for a constant drift velocity and 7} is the fixed temperature at z = 0. In

= e=1e-05 e=1e-06
—_—wy / "
—, // L,=300 — : L,=300

40 40 3

20 <

Im(w)

Im(w)

-20

-40
50

10.08 0.08

0.06
0.04

0 H
0.04
-50 0

Re(w) 12 A2
y y
FIGURE 2. Solutions of the ITG dispersion relation (90) as functions of
e'/?k, for ¢ = 107° (left) and for e = 107° (right) with |[v*| = 2,
k,=2m/300, T, = 2 and T, = 2. The instability threshold stated in (91)
occurs where the imaginary part of w becomes non-zero, indicated by the
dashed lines emerging from the plane Im(w) = 0.

the following simulations we slightly perturb the equilibrium (88) at ¢t = 0, i.e. we set

_ 2r 27 —(z — L/2)?
— e+ 107 cos (m, Ty + 2) exp (L),
ng = N¢e + cos myLyy+ LZZ exp 0.01

FO:FC7 TOZT07 ¢0:0a

(89)

where m, stands for the y-mode number (m, is set to one). The reaction of the (EL)-
system to small perturbations can be predicted from the ITG-dispersion relation. The
dispersion relation is obtained by linearizing the system (1) with respect to the stationary
state (88), assuming that I') = I'p + O(¢), i.e. that one is close to the drift approximation
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for the perpendicular flux. Going to Fourier space (injecting plane wave solutions) in the
linearized system then yields the cubic dispersion relation

3 € ) e
wk—g—w<§T6+Te>+wTe—0, (90)
with the drift frequency w* := v*k,. In order for (90) to have one real and two complex

conjugate roots, the discriminant of the cubic equation must be negative. This leads to
the condition
5T T 3/2
2 <§ et ) k
ky > = —. 91

Y 33 /2 | U*l Te \/g ( )
Solutions of the cubic equation (90) are plotted along with the cyclotron frequencies (84)
in Figure 2 as functions of '/2k, for two different values of & and for [v*| = 2, k, = 27/300,
T. = 2 and T, = 2. The threshold for instability (91) occurs where the imaginary part of
w becomes non-zero, indicated by the dashed lines emerging from the plane I'm(w) = 0.

Remark 3. In our setting k. is quantized, with a minimum value of 2w /L,. According to
(91) the instability occurs for k, ~ e71/2, i.e. when the wavelength of the perturbation is of
the order of the Larmor radius, c.f. Eq. (18). The quantization of k, is a consequence of
our simplifying assumption that the magnetic field is pointing in the z-direction, B = e,.
We remark that magnetic configurations in Tokamaks are much more complicated; field
lines form helices, whose twists are indicated by the safety factor q, the number of times
a field line travels around the toroidal direction while it performs one round in the shorter
poloidal direction. In our case ¢ = oo everywhere. For finite q, the quantization of k|
(k. in our case) is revoked and there are regions in the Tokamak where ky =~ 0. In this
situation unstable ITG modes can occur even for large scale perturbations, k, ~ O(1) (k,
in our case) . The generalization of the here presented AP-scheme to this situation will be
the topic of a future work, for which the present paper serves as a basis.

In what follows we set 1) = 3 and v* = —2. First, the evolution of the system initialized
thanks to (88)-(89) is simulated. We show the three-dimensional evolution of the density
n in one situation below the instability threshold (91), c.f. Figure 3, and in one above
the instability threshold, c.f. Figure 4. Below the threshold, a multitude of waves occur
from the initial state (m,, m,) = (2, 1), oscillating with the cyclotron- as well as the ITG
frequencies. The density is not concentrated around its initial maximum at = = L, /2, but
touches the domain boundaries x = 0 and x = L, after short times. The amplitude of
the initial wave has decreased at ¢ = 0.06 due to the numerical diffusion in the Rusanov
scheme?. The situation is different in Figure 4, where the amplitude of the signal is clearly
growing over time for the mode (m,, m,) = (5,1). On top of that, the density is concen-
trated around its initial maximum at z = L,/2, and only at the start of the non-linear
phase, at t = 2 in the figure, begins to evolve towards the z-boundaries. Cyclotron modes

2Remark that no physical diffusion is present in the considered Euler-Lorentz system.
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n™, t=0 %107 n™, t=0.02 %107

2.5
8

6 1.5

-2.5

%107
2.5

1.5

FI1GURE 3. Evolution of the density n below the instability threshold, here
for the mode (m,, m,) = (2,1) with parameters ¢ = 0.1, L, = L, =1,
L.=3, N, = N, = 100, N, = 20.

are completely suppressed in this situation and only frequencies of the I'TG-dispersion re-
lation appear.

Our second task is to verify in more detail the (AP)-scheme by means of the dispersion
relation (90). We use a space grid with (IV,, Ny, N,) = (40, 200, 20) and remind the reader
that the time step is computed from the C'F L-condition (83). We ran two series of sim-
ulations: in the first series we set ¢ = 107°, L, = 100 and initialized separate runs with
y-modes m, € {1,2,3,5,7,8} (m, = 1). In the second series we set ¢ = 107°, L, = 300
and initialized with the y-modes m, € {1,2,3,4,5,6} (m, = 1). The simulated signals
s(t) = n(t,x,) and their corresponding Fourier spectra are depicted in Figures 5 and 6.
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FIGURE 4. Evolution of the density n above the instability threshold, here
for the mode (m,, m,) = (5,1) with parameters ¢ = 107°, L, = 1, L, = 2,
L, =300, N, =40, N, = 200, N, = 20.

In the plots of the Fourier spectra (each spectrum corresponds to the respective signal
above), the exact ITG frequencies issued from the dispersion relation (90) are shown as
well (dashed lines). A good agreement between theory and simulation is observed in Figure
5. We remark that no growing mode occurs; all parameter sets lie below the instability
threshold. On the contrary, one observes a damping of the signals, which is due to nu-
merical diffusion in the Rusanov scheme, c.f. the fluxes (62). The agreement with theory
is also good in Figure 6; here, however, one observes growing modes for m, > 3. In the
corresponding Fourier spectra only one peak is observed. This is because the amplitudes
of the other two branches of the dispersion relation are negligible compared to the growing
branch. The frequency of the growing branch is in almost perfect agreement with theory.
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FIGURE 5. Signals s(t) = n(t,x,) (subplot-lines one and three) and
corresponding Fourier spectra (to the respective signals above) simulated
with e = 107°, L, = 100 and (N,, N,,, N,) = (40,200, 20) for different
modes (my, 1). The dashed lines in the plots of the Fourier spectra show
the exact ITG frequencies computed from (90).
This is

Finally, we compare the simulated growth rates to their theoretical values.

done for the parameter sets (¢ = 107°, L, = 300) and (¢ = 1075, L, = 1000) in Figure



26 F. DELUZET, M. OTTAVIANI, S. POSSANNER

%1078

%1070 Signal <1074 Signal

0.5 1 1.5 2
t

5 %1019 Fourier spectrum Fourier spectrum

8 x1&’90

Q%0
1.5 6
3y 34
0.5 2
0 A ér\ 0 ,K
(Dt 50 o 9° 50
w w w
Signal Signal Signal
0.04 9 0.04 9 0.04 9
m=(5,1) m=(6,1)
0.02 | e=1e-05 0.02 ‘:12'0005
5 > Lz=300 -~ ra
Eé 0 x 0
c c
-0.02 -0.02
—sim. —sim. —sim. |
-0.02 -0.04 -0.04
0 0.5 1 1.5 0 0.5 1 1.5 0 0.5 1 1.5 2
t t t
15 %1077 Fourier spectrum 6 X 1&‘7 ° Fourier spectrum 1 X 10  Fourier spectrum
Q fo) —sim. —sim. —sim.
: O Wy ‘O vy 0.8 9 Q O vy
1 X w, 4 e w, H X w,
< : Qg Qv 3 Qg
m=(5,1
05 [} m=(4,1) » 5.1) m=(6.1)
e=16-05 ¥ e=1e-05 =105
i L_=300 i
PN L,=300 2 : L,=300
0 ¢ o 4 0 $ o 6 > Z
0 e 50 100 0 e 50 100 0 50 100
w w w

FIGURE 6. Signals s(t) = n(t,x,) (subplots in lines one and three) and
corresponding Fourier spectra (to the respective signals above) simulated
with e = 107°, L, = 300 and (N,, N,,, N,) = (40,200, 20) for different
modes (m,, 1). The dashed lines in the plots of the Fourier spectra show
the exact ITG frequencies computed from (90).

7. Only the growing branch (Im(w) > 0) is found in the simulations, the amplitudes of
the decreasing branch are too small in comparison. Remark that the first parameter set
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(left subplot) corresponds to the signals shown in Figure 6. We see that the instability
threshold is reproduced accurately, i.e. the imaginary part of w is zero (or even negative
due to numerical damping) below the theoretical threshold. The discrepancy with the
theoretical growth rates for large wave numbers k, > 1 is due to the numerical diffusion.
Finer spatial resolution is required in order to reduce the numerical diffusion, which in turn
leads to increased computational cost.

Regime 2: ITG modes Regime 2: ITG modes

15
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e=1e-06

L_=1000
z

0 0.02 0.04 0.06 0.08 — 0 0.005 0.01 0.015 0.02 0.025
61/2 Kk 61/2 K
y y

FIGURE 7. Comparison of the simulated growth rates (black squares) with
the theoretical values issued from the dispersion relation (90) (solid lines).
Only the growing branch (Im(w) > 0) is found in the simulations, the
amplitudes of the decreasing branch are too small in comparison.

5.3. Drift waves. In our last series of tests we set € equal to zero and take full advantage
of the AP-property of our scheme. In this regime, the dispersion relation (90) yields the

drift frequency

. T o)

wo.—ngc_i_Te. (

Simulations were carried out on the space mesh 40 x 200 x 20 with the time step computed
from (83). Results of runs with different mode numbers m, are depicted in Figure 8. In
the signals s(t) = n(t,x,) on the left panel we remark a boundary layer at ¢ = 0; in the
drift limit, the scheme immediately restores the force balance in the z-direction as well
as the drift-approximation in the perpendicular plane, leading to the boundary layer for
ill-prepared initial conditions. In the right panel we observe good agreement between the
simulated drift-wave frequencies and the theoretical value wy.

6. CONCLUSION

Fluid models are an important tool for the study of large scale plasma phenomena in
fusion devices such as tokamaks. This work demonstrates that all-scale (all-speed) nu-
merical schemes are possible for the plasma fluid equations with Braginskii closure. Our
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Regime 3: drift waves
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FIGURE 8. Simulation results in the regime ¢ — 0. Left: signals
s(t) = n(t,x,) in the drift limit for different modes (m,, 1). Remark the
boundary layer at ¢ = 0. Right: comparison of simulated frequencies (black
squares) with the theoretical value wq (solid line).

asymptotic-preserving scheme is shown to correctly describe fast cyclotron waves on one
end and low-frequency drift waves on the other end of the spectrum. The correct descrip-
tion of growing I'TG modes has been demonstrated as well. The core of the scheme is an
a priori reformulation of the flux conservation law, which permits the correct computation
of the parallel flux in the drift limit. Future tasks involve the generalization of the code to
more complex geometries, with the aim to approach realistic, global tokamak simulations.
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