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Abstract: The purpose of this work is simulation of magnetised plasmas in the
ITER project framework. In this context, Vlasov-Poisson like models are used
to simulate core turbulence in the tokamak in a toroidal geometry. This leads
to heavy simulation because a 6D dimensional problem has to be solved, 3D
in space and 3D in velocity. The model is reduced to a 5D gyrokinetic model,
taking advantage of the particular motion of particles due to the presence of a
strong magnetic field. However, accurate schemes, parallel algorithms need to be
designed to bear these simulations. This paper describes a Hermite formulation
of the conservative PSM scheme which is very generic and allows to implement
different semi-Lagrangian schemes. We also test and propose numerical limiters
which should improve the robustness of the simulations by diminishing spurious
oscillations. We only consider here the 4D drift-kinetic model which is the back-
bone of the 5D gyrokinetic models and relevant to build a robust and accurate
numerical method.

Key-words: numerical simulation, conservative scheme, ITER, plasma tur-
bulence

* IRMA, Université de Strasbourg, 7 rue René-Descartes, 67084 Strasbourg Cedex
T INRIA Nancy-Grand Est, 615 rue du Jardin Botanique, 54600 Villers-les-Nancy
¥ CEA/DIF Bruyeres-le-Chétel, 91297 Arpajon Cedex

§ CEA Cadarache, 13108 St Paul-lez-Durance Cedex

Centre de recherche INRIA Nancy — Grand Est
LORIA, Technopdle de Nancy-Brabois, Campus scientifique,

615, rue du Jardin Botanique, BP 101, 54602 Villers-Lésdyan
Téléphone : +33 3 83 59 30 00 — Télécopie : +33 3 83 27 83 19



inria-00540948, version 1 - 30 Nov 2010

Test of some numerical limiters for the
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Résumé : Ce travail concerne la simulation de plasmas magnétisés dans le
cadre du projet ITER. Pour cette application, des modeles de type Vlasov-
Poisson sont utilisés pour simuler la turbulence & coeur dans un tokamak,
en géométrie toroidale. Ces études menent a résoudre des problemes dans
un espace a 6 dimensions, 3D en espace 3D en vitesse, qui sont tres lourds
a simuler en terme de ressources informatiques. Le modele est réduit a un
modele gyrocinétique 5D en exploitant les caractéristiques de ce plasma, dont
le mouvement des particules est fortement influencé par la présence d’un champ
magnétique intense. Cependant, il est nécessaire de mettre au point des schémas
précis et des algorithmes paralleles pour mener ces simulations. Ce rapport
décrit une formulation de type Hermite du schéma conservatif PSM qui est
trés générique et qui permet d’implémenter différent schémas semi-Lagrangiens.
Nous testons et proposons également des limiteurs numériques de pente qui
doivent accroitre la robustesse des simulations en réduisant les oscillations d’origine
numérique. Dans ce travail, nous 'utilisons pour résoudre le modele drift-kinetic
4D, qui est le squelette du modele gyrocinétique 5D. Ce modele 4D est suffisam-
ment pertinent pour la conception d’une méthode numérique robuste et précise
pour le modele 5D

Mots-clés :  simulation numérique, schéma conservatif, ITER, turbulence
plasma
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1 Introduction

The ITER device is a tokamak designed to study controlled thermonuclear fu-
sion. Roughly speaking, it is a toroidal vessel containing a magnetized plasma
where fusion reactions occur. The plasma is kept out of the vessel walls by a
magnetic field which lines have a specific helicoidal geometry. However, turbu-
lence develops in the plasma and leads to thermal transport which decreases the
confinement efficiency and thus needs a careful study. Plasma is constituted of
ions and electrons, which motion is induced by the magnetic field. The charac-
teristic mean free path is high, even compared with the vessel size, therefore a
kinetic description of particles is required, see Dimits [6]. Then a full 6D Vlasov-
Poisson model should be used for both ions and electrons to properly describe
the plasma evolution. However, the plasma flow in presence of a strong mag-
netic field has characteristics that allow some physical assumptions to reduce
the model. First, the Larmor radius, i.e. the radius of the cyclotronic motion of
particles around magnetic field lines, can be considered as small compared with
the tokamak size and the gyration frequency very fast compared to the plasma
frequency. Thus this motion can be averaged (gyro-average) becoming the so-
called guiding center motion. As a consequence, 6D Vlasov-Poisson model is
reduced to a 5D gyrokinetic model by averaging equations in such a way the 6D
toroidal coordinate system (r,6, ¢, v,,vg,vs) becomes a 5D coordinate system
(1,0, ¢,v), ), with v the parallel to the field lines component of the velocity
and g = m v? /2B the adiabatic invariant which depends on the norm of the
perpendicular to the field lines components of the velocity v?, on the magnetic
field magnitude B and on the particles mass m. Moreover, the magnetic field is
assumed to be steady and the mass of electrons m, is very small compared to
the mass of ions m,;. Thus the cyclotron frequency w; . = ¢;.c B/m; . is assumed
to be much higher for electrons than for ions w, >> w;. Therefore the electrons
are assumed to be at Boltzmann equilibrium, i.e. the effect of the electrons
cyclotronic motion is neglected. The 5D gyrokinetic model then reduces to a
Vlasov like equation for ions guiding center motion:

Oy , 4X duy
ot dt dt

where f,(X,v)) is the ion distribution function with X = (r,6,¢), velocities
dX/dt and dv)/dt define the guiding center trajectories.

If V(x0) - (dX/dt,dvy/dt)" = 0, then the model is termed as conservative.
This equation for ions is coupled with a quasi-neutrality equation for the electric
potential ®(R) on real particles position, with R = X — p, (with py, the Larmor
radius) :

Vxfu+ =0, fu=0 (1)

1 e
_ : B
B Vi (noV,.®)+ T

(2~ <@ >4) = [ fududv) —no (2)

where ng is the equilibrium electronic density, T, the electronic temperature,
e the electronic charge, x the Boltzmann constant for electrons and w; the cy-
clotronic frequency for ions.

These equations are of a simple form, but they have to be solved very ef-

ficiently because of the 5D space and the large characteristic time scales con-
sidered. However, the adiabatic invariant y acts as a parameter, thus it could

INRIA
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easily be parallelized. Moreover, we can see that for each u, we have to solve
a 4D advection equation, as accurately as possible but also taking special care
on mass and energy conservation, especially in this context of large character-
istic time scales. The maximum principle that exists at the continuous level
for the Vlasov equation should also be carefully studied at discrete level be-
cause there is no physical dissipation process in this model that might dissipate
over/undershoots of the scheme. These studies will be achieved first on a rele-
vant reduced model, the 4D drift-kinetic model which corresponds to (1) with
pu = 0 instead a range of u values (theoretically R™).This work follows those
of Grandgirard et al in the GYSELA code, see [8] and [9]. The geometrical
assumptions of this model for ion plasma turbulence are a cylindrical geometry
with coordinates (r, 0, z, v”) and a constant magnetic field B = B, e,, where e,
is the unit vector in z direction. In this collisionless plasma, the trajectories are
governed by the guiding center (GC) trajectories:

dr de dz dv) qi
dr ~ Vee Tgp TV g T T T o, 3)
with vge = (E x B)/B? and E = —V® with ® the electric potential.

The Vlasov equation governing this system, with the ion distribution function
f(r,0,z,v),1), is the following:

Ouf + v, Orf +v60,00f +v|0uf + - B0y f = 0. (4)
This equation is coupled with a quasi-neutrality equation for the electric po-
tential ®(r, 0, z) that reads the same as for the 5D gyrokinetic model (2) with
w=0.
Let us notice that the 4D velocity field a = (vac,,vac,. v),q/m: E.)" is
divergence free:

1 1
V-a= ;&(T vao,.) + ;89(1@09) + 0,v) + 0y (gi/mi E;) =0 (5)

because of variable independence 81,“ E, = &,H (0.9(r,0,2)) = 0 and d.v = 0.
Moreover we have vgc = (E x B)/B?, with E = —V® and B = B, e, thus:

1 1 1
vGo, = Fz <;89(I)> and vge, = B_Z (0,P) (6)
and
1 1 1
Vg a= ;ar(r vae,) + ;59(?)009) =5 (O (r (=1/7)06®) + 09 (0,®)) = 0.

(7)
Therefore, one can write an equivalent conservative equation to the preceding
Vlasov equation (4):

Ouf + v, )+ dovaes 1)+ 0.0y )40y, (5. f) =0 (8

This conservative system will be discretized using a conservative semi - La-
grangian scheme. Following [1] and [16], we consider two conservative schemes,
which are fourth order in space:

RR n° 7467
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e LAG: LAGrange polynom method, which uses Lagrangian polynoms to
reconstruct the distribution function.

e PSM: Parabolic Splines Method, which uses cubic splines to reconstruct
the distribution function.

These schemes are designed to solve conservative models and they allow a di-
rectional splitting of the Vlasov equation (8). This equation will be solved by
using D (dimensions of space) 1D conservative steps, discretized by using the
1D schemes (LAG or PSM). At the continuous level, each 1D step has no max-
imum principle, it is only the solution after all D directional steps, the solution
of the Vlasov equation, that should satisfy a maximum principle [1]. However,
high order schemes may create spurious oscillations leading to break this max-
imum principle. A flux limiting procedure may improve the discrete solution,
which may be closer to the maximum principle in the sense of showing less
spurious oscillations. The limiter does not ensure a maximum principle in 1D,
but should decrease the oscillations amplitude created by the scheme by locally
adding numerical diffusion. That leads us to investigate and compare in details
the properties of many limiters, which depend mainly on two issues:

e How to make the high order schemes degenerate into a more diffusive
scheme?

e How to detect in the function profile the location where the scheme will
produce oscillations?

We first describe a Hermite formalism proposed by [4] applied to the PSM and
LAG schemes leading to a finite volume form equivalent to the original semi-
Lagrangian schemes. This formalism is very efficient to introduce limiters in the
PSM or LAG schemes. Consequently, we will compare some limiters, focusing in
particular on the OScillations limiter (OSL) proposed by [4]. We also propose
and investigate a new limiter (Slope Limited Spline, SLS), based on classical
slope limiting methods. We evaluate the performances of each limiter using a
benchmark developed in the Gysela code, which runs a 4D drift-kinetic model
[9].

The outline of this paper is the following : in section 2 will be recalled some
important properties concerning the conservative form of the Vlasov equations.
Then the Hermite formalism applied to LAG and PSM schemes will be explored.
In section 4, some limiters are described and they are further investigated in
section 5 in the context of a 4D drift-kinetic model. At last we will comment
on numerical results.

2 Numerical schemes for the Vlasov equation

2.1 Directional splitting of the advection problem

In a phase space of dimension D, we consider a distribution f which is advected
by a velocity field a. The model taken into account satisfies V -a = 0.

teRt,xecRP a(x,t) cRP{V.a=0 (9)
f(z,t) >0

INRIA
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For instance in cylindrical geometry, x = (T,G,Z,UH) considering the 4D
problem dealt by the Gysela code. In the next sections, we use a directional
splitting following [1] by solving the conservative system (9) by D separate 1D
problems for each phase space direction which are still under a conservative form.
So formally, we will consider the problem (10) for each of the D directions. The
generic direction is named x.

9 (a(z,t)f(z,t)) _
teRY x € Ra(z,t) €ER Of + Oz =0 (10)
fa,t) =0
In this context, we don’t have in general Vk € [1, D], %Zkft) = 0, but only
V.a=0.

2.2 Distribution function and phase space

We divide one direction of the phase space, generically x with a constant step
Az to get a regular mesh. The cells are numbered by an integer i from 0 to N
and the cell faces by an one-half integer i +1/2 (see fig. 1). Hence we have N+1
cells and N+2 faces.

Ti—3/2 Ti-1/2 Tit1/2 Tiy3/2

| | | | |
i-1 i i+1 T

-1/2 1/2 3/2 N-I1/2 NI+1/2

i=0 =1 I i=N-1 ! i=N !

Figure 1: Mesh grid on the x phase space direction (top) and beginning (left
bottom) and end (right bottom) of the mesh grid.

We note the distribution function at the time ¢ and at the position z in the
phase space: g(t,x). We discretize the time space with a constant time step At.
Writing t" = nAt, we then note g"(x) = g(t",z) the value of the distribution
function at t". Using the previous discretization, we define the distribution
function at the cells faces as g’ ,, = ¢"(#i41/2) (fig. 2.2). At last, we define
the average of the distribution function on one cell ¢ at ¢t by:

1 Tit1/2 ( )
gﬂ:_/ g"(x)dx, i=0...N
’ Ax Ti—1/2
9i—3/2 gi—1/2 Gi+1/2 9i+3/2
| | | | |
gznf1 f]? §?+1 z

Figure 2: Normative example for the distribution g in the cells and at the nodes

RR n° 7467
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2.3 Conservative semi-Lagrangian scheme principle

The mass conservation in a lagrangian volume of the phase space between t"
and t"*! reads as follows:

/V ng(x,t"“)d:cz / gla, t")da (11)

Voln
with Vol™ = { X (2", t")| X (2", t" 1) € Vol T}

where X (z,t""1) describes the characteristic curve which passes by 2"*1 =
X (znFt ¢ty at t" T Thus X (2™, #") is the point by which the trajectory
passes at t” such as this trajectory also passes by ™1 at t"*1. The character-
istic curves are obtained by solving the following equation:

dX(z,t)
— = a(x,t)

with a given initial condition. We consider hereafter the trajectories which pass
by the cells faces 2;11/, at t"*1 which are noted: Tip1/0 = X(a:?:fm, t"*t1) and
which is the point on each characteristic curve at the time

*

we introduce T30

t":
* 1
Tiv1/2 = X(x?_:‘l/Q, t")

The conservation equation (11) can thus be written using a 1D discretized
form:

—n—+1 L/ n+1 1:+1/2 n
Az g; :/ g (y)dy:/ 9" (y)dy (12)

i—1/2 7 g /2
where
{‘T:+1/2 - 502‘71/2 =Vol"
Tip1/2 — Ti—1/2 = Vol = Az
In the conservative semi-Lagrangian formalism, the right hand side of equation

(12) is numerically computed as follows:

I:+1/2
Az 7?“ = 9" (y)dy = G(‘T:+1/2) - G(‘T:+1/2) (13)

X
Tic1/2

where G(z) is the cumulative or primitive function of g defined as:
G(x) = / 9(y)dy.
T_1/2

This primitive function can be computed exactly at each cell face of the mesh:

G(SCH_l/Q) = G(SC_l/Q) + Z Az g?
k=0

These values at faces are then interpolated by basis functions to obtain an ap-
proximate reconstruction G (z) of G(z) for any z.

For instance, the PSM scheme uses cubic splines and the LAG scheme uses
third order lagrangian polynoma as interpolation functions to obtain the recon-
structed function Gp(z).

INRIA
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2.4 Finite volume form equivalence

The equation (12) can be split in three terms:

+1 Ti—1/2 Tit1/2 Zf,l/z
Az g™ = / 9" (y)dy + / 9" (y)dy + / g"(y)dy (14)
m:—l/z Ti—1/2 Tit1/2
Pi—1/2 g;' Az —Pit1/2

We name ¢;41/2 the following quantity:

Tit1/2
¢i+1/2 = g”(y)dy.

Tiv1/2

We call it "flux’ since it represents the algebraic quantity which is carried through
the node w;; /2, by identification with the finite volume formalism.

The equation (14) is a finite volume equation (see fig. 3) meaning that the
new value of the distribution function g”Jr1 in the cell ¢ is the sum of its value
at time " and the incoming or outgoing flux ¢;t1/2.

_ _ Git1/2 — Piz1/2
n+1l __ n _
T =g <—Ax ) (15)
gl T 1/2 z+1/2
| |
| / ”7‘ | X
i "
| [\\\\\l\\\\l |
| | (N X Jl I

¢i—1/2,] =i—1 91

Figure 3: Conservative evolution of a finite volume scheme

As for the semi-Lagrangian formalism (13), the integrals to be computed to
obtain the fluxes can be approximated by a reconstruction of the primitive of
the distribution function Gj:

i+1/2
¢i+1/2 = /* 9" (y)dy ~ Gh($i+1/2) - Gh(ﬁﬂ/z)- (16)

Tiv1/2

2.5 Time scheme used in the Gysela code

The time scheme has been modified, because the classical second order leap-
frog algorithm used in the Gysela code is not robust enough to deal with the
conservative semi-Lagrangian schemes considered here:

“n+l _ =n—1 _ ¢?+1/2 B ¢?fl/2
gi =9 Az

RR n° 7467
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Moreover, this time scheme enforces a constant time step because it involves
three different time steps, which is quite restrictive for high iteration numbers
simulations. We thus turn the time scheme to a Predictor-Corrector (or Runge
Kutta order 2) method, which allows to use a variable time step At™ computed
at time t". It is computed according to a CFL like condition necessary for the
finite volume scheme stability which assesses that the maximum displacement
in the domain is less than a fraction of the cells size (using a regular mesh):

) Azxq
At" =CFL _— 1
t=c =1 <max(a3(:c))> (17

with Az the space step in direction d and a]] the velocity at time t™ in the
space direction d € [1, D]. CFL is a coefficient which 0 < CFL < 1.

Remark 1. The finite volumes scheme form (15) and the semi-Lagrangian
scheme (13) are strictly equivalent, since the displacement is restricted to CFL <
1. The finite volumes scheme (15) is not defined for displacements bigger than
one cell, with CFL > 1, although the semi-Lagrangian scheme (13) could be
written for any time step. However, the stability of both schemes with CFL > 1
in a general situation is not demonstrated.

Predictor-Corrector Algorithm:
e At beginning of the iteration at t", we compute At" according to (17).

e Prediction step : we compute a order 1 in time approximation of the
solution at time ¢"*+1/2 with half a time step according to values g and
cell faces fluxes ¢ ; ., 5 in all direction d € [1, D] at time ¢":

D d)n _ d)n
_n+1/2 _ _n _ Z d,i+1/2 d,i—1/2
9i 9i Al‘d

d=1
We compute the electric potential at same time ¢"1/2:

1
Bwi :‘iTe

e Correction step : we compute an order 2 in time approximation of the
solution at time ¢"*1 according to values g at time " and cell faces

fluxes gbgi.ri{% in all direction d € [1, D] at time tn+1/2.

D ¢n+1/2 . ¢n+1/2

gn-l-l _ gn o Z d,i+1/2 d,i—1/2
7 — Ji A
x
d=1 d

We compute the electric potential at same time t"+!:

1 e n
_Bwi VL . (nOVgI)"“) + K—Te(@n"_l— < (I)"+1 >¢) = fg +1dud1}” — Ny

INRIA
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3 The Hermite formalism applied to PSM and
LAG

Two schemes can be used to compute the new distribution function (recon-
structing the flux or the primitive function):

e The Parabolic Splines Method called PSM, which uses cubic splines func-
tions for the interpolations.

e The Lagrangian method (LAG), which uses third order Lagrange poly-
noms for the interpolations.

The PSM scheme [1] or the LAG scheme [4] are conservative semi-Lagrangian
schemes that only differs by the interpolation functions used for the reconstruc-
tion step. We aim to study some limiters for both schemes and using the Hermite
formalism. The Hermite formalism is a generic formulation for the interpolation
polynoms. Indeed, the scheme LAG or PSM in this formalism are set only by
the way of computing the distribution function at the faces g;11/2. Thus we can
easily use them simultaneously in a code.

We rewrite hereafter this generic formulation, based on the Hermite formal-
ism for the conservative schemes PSM and LAG, proposed in [4]. First, we give
the expression of the flux ¢; /2, then we propose an application to the PSM
and LAG schemes.

3.1 Computation of the flux ¢;,,/, with the Hermite for-
malism

Following [16] and [4], we reconstruct the distribution function g with a second
order polynom Py, which interpolates the distribution function in the cell k.
We first assume that the reconstructed function is continuous at the cell faces.
We name the value of g at the cell faces grpi1/2. At the end of the section,
we will give the general formula for a discontinuous function at the cell faces.
The distribution function is approximated by a second order polynom in cell k,
which corresponds to interpolate the primitive of the distribution function with
a third order polynom:

Yk, Pi(z) = ¢® + 5" 2 4 0¥ 22 with 2 € [0, Az]

The distribution function ¢ is continuous at the faces. That implies:

Pp(0) = Gk—1/2
Pi(Ax) = gry1)2

A third condition on the polynom comes from the mass conservation in the
cell k, that reads:

1 /Ik+1/2 ( )
~ Pi(y)dy = gk
A:L' Tr—1/2

Therefore, the polynomial coefficients can be written:

al®) = (3g_1/2 + 3gk+1/2 — 6k) /Ax?
b = (—4gr_1/2 — 29412 + 6Gx) /A (18)
k) = 9k—1/2

RR n° 7467
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Finally, Vo € [25_1/2, Tx11/2], Pe(x) is an approximation of the distribution
function g in the cell k. This approximation depends on gj_1/2, gr+1/2, and gi.
Using this interpolation, we are able to evaluate the flux ¢y 1/2:

Tr41/2
Pry1/2 = / 9" (y)dy. (19)

*
k+1/2

We take the additional assumption that the displacement at the cell face
kE+1/2,ie i1/ = Thq1/2 — ,TZ_H/Q satisfies:

lagy1/2] < Az

It is necessary to know in which cell j (j = k or j = k+ 1 since the displacement
lagt1/2| < Axz) is located the foot aj , , of the characteristic that passes by

Tpy1/2 at time t"t1. We can thus give an approximation of the fluxes (19)
towards the face j + 1/2 based on the set of polynoms Pj:

FJ [ Tps1y2 € [j-1/2,Tj41/2]

Tr4+1/2—Tj—1/2 n Tr4+1/2—Tj—-1/2
b= [ g (viay ~ [ Py (Y)dY

« «
k+1/2” Ti—1/2 Tpy1/27Ti-1/2

with the change of variable Y =y —x;_;,5 € [0, Ax].

We exhibit hereafter the flux ¢ 1/o function of the gx_1/2, gr41/2, and gi.
We note ji11/2 the cell where is located the foot of the characteristic passing
by the face k 4+ 1/2:

*
xk+1/2 € [:Cjk+1/2_1/27 :Cjk+1/2+1/2]

The index ji11/2 indicates from which cell the flow is coming. For instance, a
negative displacement a1/ < 0 on the face k+1 /2 means that the flow comes
from the cell £ + 1, so that ji4 10 =k + 1.

So we have:

o If (E;;+1/2 < $k+1/2 then

— Jrkr12 =k
— ¢k+1/2 _ fszrl/Z_zk—l/z:Az Pk(Y)dY

ZZ+1/2_zk+1/2

o If :L'Z+1/2 > Tpy1/2 then

— Jry12=k+1
= G2 = [T P (V)Y

Th1/2 Thi1/2
We introduce
Lht1/2 = Ljpy1/0—1/2
Az ’
thus § = 0 or § = 1 indicates the upwinding direction.
By introducing a normalized displacement

6:

*
3= Trt1/2 — Tht1/2
Az ’
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we can write the flux:
AT

¢k+1/2(ﬂ> - / ij+1/2 (Y)dY

(6-B)Ax
That leads to:

¢
IX;/Q = ajk+1/2ﬁ + bjk+1/2 (_62 + Qﬂ(S) + Clrt1)2 (ﬁ3 + 3626 - 3ﬁ25) (20)

with

Ajry1/2 = ipg1/2—1/2 B
b Y0 -1/21295 11721680, 0
Jk4+1/2 —

_ 39jk+1/2*1/2+39jkf1/2+1/276gjk+1/2
cjk-+1/2 - 3 .
By ordering differently the polynomial expression (20) and replacing the
coefficients by their values, we try to get an equivalent formulation to the flux
expressions proposed by [4].

Dht1/200112(B) = AZ[g5, ., 0m1/2 (B(1—8) + B%(2 - 30) + )
+ gjk+1/2+1/2 (65+62(1 _36) +63)
+ gjk+1/2 (52(73 + 65) + 53(72))]
with
8= M €[-1,1]

Az

5= 0 if $k+1/2 < $z+1/2
1 if Tht1/2 > :L'Z+1/2.

It’s obvious that 8 depends on k hence formally 8 = Bi1/2

Positive displacement o > 0 i.e. 6 =1
We have jy11/0 = k, hence

(bk%/;(ﬁ) = 9k-1/2 (52(5 - 1))
+  Gr+1/2 (5(1 - ﬁ)Q)
+ gk (82(3-28))

Negative displacement o < 0 i.e. 6 =0
We have jpy1/2 =k + 1, hence

Qﬁk%/;(ﬁ) = grt12 (B(B+1)?)

+  9k13)2 (52(1 + 5))
+ Grtss2 (B%(=3-28))

Thus, we have established a generic formulation for the flux considering
displacements smaller than one cell. We have assumed that the distribution
function is continuous at the cell face. This generic expression is equivalent to
the formulation proposed by [4].
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Hermite formalism for a discontinuous reconstruction
Performing the same calculations, we can extend the previous formalism to a
distribution function which is not continuous at the faces. We name g,:'H /2 and

Jr+1/2 respectively the left and right values of the distribution function at the
cell face k + 1/2 (see fig. 4). In general that means:
+ —
Gir1/2 7 Iiy1)2

The conditions on the polynoms at the cell faces are thus changed to:

_ N _
912 9j-1/2 9j+1/2 Ji1/2
95

Figure 4: Asymmetric node

Pk(o) = gk__l/g
Pk(A‘T) = g]j_i_l/g

That leads to the final formulation:

¢k+1/2,jk+1/z B = Am[gj;+l/2_1/2 (5(1 — )+ ﬁ2(2 —38) + 63)
T g;;+1/z+1/2 (55 + 52(1 — 35) —+ 53)
 Gieens (B2(=3+68) + 5°(~2))] 1)
where
_ O®y172 Trt1/2 — xZH/Q -

5= 0 if Tk41/2 < ZL'Z+1/2
1 if Tk+1/2 > $z+1/2

Positive displacement o > 0 i.e. § =1
We have jy11/2 = k, hence

Prt1/2(B)

Ax = 91271/2 (52(5 - 1))
+ g]jJrl/Q (ﬂ(l - 5)2)
+ g (B%(3 - 20))

Negative displacement o < 0 i.e. 6 =0
We have j,11/2 =k + 1, hence

¢ B _

%;() = 9k+1/2( (B+1) )
+ gl:_+3/2 (821 +5))
+ gk (B2(—3-28))
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3.2 PSM scheme with the Hermite formalism

3.2.1 Hermite formalism using splines interpolation

The type of scheme expressed in the hermite formalism (PSM or LAG) only
depends on the manner the face values g;;rl /2 and g, /2 are computed. Here
the PSM scheme has the property that the reconstructed function has continuous
derivatives of the distribution function g(x,t) at cell faces [16]. Remembering
that the distribution function g is reconstructed by a second order polynom
g(x) = P;(z) in the cell ¢, the continuity of the derivative at face ¢ +1/2 can be
written:
dPl(Y) _ dPiJrl(Y)
Y ly=nz= v ly=0

Using the polynom coefficients expression (18) we obtain:

dp;(Y) | _dPa(Y) |
gy Y=ae = — 5 lv=o
< 2azAz +b = bi+1
& gi—1/2 T 4Ggiy172 + Giyze = 3(Gi + Git1)

This PSM formulation regardless of the boundary conditions is equivalent to
the semi-Lagrangian PSM formalism, used in [1] for instance. A rigorous proof
of the equivalence between the two formulations is furnished by [4], except for
the boundary conditions.

3.2.2 Periodic boundary conditions

In this section, we present the way of imposing the boundary conditions.
Extending boundary conditions for the PSM scheme to the Hermite formalism
is not simple, especially to get a complete equivalence between the Hermite
formalism and the semi-Lagrangian formalism (13) [1].

We named G the primitive function which is defined as:

G(x) = /Z g(x)dx (22)

We also define the mesh fitted to a periodic domain(fig. 5):

. 71/2:IN+1/21/2 3/2 N-Il/Bf—l—l/QI:—l/Ql
I T 0 T 1 T T N T N+1:0
A A
0 2T

Figure 5: Mesh for a periodic domain

The periodic boundary conditions for the semi-Lagrangian scheme are ap-
proximated by conditions on the primitive function derivatives:

G/(ZL'_l/g) = G/(ZEN+1/2)
GI/($—1/2) = G”(CEN+1/2)
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which is equivalent to set continuity of the distribution function and its first
derivative:

{9(50—1/2) = 9(50N+1/2)
9/(95—1/2) =9'(xny1/2)

The periodic boundary conditions for the Hermite formalism are then obtained
by setting the same constraint on the polynomial reconstruction:

{Pom v (Az)

dPy(Y) | 0= dPN (Y) | A

o 9-1/2 = gN+1/2
—49-1/2 — 29172 + 690 = 29N 172 + 49N +1/2 — 69N

The complete linear system to solve to obtain values at nodes is then the fol-
lowing

gi—1/2 +49iv1/2 + gixsj2 = 3(gi + Giv1),i=0---N — 1

9-1/2 = gN+1/2

—49_1/2 — 29172 + 690 = 29n_1/2 + 49n11/2 — 69N

gi—1/2 +4Git1/2 + giyss2 = 3(gi + Gir1),i=0---N —2
= 9gn-3/2 T 4gn_1/2 + 9-1/2 = 3(Gn-1 + GN)

gn-1/2 +49-1/2 + 9172 = 3(go + 71)

The matricial system [A]X = B of dimension N + 1 is finally:

4 1 0 0 --- 1 9-1/2 3(gn + Go)
g1/2 3(go +91)
1 4 1 0 . .
0 1 4 1) gy 50 3(gn—2+ gn-1)
1 0 0 1 gN-1/2 3(gN-1+3n)
(4] X B

3.2.3 Non-Periodic boundary conditions: natural conditions

The natural boundary condition for the PSM scheme is approximated by vanish-
ing the second derivative of the primitive function, what corresponds to annulate
the first derivative of the distribution function g, at the boundaries:

{G”(SE 1/2) = 0
(-TN+1/2)

The corresponding natural boundary conditions for the Hermite formalism are:

dPO(Y)| y=0=0 o —49-1/2 — 29172 +6Go =0
APy (Y _
—N( y—ae =0 298172 +49n11/2 — 69N =0
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The system to solve to obtain the values of the function at the nodes is then:

gi—1/2 +49iv1/2 + givss2 = 3(gi + Giv1),i=0---N — 1
49-1/2 + 29172 = 690
298—1/2 t 49n41/2 = 69N

Considering g_1/2 = go and gny1/2 = gn, we solve from the following linear
system of dimension N + 2:

42 0 0 - 0\ [ 912 6(g0)
91/2 3(go + 1)
1 4 1 0 . .
0 1 4 1 gN—1/2 3(gN-1+9n)
0 0 0 IN+1/2 6(gn)
(4] (X] (B]

3.3 LAG scheme with the Hermite formalism

3.3.1 Hermite formalism using Lagrange interpolation

We outline hereafter the Hermite formulation for the LAG scheme. In order to
set the distribution function values at the faces g;rﬂ /2 and g, /20 We start from
the Lagrange interpolation of the flux and then, we make some calculations to
show the equivalence with the Hermite formulation.

We build the primitive or cumulative function G at the characteristic feet:

9?“ = G(‘T:+1/2) - G(‘T;'k—l/2)
. I:+1/2 n
Glatp) = [ e,
T—1/2

The value of G(z] /2) is obtained by an interpolation with third-order La-
grange polynoms of values at cell faces G(z;11/2):

1+2
G(z) = Z Gi—12Lj(x), 2 € [2i-1/2,Tiv1/2]

j=i—1
where L; are the Lagrange polynoms defined as:

i+2 T — Ty
— T—1/2

Lie) = Sy

ki 1kt TI=1/2 T Th=1/2

and Gj_1 2 is the value of G at the cell face j — 1/2.

Some calculations (given in annex sec. 7.1) lead to the expressions (23) and

(24) for G(z;‘+1/2):
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[ ] lf ﬂi+1/2 > 0,

G($:+1/2) = 63(1/6Gi73/2 — 1/2G'L71/2 + 1/2Gi+1/2 — 1/6G1+3/2)

+ 52(1/201'71/2 —Gir172 +1/2Gi132)
+ B(=1/6Gi_3/2+Gi_1)2 — 1/2Gi11/2 — 1/3Giy3/2)
+ Git1)2 (23)
o if 8112 <0,
G($:+1/2) = 63(1/6Gi71/2 - 1/2Gi+1/2 + 1/2Gi+3/2 - 1/6G1+5/2)
+ 52(1/26'1'71/2 —Gir172 +1/2Gi3)2)
+ 5(1/3G1—1/2 + 1/2Gi+1/2 — Gi+3/2 =+ 1/6Gi+5/2) (24)

with Gk+1/2 = G(xk_;’_l/g) and the function ﬂi+1/22

Ax 51+1/2 =Tiy1/2 —

We omit the subscript for g when the context makes the index obvious.
The values of the primitive function at nodes Gy 1o are related to the cell
centred values of the distribution function g;; by:

grAzr = Gk+1/2 - Gk71/2-

Thus, by replacing the values Gj1/o function of g in such a way only the
primitive function value G;1/2 at cell face i + 1/2 remains at the right hand
side of relations (23) and (24), we obtain:

o if Biy1/2 >0,
G(aiy1)2)/ A = B%(=1/6g;" 1 +1/3g; — 1/6g}',1)
B2(=1/2g7 +1/2971)

B(1/6g;" 1 —5/69;" —1/3g}"1)
Gi+1/2/A(E

+ + +

[ ] lf ﬁi+1/2 < 0

G(:c;‘+1/2)/A:c = 53(*1/69? +2/697% 1 —1/6g;% )
B2(=1/2g7 +1/2g74)
B(=1/3gi" = 5/69i41 +1/69%5)
Giy1/2/Ax

+ + +

Let us recall the relation (16) between the flux at cell face i + 1/2 and the
primitive function:

¢i+1/2 = G(»’Ci+1/2) - G(z;‘+1/2).

Therefore, we have an expression of the flux ¢;11/2(83) function of cell centred
values (gx)x:
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[ ] lf ﬂi+1/2 > 0,

% = B*(1/6g; 1 —1/3g]" + 1/6g:%1)
+ 52(1/29? —1/29i"41)
+ B(—1/6g;"1 +5/6g; +1/3g}" 1)
o if ﬂH_l/Q <0
S = B1/6g) — 2/6g1 + 1/607)
+ 52(1/29? —1/29i"41)
+ B(1/3g;" +5/6g;" 1 —1/6g;5)

Let us remember the generic Hermite formulation for the flux (21) function of
values at cell faces glirl /2°

o if ﬁi+1/2 >0 then

¢i+1/2(ﬁ) 3/ + — n
T = 6 (gi,1/2 + gi+1/2 - 291 )
+ 52(—9;11/2 — 29,115 +397)
+ 6(91'_.;,.1/2)
[ ] lf ﬁi+1/2 < 0 then
biv1/2(B) 3, — n n
T = ﬁ (gi+3/2 + gi+1/2 - 2gi+1)

+ ﬁ2(2g:;1/2 + g;rg/g - 3g;n+1)
T ﬁ(g;:rl/z)

By identifying in the two last expressions of the flux ¢;,1/2(3) the coeficients
of each degree of the polynom in variable 8, we obtain a necessary expression
for values gk{ 1/2 8t cell faces:

{91—:—1/2 =1/3gy_, +5/6g; — 1/6g; 4 (25)

Jit1/2 = —1/6g;_1 +5/6g); +1/395 1.

As a conclusion, we have explicit values of g;ll /2 and g, /2 function of

cell centred values of the distribution function at time ¢ with (25), so we can
directly compute the generic Hermite formulation for the flux (21) for the LAG
scheme.

3.3.2 Boundary conditions

The boundary conditions for the LAG scheme are more simple than the PSM
ones. Indeed, the coefficient are explicitly depending on the value of the distri-
bution function g;'. So we can explicitly set values at boundaries.
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Non-periodic boundary conditions: natural conditions

g;\r/+3/2 =1/3g% 1 +5/69%, 1 — 1/69% 44
g;prg/g = —1/6g% + 5/691?[-1-1 + 1/3971(1-1-1
9715 =1/398 +5/6g5 — 1/6g7

9712 = —1/695 +5/695 +1/395

Periodic boundary conditions

gJ—r1/2 =1/3g%_1 +5/695 —1/6g7

9_ 12 = —1/6g%_5+5/69%_1 +1/3g5
9% —1/2 = 1/39% 1 +5/6g5 — 1/647
IN-1)2 = —1/6g%_o+5/695_1 +1/395
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4 Limiters

High-order numerical schemes may create spurious oscillations when stiff profiles
occur in the distribution function. As usual in the numerical framework of
finite volume schemes, we employ a flux limiter to lower these oscillations. The
principle of the limiter is to introduce numerical diffusion when stiff profiles are
detected, by modifying the flux at the cell faces. We will test limiters found in
the literature, the so called Oscillation Limiter (OSL) described in [4], and a
the one proposed in this report that we call Slope Limited Splines (SLS). These
limiters are mainly provided with the PSM scheme, but some might be used for
any finite volume scheme.

4.1 ENTropic flux limiter (ENT)

The principle of this limiter proposed in [1] is to make degenerate the fourth
order PSM scheme to a second order centred flux to reduce the anti-diffusive
behaviour of the scheme when it occurs. The position where anti-diffusion occurs
is detected looking at the second order equivalent equation solved by the scheme,
obtained by a Taylor expansion. This equivalent equation shows a diffusion term
at second order, which the sign should be positive, leading to numerical diffusion
and thus stability. When this sign is negative, the scheme is anti-diffusive and it
is replaced by a centred scheme. The corresponding algorithm is the following:

Algorithm

e Computation of the PSM flux ¢75M and the centred flux (bgﬁ% = Qit1/2 9i 49it1,

i+1/2
o if (6CEY, — oPSM,) (971 — a) > 0 then the flux L5 is supposed to
be diffusive.
o if (gbgrb;]/\g - ¢5f’11/”2) (g?_ﬂ — gf) < 0 then the flux gbﬁf’l% is supposed to
be anti-diffusive, thus it is switched with the centred flux:

PSM _ JCEN
b2 = ¢i+1/2

4.2 UMEDA'’s limiter (UMEDA)

The 4D advection equation is split in four 1D advection equations. Although
the maximum principle is satisfied by the 4D equation, this principle is not
fulfilled for each 1D equation. Therefore the extrema of the distribution function
(minimum and maximum) are unknown in 1D. The PFC limiter [7] employ
these extrema, which are not known in the context of a directional splitting.
Therefore, following Umeda [15], we modify the extrema definition to get a
limiter working in 4D. The Umeda’s limiter have been written with Lagrange
polynoms.

Algorithm
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e We evaluate Iminl, 9min2; Imazls 9maz2

Jminl = MAax [max (gz 1,0 ) min (QQ? 1— 09,2 g:ﬁrl)]
Gmin2 = Max [max (giJrl, g; ) min (2gz+1 Jit 2,298 — gi 1)]
Jmaz1 = Min [mm (gzn_p gf) max (291' 1= 0i 25 291 9?+1)}
Gmaz2 = Min [mm (ggﬁrl, g ) max (291-1-1 gz+2’ - g 1)}

e We set 9min, Ymax

{gmin = max [0, min (gminh gminQ)]

gmaac = max [gmaxlv gmaz?]

e We define L;r and L;

It if giy1 — g > 0,min(2(gi — Gmin)> Ji+1 — Gi)
‘ if giy1 — g < 0, max(2(g;i — Gmax)> Jir1 — Ji)
- _ if gi — gi—1 > 0, min(2(Gmaz — 9i), Gi — Gi—1)
‘ if i — gi—1 < 0,max(2(Gmin — Gi), §i — Gi—1)
e We finally redefine the flux:
Git1/2(®) = gi + x(1 — 2)(2 — 2)(L /6) + z(1 — z)(1 + z)(L; /6)

We obtain the LAG reconstruction without limiter by setting:

L = Gir1 — Gk
L, =gk — gr

4.3 OScillation Limiter (OSL)

The OScillation Limiter (OSL) proposed in [4] is really using the Hermite for-
malism. It compares the values at call faces gil /2 obtained with the LAG and
the PSM schemes to the value computed with a linear reconstruction. This later
consists in computing an average at the face of the left and right cells centred
values. If the values computed with PSM and LAG are not simultaneously up-
per or lower than the average value, then we take the average value. If not, a
mixed scheme between PSM, LAG and the average reconstruction is performed.
The OSL limiter includes a parameter C;1 determining the proportion in the
average of PSM and LAG fluxes in the limited flux.

Algorithm
e Computation of gk{1 /2 values for both PSM et LAG schemes.

e Average value at the k —1/2 and k + 1/2 nodes: g3 ;5 = (95, + g5-1)/2
and g9 o = (G + Gry1)/2.
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e The following formula perform the choice for the limited flux according to
the regularity of the cell faces values:

— if (91:__1/27L,4G - ggzel/g)(gkfl/z,PSM - 92361/2) > 0 then

9111/2 = gp2q else

+ _ jave
Ik—1/2 = Jk—1/2
+sign(gr—1/2,psM — 952 /o) (26)
min(C|g,j71/21LAG - ggzel/QL |gk71/2,PSM - ggzel/QD

— i (95t1/2.040 — 9isa/2)Gt1/2,Psmr — 955 2) > O then

Iet1/2 = Jhv1)2 else

- — ave
Ik+1/2 = Ik+1/2
+sign(gr+1/2,psM — G517 )2) (27)
min(Clg, 10 pag = Iis1yeb [9k+1/2,psm — 97139 21)

4.4 Slope Limited Splines (SLS)

The limiting procedure basically aims to cut the oscillations generated by strong
gradients in the distribution function profile, where high order schemes will
produce overshoots and spurious oscillations. We propose here to measure these
gradients and to add diffusion where strong gradients are detected. The diffusion
is added by mixing the high order scheme with a first order upwind flux. The
more the gradient is steep, the more we raise the proportion of upwind flux in
the average with the high order scheme. The evaluation of the gradient is given
by a function 6 and we estimate the diffusion needed with a function v(6) € [0, 1]
based on the minmod like limiter function (fig. 7):

ree =¥ (Oir1y2) SLrVe + (1= v(0ix1/2)) ¢?f“{7§d

where

{as;f;";;d = aa/p TP = sign(aig )
Qiy172 = Ataiy/z

We define 6;,/5 as the classical slope ratio of the distribution which depends
on the direction of the displacement (fig. 6):

“n_-n
9i —9i—1

ey b2 >0

0. =
i+1/2 S if i1/ <0

However, the classical limiters as minmod ;11 /2 = maxz (0, min(0;41/2,1)), set
to 0 when 6 < 0. That means that the scheme turns to order 1 when an extrema
exists, i.e. the slope ratio # < 0. These extrema are thus quickly diffused and
that leads to loose the benefits of a high order method. For SLS, the choice is
to let the high-order scheme deal with the extrema and only add diffusion when
high gradients occurs, i.e. the slope ratio # ~ 0. We also introduce a constant
K in relation to control the maximum slope allowed without adding diffusion.
The SLS limiter function is thus to set v = 1 for any values of 6, except close
to |#] = 0 where strong gradients occurs, see figure 7:

Yit1/2 = max(0, min(K[0;41 /2], 1)) (28)
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Figure 7: v function for the SLS limiter
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5 Numerical results

We consider both 1D and 4D test cases. The 1D advection test case is performed
with a constant velocity to give a qualitative view on the effects of each limiter.
We are particularly interested in advection of profiles with strong gradients, as
discontinuous initial distribution functions as a step. However, we have to keep
in mind that this situation of a discontinuous shape advected with a constant
velocity field does not occur in Vlasov 4D drift-kinetic simulations for many
reasons: the advections are not constant, the long time constant advection con-
figuration does not appear, and discontinuous functions (steps) do not exist in
the Vlasov model. However, it is relevant to investigate advection of discontinu-
ous functions since Vlasov models leads to stretched structures in the flow that
makes appear strong gradients, which could be assimilated to discontinuities.

The 4D drift-kinetic test case is performed with the 5D Gysela code follow-
ing the benchmark presented in [9]. This benchmark is to simulate instabilities
growing in the plasma leading to shapes like filaments and vortex. We com-
pare the results to evaluate the limiters effects on the development of turbulent
structures. We will focus on two directions, (r,6), among the four (r,0, ¢,v))
since strong gradients of the distribution function appear mainly in (r, §) planes
(further details in [1]). We give algorithms used in Gysela to solve the advection
equation in sec. 7.4.

5.1 Tools

We propose hereafter some quantitative tools to compare the efficiency of each
limiter. The L? norm and the entropy may be used to investigate the diffusivity
of each limiter, since each should theoretically be kept constant. The total
energy conservation is related to the treatment of small structures provided by
the instabilities. In addition, we also introduce the total variation (TV) norm
to estimate the numerical oscillations created by the scheme.

Total Variation
The total variational norm (TV) is used to estimate the rate of oscillations
produced by a scheme, compare to another.

e In 1D: do(t. )
Tmaz dg(t, x
Vo) = [ 1
1 &
TV(g") = Ar Z |91 — 31|
1=0

e In 4D, we restrict the diagnostic to an (r, 8) plane:

27
TV(g(t)) = / /0 V10 glt, 7, 0)| p2drdo

Tmaz

min

TVig") = ié (gw L) gn(z‘,j>)2 N <gn<i,j DR g"(z‘,j)>2
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L? norm and entropy
The L? norm is defined as:

L3(f(t) = /(f(t,X,v||))2dde”, dX = rdrdfdé.

The entropy measures the information created or destroyed by a phenomena.
We can thus expect that a raising entropy estimates the information lost by
numerical diffusion.

S(f(t) = —/f(t,X,vH)log(f(t,X,v”))dde”, dX = rdrdfdeo

Total Energy
The conservation of the total energy e;,; writes as the sum of the kinetic
energy €rin and the potential energy €,,; defined as follow:

1 1
€tot = €kin + €pot = / Emzvﬁ(f - feq)dVd'UH + 5 /e¢(nz - nO)dX
For further details, see [9].

Quality factor

We propose here to define a quality factor to establish a quantitative evalu-
ation of the limiters efficiency. Since the L? norm should be conserved by the
Vlasov equation, it furnishes a good estimation of the diffusive behaviour of
a scheme, because it decreases this norm. On the other hand, the TV norm
estimates the numerical oscillations, or also the diffusion in a way, but more
'locally’. The quality of a scheme may be defined as its ability to limit the oscil-
lations (small TV) with the less numerical diffusion (high L? norm). Therefore
we introduce the quality criterion @) defined as:

QUI0) = ot (29)

5.2 Test of the limiters on constant 1D advections

We test the limiters in 1D on a step function . The step exhibits the problems
for which the limiters are required. This 1D benchmark gives a first overview
on the limiters capabilities.

The benchmark consists in solving a constant advection on a periodic domain
divided in 80 cells. The displacement is set to 0.2 cell per iteration. The
indicated times are the number of iterations.

lthe distribution function f is set to 1 on a part of the domain else to 0
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Figure 8: Constant advection on a step with the PSM scheme and the PSM
scheme with entropic limiter ENT. The domain is meshed on 80 cells with
periodic boundary conditions and the displacement is set to 0.2 cell per iteration.

PSM-ENT We observe on figure 8 that the ENT limiter cuts off the spurious
oscillations of the PSM scheme at the left side of the discontinuity. However, at

the right side, oscillations are weakly damped.
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Figure 9: Constant advection on a step with the LAG scheme and the LAG
scheme with the Umeda limiter. The domain is meshed on 80 cells with periodic
boundary conditions and the displacement is set to 0.2 cell per iteration.

LAG-UMEDA We observe on figure 9 that the LAG scheme is much more
diffusive than the PSM scheme without really better satisfying a maximum
principle. The under/overshoots of the LAG scheme are cut off by the Umeda
limiter. Although the LAG scheme with Umeda limiter respects a maximum
principle, the step signal is quickly diffused and it seems not appropriate for
long time simulations.
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Figure 10: Constant advection on a step with the PSM scheme and the PSM
scheme with the OSL limiter with different values of parameter C. The domain
is meshed on 80 cells with periodic boundary conditions and the displacement

is set to 0.2 cell per iteration.

PSM-OSL We observe on figure 10 that the OSL limiter reduces the oscilla-
tions without introducing much diffusion. However, there is still under/overshoots
at both sides of the discontinuity and a slight offset of the solution occurs com-
pare to the exact solution, but it seems not increase with time. The constant
C of the OSL limiter has almost no influence on the results.
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Figure 11: Constant advection on a step with the PSM scheme and the PSM
scheme with the SLS limiter with different values of parameter K. The domain
is meshed on 80 cells with periodic boundary conditions and the displacement
is set to 0.2 cell per iteration.

PSM-SLS We observe on figure 11 that the SLS limiter cuts off oscillations
at the right side of the discontinuity and keeps the overshoot at left side. The
results of SLS limiter with K = 1 is too much diffusive (equivalent to a minmod
limiter). With K = 5, the result is almost the same as with K = 10 and the
accuracy at discontinuities (slope of the solution at discontinuities) is almost
the same as with the PSM scheme.
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Figure 12: Constant advection on a step with the PSM scheme, the PSM scheme
with the ENT limiter, the SLS limiter with parameter K = 5 and the OSL
limiter with parameter C' = 2. The domain is meshed on 80 cells with periodic
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boundary conditions and the displacement is set to 0.2 cell per iteration.

Comparison of all limiters for PSM It is interesting to observe the action
of each different limiter for PSM on the oscillations. The ENT limiter cuts off
the oscillations at left side of the discontinuities, the SLS K = 5 limiter cuts off
the oscillations at right side of the discontinuities and the OSL limiter reduces
the oscillations at both sides.
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Figure 13: L? norm (left) and total variation (right) as a function of the time
for the different methods applied to a step with 1D constant advection on a
periodic domain.
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Figure 14: Quality factor for all the methods as a function of the time for the
different methods applied to a step with 1D constant advection on a periodic
domain.

Quality factor The quality factor(fig. 14), as defined previously in (29) as
the ratio of L? norm over TV norm, shows three groups of curves:

e On the lower part, the PSM scheme curve shows that even conserving well
the L? norm, the TV norm is much higher than the other schemes because
of spurious oscillations. The quality factor is then poor for PSM.

e The group of four curves at the middle (LAG, PSM-ENT, PSM OSM
with C=2 and C=5) are conserving the L? norm with the same order (best
PSM-OSL C=2, worst LAG) and with almost the same level of oscillations
according to the TV norm. The quality factor is thus equivalent for this
group of schemes.

e On the upper part, LAG-UMEDA and PSM-SLS K=1 (minmod limiter)
are very diffusive according to the L? norm, so they kill all the oscillations

INRIA



inria-00540948, version 1 - 30 Nov 2010

Test of some numerical limiters for the PSM scheme 33

and the TV norm is very weak. The quality factor is high because these
diffusive schemes have too low TV norms and cannot properly be com-
pared with the others. However, the PSM-SLS K=5 scheme conserves the
L? norm in a comparable way with the other schemes, but with a very
low TV norm. The quality factor is thus good for this scheme and can be
compared with to the other schemes.

As a conclusion for this comparison of all schemes on a linear advection of
a step function test case, we could say that the LAG-UMEDA and PSM-SLS
K=1 (minmod limiter) schemes are too diffusive to be compared with the other
schemes considering the quantitative quality factor (29). However, this way of
quantitative comparison seems to fit well for this test case with the qualitative
comparison or the ”feeling” we might have by observing the plotted results in
Figure 12.
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5.3 4D Drift-kinetic model

In this section, we evaluate the limiter capacities on a 4D drift-kinetic model
simulation of instabilities with the Gysela code [9]. The benchmark providing
instabilities is described in [1]. We simulate this test case with two mesh res-
olutions: a low resolution to provide results about all the limiters and a high
resolution to get refined results with the best schemes to test also robustness.
However, let us first do a quick review of the 4D drift-kinetic model and the
time scheme used for high resolution simulations.

We recall hereafter the model described in [8]. The geometrical assumptions
of this model for ion plasma turbulence are a cylindrical geometry with coordi-
nates (7,0, z,v)) and a constant magnetic field B = B, e, where e, is the unit
vector in z direction. In this collisionless plasma, the trajectories are governed
by the guiding center (GC) trajectories:

dr do dz dvy qi
i C = = ==y — =2 F, 30
ar ~ Ge gy TUCC g T T T (30)
with vge = (E x B)/B? and E = —V® with & the electric potential.

The Vlasov equation governing this system, where the ion distribution function
is f(r,0,2,v,t), is the following:

Ouf + G, Onf + 60,00 f +v|0-f + - B0y f = 0. (31)
This equation is coupled with a quasi-neutrality equation for the electric poten-
tial ®(r, 0, z) that reads:

e no(r)
T.(r)

no(r)
B Qo

-V, P ( V(I)) + (d— <P >,)=n; —no (32)

with n; = / f(r,0,z,v))dv) and constant in time physical parameters ng, {2,
V|

T, and e.
Let us notice that the 4D velocity field a = (vac,,vac,, v, q/m; E.)t is diver-
gence free:

1 1
V-a= ;aT(T 'UGCT) =+ ;89(’0@09) + aZ’UH + &JH (q/T)’LZ EZ) =0

because of variable independence 8UH E. = 8UH (0:9(r,0,2)) =0, 0,v =0 and

v =
e r B,
such that

1
89(1) and ’UGCG/T = @&@,
1 1
;&(r UGCT) + ;69(1)@@9) =0.

Therefore, one can write an equivalent conservative equation to the preceding
Vlasov equation (31):

Of +0r(vae, [)+0(vac, [)+0:(v) f)+ 0y, (%Ez f) =0.
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5.4 Low resolution simulations

The low-resolution simulations run on a 64x128x16x16 grid (NN, x Ngx Ny X Ny, ).
The resolution is too low to consider the total energy as a relevant measure.
The entropy, L? norm and TV norm are used to gauge the limiter’s effects. We
present in Figures 15 16, 17 three states of the instabilities: the linear phase
(left), the beginning of the non-linear phase (center) and the strong non-linear
phase (right).

In figure 15, we see the difference of behaviour of the PSM scheme based
on a spline reconstruction method and the LAG scheme based on Lagrangian
polynoms. The LAG scheme diffuses much more the solution even at early
times, and this is accentuated using the LAG-UMEDA scheme which makes
disappear even the big structures. However, the PSM scheme solution shows a
lot of small structures, actually at the scale of the mesh, which are suspected
of coming from spurious oscillations already observed on the 1D step test case.
Moreover, these oscillations often violate the theoretical maximum principle of
the solution and may lead to crash the simulation.

In figure 16, we see the effect of the ENT limiter on the PSM scheme. It
reduces a lot the oscillations with a figure showing much less small structures,
but showing a more diffusive behaviour. The PSM-SLS K=1 scheme is extremely
diffusive and makes disappear even the big structures.

In figure 17, we compare the PSM scheme result with PSM-OSL and PSM-SLS
limiters results. Both limiters reduces efficiently the oscillations. The limiter
PSM-SLS seems a little more diffusive than PSM-OSL.
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Figure 15: Solution in a (r, #) plane with N,.x Ng = 64x128 cells (low resolution)

of a 4D test case with PSM, LAG, LAG-UMEDA methods.
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Figure 16: Solution in a (r, #) plane with N,.x Ng = 64x128 cells (low resolution)

of a 4D test case with PSM, PSM-ENTand PSM K=1 methods.
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Figure 17: Solution in a (r, #) plane with N,.x Ng = 64x128 cells (low resolution)

of a 4D test case with PSM, PSM-OSL C=2 and PSM-SLS K=5 methods.
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Figure 18: Quality factor (left top), entropy (right top), L? norm (left bottom),
TV norm (right bottom) for the 4D simulation low resolution 64 x 128 x 16 x 16
with all the methods presented.

In figure 18 we see the effect of each limiter on the quality factor, entropy, L?
norm and TV norm.

e The LAG scheme gives very poor results in the conservation of the L2
norm, but shows a medium quality factor.

e The LAG-UMEDA and PSM-SLS K=1 schemes are still diminishing the
TV norm at a very low rate as for the 1D step test case, because they are
very diffusive. Even if the quality factor is good and the L? norm close
to the other schemes, the qualitative results of figure 15 and 16 show that
even big structures are not well captured with these schemes.

e The PSM scheme without limiter has still a very different behaviour com-
pare with the others : the L? norm and entropy plots show that this
scheme is less diffusive and the TV norm plots confirms the qualitative
2D profiles 17 that it is much more oscillating than the other schemes.
Thus the quality factor is lower than the other schemes.
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e The PSM scheme with limiters ENT, OSL, and SLS K=5 show equivalent
medium quality factors and TV norms and conservation of entropy and
L? norm for this coarse benchmark.

Conclusion of the 4D results with low resolution section

The results obtained for this 4D test cas low resolution confirms those ob-
tained for the 1D linear step test case. The PSM scheme shows oscillations as
the TV norm is high compare to the other schemes, but preserves the better
L? norms and the entropy. The PSM-SLS K=1 and LAG-UMEDA schemes
are diffusive and seem experimentally of lower order of accuracy than the other
schemes. The PSM-SLS K=1 limiter, PSM-OSL limiter and ENT limiter are
showing a similar level of accuracy. The high resolution simulation results fol-
lowing will permit to go further in these investigations.
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5.5 High resolution simulation

We propose in this section to compare PSM, OSL and SLS with an high reso-
lution mesh relatively to the previous resolution. The mesh is constituted with
N x Ngx Ng x N”H = 256 x 512 x 32 x 16. We consider that this mesh is refined
enough such that conservation of the total energy becomes relevant to estimate
the limiter quality, what was not the case for the low resolution mesh used in
the preceding section 5.4.

We have chosen standard values for PSM limiters according to the preceding
results : C=2 for the OSL limiter which depends weakly on this value and K=5
fot the SLS limiter which seems to be the minimum value to limit diffusion (see
results with K=1 in section 5.4).

The results are presented in three ways : full (r, ) cut planes, zoom in smaller
boxes in these cut planes to better see the influence of the limiters on small
structures and 1D diagnostics with the total energy, the quality factor (29), the
entropy, the L? and TV norms.
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Comparison of results in (r,0) cut planes

In figure 19 and 20, we present at different times (r, ) profiles of the distribu-
tion function in the non-linear phase. The influence of the SLS or OSL limiters
is weak at the beginning of the linear phase, i.e. time t = 2290. Afterward, a lot
of small structures as filaments develop, where steep gradients exist. Therefore
for later times, the differences between schemes results increase because of the
different actions of SLS and OSL limiters.

e The PSM scheme shows spurious oscillations very quickly in the non-
linear phase. As seen in the 1D step test-case and in the 4D test-case with
low resolution, the PSM scheme develops oscillations when transporting
discontinuities or steep gradients which occurs in this flow where filaments
and vortex develop. Unfortunately, these oscillations lead to the crash of
the PSM simulation at final time presented ¢ = 3637.

e The PSM-SLS scheme does almost develop no oscillations even in the
latest time. The price to pay is a qualitatively more diffused profile of
distribution function.

e The PSM-OSL scheme does neither develop oscillations at early times of
the non-linear phase. The OSL limiter produces less diffusion than the
SLS limiter. However, at late times the same kind of oscillations than the
PSM scheme develops.
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Figure 19: 4D simulations on N, x Ny = 256 x 512 cells (high resolution)
along (r,0) with PSM (left), (center) SLS, K=5 and OSL (C=2) (right) at three
different times: t=2290 (top), t=2885 (bottom).

RR n° 7467

0.46

0.45

0.44

0.43

0.42

0.41

0.4

0.39

0.38

0.43



inria-00540948, version 1 - 30 Nov 2010

44 Guterl et al

PSM t= 3115 SLS, K=5, t= 3115 OSL C=2, t= 3115

SLS, K= 5 t=3637 OSL, C=2, t= 3637

Figure 20: 4D simulations on N, x Ny = 256 x 512 cells (high resolution) along
(r,0) with PSM (left), SLS, K=5(center) and OSL, C=2(right) at three different
times: t= 3115(top), t= 3637 (bottom).
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PSM, t=2290 SLS, K=5, t=2290 OSL, C=2, t=2290

Figure 21: Zoom on the zone A of the high-resolution (r, 6) profiles (fig. 19)
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PSM, t=2290 SLS, K=5, t=2290 OSL, C=2, t=2290

OSL, C=2, t=3115

Figure 22: Zoom on a the zone B of the high-resolution (r,#) profiles (fig. 19)
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Comparison of 1D integrated quantities We present in figure 23 the time
evolution of the total energy, the entropy, the L? and TV norms and the quality
factor (29). The results are for the PSM scheme with no limiter, the PSM-SLS
scheme with K=5 and K=10 and the PSM-OSL scheme with C=1 and C=2.

e The PSM scheme conserves the total energy the better until the simulation
crashes down. Entropy and L? norm show that this scheme is the less
diffusive but with the highest TV norm, which comes from the spurious
oscillations seen on (r,6) profiles and leads to a bad quality factor.

e On the contrary of what expected looking at (r,8) profiles, the entropy
and L? norm show that OSL limiter leads to a little more dissipation than
the SLS limiter. The total energy is a little better conserved with the
SLS limiter than with the OSL limiter at the beginning of the simulation,
but it constantly decreases while the total energy obtained with the OSL
limiter stabilise at late times.

e The quality factor is a little better with PSM-SLS than with PSM-OSL.
However, both achieve the objective of stabilising the PSM scheme oscil-
lations.
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Figure 23: Total energy (left top), entropy (right top), norm L? (left bottom)
and TV norm (right bottom) for the 4D simulations (high resolution), quality
factor @ on the lower part.

INRIA



inria-00540948, version 1 - 30 Nov 2010

Test of some numerical limiters for the PSM scheme 49

6 Conclusion

In this paper, we have investigated conservative schemes for a Vlasov 4D drift-
kinetic model for plasma turbulence. These schemes should be accurate to bear
long time simulations, so we investigate fourth order schemes. However, high
order schemes usually experience difficulties when dealing with steep gradients
in the flow, which happens when turbulence develops thin structures or vortices.
In particular, spurious oscillations may appear which are not damped by Vlasov
models.

We thus have tested limiters to cut off these oscillations. It consists in adding
diffusion to the high order scheme at locations where oscillations may appear,
i.e. at steep gradients. Then two questions show up: how to introduce diffusion
in the scheme and how to detect the location where diffusion is needed. Of
course, it should be done efficiently without loosing the accuracy of the scheme
by introducing too much diffusion. We have tested the LAG and PSM schemes
and the Umeda, ENT, OSL, SLS limiters, which use quite different strategies.
We have tested all the schemes on a 1D step linear advection test-case and on
a 4D drift-kinetic model test-case.

Another question is how to quantify the action of limiters and to propose a
quantitative way of comparison among them. In a classical way, we have checked
the conservation of the Vlasov equation invariants as the L? norm, the entropy
and the total energy for the drift-kinetic model. Even if these quantities permit
to compare the behaviour of the schemes, they do not provide a quantitative
way to tell one scheme is better than another. We propose an attempt for a
quality factor Q (29), based on the dissipation measured with the L? norm and
spurious oscillations measured with the total variation TV norm. It gives a clear
answer the question which is the best of two schemes, but obviously it is still
subjective because of the choice of quality factor itself. However, comparison of
the schemes results with this quality factor is in good agreement with intuition
when looking at results graphs in 1D, but in 4D it helps to evaluate the balance
between diffusion and spurious oscillations. At the end of this work, we will
not, conclude that one scheme is better than another, we just have given these
results and tools to help the reader to decide by himself.
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7 Annexes

7.1 Annexe A: Detailed LAG reconstruction

We give hereafter detailed calculations for the LAG reconstruction.
First, we build the primitive function G at the characteristic feet:

Q?H = G(zfﬂ/z) - G(xil/z)

. I:+1/2 n
G($i+1/2) :/ gj(i)(‘r)d‘r

T_1/2
Gz} 1 /2) is given by the interpolation with Lagrange polynoms:
i+2
G(z) = Z Gi_1)2Lj(x), 2 € [2i_1/2, Ti41)2]

j=i—1

where L; are the Lagrange polynoms defines as:

i+2
Lj(z) = I Vo
h=i—1,kj Lj—1/2 — Tk—1/2
Hence,
i+2

Li_1(z) = H _ T T Tkl

ki1 kti—1 Ti—3/2 — Tk—1/2

i+2

T = Tg-1/2
Liw)= J] ——2—

Ti—1/2 = Lk—1/2

k=i—1,k#i
i+2
T = Tp—1/2
Lic(@) = e
ki1 ki1 Tit1/2 k—1/2
i+2
T —Tp—1/2
Li,1(1'> =

k—im1,ktit2 Li+3/2 7 Th=1/2
We note © = z;41/2 — a,a > 0 then

Lia(z) = ﬁ —0+ Tip1/2 — Tp—1/2
i-1(x) =
hmio1kio1  Lim3/2 7 Th=1/2
i+2
—Q+Tip1/2 — Tp—1/2
Li(z) = H e /

Li—1/2 = Lk—1/2

k=i—1,k#i
i+2
—0+ Tip1/2 — Tp—1/2
Lia(@) = H x; —x
k=i 1, ki1 i+1/2 7 Tk-1/2
i+2
—0+Tip1/2 — Tp—1/2
R
k=i 1,kit2 “+3/2 7 Fk=1/2
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Assuming Ax = ZL'Z'+1/2 —Ti—1/2, VZ,

i+2

Li—i(x) = ' H . _agxéﬂil_kk—; :
k=i—1,k#i—1
i+2 i
bl = k_zl_i[,k;ﬁi - +AA;E@'(Z— /fl; =
Li—1(z) = k—i—ﬁ¢i+1 _agxiifil_kk;_ :
dLi_1(z) = k_iﬁﬁﬁ —a gxifi(g’ﬂ 1)

Writing 8 = a/Az, we deduce:

i+2 .
—B+(—k+1)
Li, (ZL') = "
' k_i]l;l[;éil (i =1—F)
i+2 .
—B+(i—k+1)
k=i—1,k#i

i+2

—B+G—k+1)
Lit1(z) = :
: k—i—g#-ﬂ (i+1-k)
Y B (i—k+1)
Liyo(x) = -
' k_i]l:lLéiJrQ (i+2-k)
and then,
Ligw)=LPH0-@+D)B+(-(+D+1)-p+(-(i+2)+1)
YT 1) i1 (1) (i—1-(i+2)
Lir)= L=V + D=+ G+D+) =+ =(+2)+1)
' (i—(i—1) (i—(i+1)) G- (i+2)
I (x)_—6+(i—(i—1)+1)—ﬁ+(i—(i+2)+1)—6+(i—(i)+1)
ST Go)) Grl-Gt2)  Grl- ()
Lipa(a) = P0GV D —p+G=(+D) -+ -(i+D)+1)
YT T 2= 6-1)) G+2-(0)  (+2-(i+1)
Lyy(@) = BH1=B—B—1
T T 3
Lig)= BF2B-B-1
’ 1 -1 -2
Livi(z) = —ﬂ; 2 —ﬂ_—l 1) —ﬂ;r 1
—B+2-6+1-5
Liva(w) = ——=——
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—1(2) =1/6(8—-1)(B)(B+ 1)

z( ) =1/2(8-2)(B)(B+1)
Liyi(z) =1/2(B-2)(B+1)(B-1)
Liya(z) = =1/6(8 —2)(8 — 1)(8)
Li—a(z )*1/6(53 B)

Li(z =—1/2(/33 2p)
Lipi(z) =1/2(8° ﬂ+2)
Liyo(x) = —1/6(8° 352 +28)

Hence

G(x) 1/6Gi—3/2(53 )
1/2G;_12(8° — 8% — 28)
+  1/2Gi41)2(8° — 252 B+2)

—  1/6Giy32(8° — 387 +2p)
Finally, the interpolation can be written:
G(ZL') = 53(1/6Gi_3/2 - 1/2Gi—1/2 + 1/2Gi+1/2 - 1/6Gl+3/2)
+ 52(1/26'1'71/2 — Gigr172 +1/2Giy3)2)
+ B(=1/6Gi_3/2 + Gi_1/2 — 1/2Gi1/2 — 1/3Gi43/2)
+ Gigiy2

We note & = x;11/0 — Axf = ;10 — Ax(f — 1)
and by defining ¢ =1 — >0, z = z;_1 /3 + Az, then
G(x) = 1/6G;_3/5((1—0)° = (1-9))
— 1/2G (1 - 0 — (1= 0)* —2(1— 6))
+ 1/2Gi0((1 =0 —2(1-0) — (1 -0) +2)
— 1/6Giys/0((1—0)° = 3(1—0)* +2(1-0)))

G(z) = 1/6G;_3/2(—0%+36° —20)
— 1/2G,_12(—0° + 20> + 0 —2)
+ 1/2Giq1/2(—6° + 6% 4 20)
— 1/6Giy32(—0° +0)

2
=
I

0°(—1/6G;_3/2 +1/2G;_1/2 — 1/2G; 1172 + 1/6Giy3/2)
0%(1/2G;i_3/2 — Gi_1/2 + 1/2G41/2)

9(—1/36‘1-,3/2 — 1/2Gi,1/2 +Gig12 — 1/6Gi+3/2)
Gi*l/?

+ + +
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Using the previous formula with z = ;10— Az, 8 <0,i —i+1,0 — =3,
we obtain for negative displacement

G(ZL') = ﬂg(l/GGi_l/g - 1/2Gi+1/2 + 1/2Gi+3/2 - 1/6Gl+5/2)

+ B2(1/2Gi_1)2 — Gig1/2 +1/2Gi15)2)
+ B(1/3Gi—1y2 +1/2Gi11/2 — Gigsgya +1/6G iy 52)
+

Giy1/2
We obtain the following results with z = z;,1/, — Az:
if 5 >0,
G(SC) = 53(1/6Gi_3/2 - 1/2Gi—1/2 + 1/2Gi+1/2 - 1/6Gl+3/2)
+ 52(1/26'1'71/2 —Gir172 +1/2Giy3)2)
+ B(=1/6Gi_3/2 + Gi_1/2 — 1/2Gi1/2 — 1/3Giy3)2)
+ Giyi)o
if 8 <0,
G(m) = ﬁg(l/GGi,1/2 - 1/2Gi+1/2 + 1/2Gi+3/2 - 1/6G1+5/2)
+ 52(1/26'1'71/2 = Git1/2
+ 1/2Gi+3/2)
+ B(/3Gi—1/2 +1/2G 112 — Gigzro +1/6G 45)2)
+ Gig12

We define g’ Az = G172 — Gi_1/2. The previous expressions become:
if 8 >0,

G(z) = B*(1/6Gi_3/2—1/6G;_1/2 —2/6G; 1
+ 2/6Gi+1/2 + 1/6Gi+1/2 - 1/6Gi+3/2)
+ 52(1/26'1'71/2 —1/2Gi1)2 — 1/2Giy172 +1/2Gi13)0)
+ B(=1/6Gi_3/2 +1/6G;_1/2 +5/6G;_1)2
— 5/6Gi+1/2 + 1/3Gi+1/2 - 1/3Gi+3/2)
+ Git12
B%(=1/6gf1 +1/3g7 — 1/6g7, 1)
B2(=1/2g7" + 1/29741)
B(1/6g; 1 —5/69;" —1/39i1)
Giy1/2

+ + +
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2
&
I

B2(1/6G;-1/2 — 1/6Giy1/0 — 2/6Git1/2

2/6Giy3/2 +1/6Gir3/2 — 1/6Git5/2)

B*(1/2G;—1/2 — 1/2G 4172 — 1/2Gi41 /2 + 1/2Gi43)2)
ﬂ(1/3Gi_1/2 — 1/3Gi+1/2 + 5/6Gi+1/2

5/6Giy3/2 —1/6Gi3/2 +1/6Gi15/2)

+ Giy12

8%(=1/6g7 +2/6g7 1 — 1/6975)

+ BA(-1/297 +1/2g71)

+ B(=1/3g] —5/6gi1 + 1/6g15)

+ Giyi2

+ + +

Let now compare theses fluxe expressions with the regular expression we
found for the Hermite formulation noticed ¢y11/2.j, ,, o=#(8)-

7.2 Positive displacement: 3> 0,0 =1, jpp10 =k
¢k+1/2,jX;/2:k(ﬁ) 9;71/2 (828 1))

Jrv1/2 (81— 6)2)

gr (B°(3—28))

B8 1ja + Inprj2 — 208)

+ B2(=98 12— 295112 + 39K)

+ 5(91;1/2)

+ 4+

We have introduced the value of the distribution at the cell’s faces that we note
g,j_lm =g(r 2 x)_1/2) and Jrr1/2 = g(x = wp41/2). We set these coefficients:

91—:—1/2 =1/3g;_, +5/6g; — 1/6g;,,
gl;rl/z =—1/6g;,_, +5/6g;; + 1/392_,_1

that leads to:

¢k+1/2,]2;/2:k(5) = o1 (52(5 - 1))

G172 (B(1 = B)?)

gr (B*(3 —28))

B°(1/3g3 1 +5/6g — 1/6g5,, — 1/6g7_,
5/6gy; +1/3g541 — 29%)

52(*1/392—1 - 5/691? + 1/691?+1

1/3gr—1 —10/6g% — 2/3g;:41 + 39141)
5(_1/691?71 + 5/692 + 1/39;3“)

I+ +

+ o+ 4+
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¢k+1/2712+;/2:k(6) = Jk-1/2 (ﬁQ(ﬂ o 1))

grr1s2 (BA = B)?)

gk (B°(3—28))

B°(1/6gi_y — 1/3g7 + 1/6gj41)
B2(1/2g1 = 1/29314)
B(=1/6g;_; +5/6g; + 1/39;3“)

i+ +

+ +

Remembering that

G(B) B (—1/6g7 , +1/3g7 — 1/6g},1)
52(_1/29? + 1/29;11)
B(1/6g;" 1 —5/6g;" —1/3g;" 1)

Giy1/2

+ + +

we deduce:
G(z) = _¢k+1/2,jk+1/2:k(6) + Git1/2

7.3 Negative displacement § =0

¢k+1/2,jkxg/;:k+1(5) grs12 (B(B+1)?)

+ grtse (B2(1+B))

+ gi (B2 (—3-28))

= B’ Grrajn T Guyrja — 20041)
+ 8229810+ 9riaje — 39i41)
+ ﬂ(glj+1/2)

2
&
|

B%(=1/6g} +2/6g7 1 — 1/6g7)
+ BA(=1/29]" +1/29})

+ B(=1/3g;" —5/6g; 1 +1/6g;"5)
+ Git12

We set these coefficients:

91—:+1/2 =1/3g; +5/69511 — 1/69} -
Itz = —1/6g5 +5/6g5,1 +1/3g7 5

¢k+1/2,‘ :k+1(ﬂ) n n n n
]kXZ/L'Z = ﬁ3(1/3gk + 5/69k+1 - 1/6gk+2 - 1/69k

5/6g51 +1/398 10 — 29141)

B%(2/3g1 +10/6g} 1 — 2/6gj 1, — 1/6g}!
5/695+1+1/3gk10 — 39541)

B(1/3g); +5/6g541 — 1/6g)12)

+ o+ 4+
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Prt1/2,5p 11 2=k+1(5) n n n
jHA; = B3(1/6g) — 1/3g14+1 +1/6g52)

+ 52(1/291? —1/2g341)
+ B(1/3gx +5/6g511 — 1/69512)

Remembering that:

G(x) B (—1/6g7 +1/3g}.1 — 1/6g7,5)
B (—1/2¢7 + 1/2g%1)
B(—=1/3g; —5/6gi" 1 +1/6g5)

Giy1/2

+ o+ +

we deduce
G(zr) = _¢k+1/2,jk+1/2:k+1(ﬁ)/A-T + Git1/2

To conclude,

9 = mOkt1/2,5001e BV AT+ Gigaa + Grayag 1o (B)/ AT = Giaya
g?ew — gzl — (¢k+1/27jk+1/2 (ﬂ) + ¢k—1/2,jk,1/2 (ﬂ))/A:C

7.4 Annexe B: Algorithms

We present some algorithms which are representative of the Gysela algorithms.
We change the notation of the flux ¢;,/o to H; /s for practical reasons. The
1D advection equation are solved with Algo. (1).

INRIA



inria-00540948, version 1 - 30 Nov 2010

Test of some numerical limiters for the PSM scheme

o7

Algorithm 1 Advection

Require: (zk)k:—1/2mN+1/2 (1) o N

a=1,b=-1,c=0,p=1,q=4

: L,U=MatrixCoeflicient(a,b,c,p,q)

(92_1/2) k:O...NH:CoeﬂicientHermite((g}c’)kzo___N,L,N,O,N+1,a,b,c)

: f=FootCharacteristic(...)
if 5 =0 then

Hy 1/2=0
else

if 5 > 0 then

Ho_1/2 = Bgy

10: else
11: Hy_; jo=FluxComputation(gg, 9012 90+1/2> B)
12:  end if
13: end if
14: for i=1:N-1 do
15:  fB=FootCharacteristic()
16: if 8 =0 then

© % NPT W

17: Hit12=0

18: else

19: if g > 0 then

20: j=i

21: else

22: j=i+1

23: end if

24: H; jo=FluxComputation(gj, g;l_l/Q, g;’+1/2, B)
25:  end if

26: end for

27: f=FootCharacteristic(...)
28: if =0 then
29: HN+1/2 =0

30: else

31:  if B <0 then

32: HN+1/2 = Bg}b

33:  else

34: Hy 41 /2=FluxComputation(gy, IN—1/2 IN+1/27 B)
35:  end if

36: end if

37: for i=1:N-1 do

38 ¢! =g — (Hipr2 — Hi—1)41)2)
39: end for

40: return gpt o
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7.4.1 FluxComputation and FootCharacteristic

Algorithm 2 FluxComputation
Require: 97,5, 10,00, 1/
if g > 0 then

6=0
else

0=1
end if
Hyp1/2 = gj—1/2 (5(1 —0)+/*(2-30) + 53)
Hy1/2 = Hiq172 + 9jpv1/2 (55 + B%(1 - 30) + 53)
Hyi1/2 = Hi1y2 + G, (B%(=34 68) + 83(—2))
return Hj/9

Algorithm 3 FootCharacteristic

. *
1: return Tii1/2

7.4.2 Hermite coefficient computation for natural conditions

For a domain with natural boundary conditions, we compute the value of the
distribution at the cell’s faces gr_1/2 and ggy1/2. We want to solve: AX = B
and we decompose A as A = LU with Algo. (5) then we solve X = U~'L"'B
with Algo. (4).

Algorithm 4 CoefficientHermiteNatural

Require: (gg)kZQN ] (Lk)k:()...N+1 9 (Uk)k:()...N+1705N + 1,a,b,c
: Xo =5g¢4

:fork=1:N do

Xe=3(gp_1 +37) — Lie—1Xp—1

: end for

Xnt1 =50 — Lny1iXn—1 — LnXn

_ XnN41
XN+ = 7y

for k=N:2,—1do
X, = Xk—U)k(k+1

© PN D TR Wy

: end for

_ le(lfc/a)XQ
X = .
. — XQ*bX17CX2
: Xo = XosbizeXo

: return (gk_1/2) k=0---N+1

_ = e

We compute the matrix coefficients of the LU decomposition.
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fa b c 0 07
p ¢ p 0
0O p» ¢ p 0
0O » q p O
0O p» q p
L0 0 d e f]
Tt 0 01 [Up b c 0 T
Ly 1 0 0 U 1-%
0 Lo 1 0 0 U, 0
0 LN,Q 1 0 UNfl 1 0
; 0 Lyn—1 1 0f]: 0 Unx 1
1 0 0 Lyy1 Ly 11 [0 0 Uny1l

Algorithm 5 MatrixCoefficientNatural

Require: a,b,c,d,efp,q,0,N+1

—
@

—_
—

—
v

—
o

Uoza
Uy=g-Lo(1-2)
U2:4—L1(1—§)
fork=2:N—-1do
Lk:UL;
Ukt1=q— Ly
end for

_ _d
LN+1 ~ Un-1

efLN 1
Ly = 7UN+

dy+1=f—-Un
return L, U

7.4.3 Hermite coefficient computation for periodic conditions

We compute the value of the distribution at the cell’s faces gi_1/2 and gp41/2-
With periodic boundary conditions, we decompose A as A = LDLT with Algo.
(7) then we solve Y = D='L~!B with Algo. (6).
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Algorithm 6 CoefficientHermitePeriodic

Require: (£7Z)k:0...N,1 , (Lk)kzo...N ) (UDk)k:QM

10:
11:
12:
13:
14:
15:
16:
17:

1
2
3
4
5:
6
7
8
9

: Xo =3(9% +90)
:fork=1:N—-1do
X =3 (9% + J11) — Le-1Xe—1
: end for
S=0
c:form=0: N-2do
S=840mXm
: end for
: Xy =3(g9% +9¢) —sum — Ly 1 XN_1
for m=0: N do

X, = Xm
end for '
XN-1=XNy-1—- LN - DNXn
for k=N-2:0,—1do

X = Xy — L Xg41 — 0 XN
end for
return (g-1/2),_q_

Naavbac

We compute the matrix coefficients of the LDL decomposition.

[4] = [Z] [D] [L7]

(¢ p 0 O
p q p O
p ¢ p O

0 »p g

0 »p

11 0 0
M1 0o ... 0] D
Li 1 0 110

0 L, 1 0
0 Ly_o 1 0

: 0 Ly_i 1 of]:
01 62 -+ -+ Ony—2 Ly—1 1] |LO

0
Dy
0

0
0
Do

0
Dn_»o 0
0 Dn_
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Algorithm 7 MatrixCoefficientPeriodic

Require: p,q,istartsiend

© ® NS T W N e
S |
\
<
\
=3
~
T
—

: Dno1=q—pLy—2
LN 1= P—pON_2
- Dn-_1

. Dy =q— Y31 Did
return L, D

-
=

— =
N =

2 2
i — Dn_1Ly_
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