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Abstract

Semi-Lagrangian guiding center simulations are performed on sinu-
soidal perturbations of cartesian grids, thanks to the use of a B-spline
finite element solver for the Poisson equation and the classical backward
semi-Lagrangian method (BSL) for the advection. We are able to repro-
duce the standard Kelvin-Helmholtz instability test on such grids. When
the perturbation leads to a strong distorted mesh, we observe that the
solution differs if one takes standard numerical parameters that are used
in the cartesian reference case. We can recover good results together with
correct mass conservation, by diminishing the time step.

1 Introduction

Semi-Lagrangian schemes often deal with cartesian mesh; the extension to curvi-
linear grids is important in order to be able to deal with specific geometries and
also for adapting the grid to save computational effort. This study is part
of a general work on adding curvilinear capabilities for the simulation of drift
kinetic and gyrokinetic equations in a semi-Lagrangian framework, and is in
current development in the SeLaLib library [17].

In order to treat the case of a general geometry, semi-Lagrangian schemes on un-
structured triangular meshes have been developed and applied to Vlasov-Poisson
simulations [5]. Recently, a new approach has been developed which permits to
stick on a cartesian mesh, with a suitable technique to treat boundary condi-
tions [12]. Another option is to use curvilinear grids, with analytical or discrete
transformation [1]. There, the choice has been made to keep the expressions
of the advection equations in the physical space, rather than to rewrite these
equations in the reference space. Here, we choose the other option (as in [3], for
PIC simulations), which permits to avoid the cost overhead of the localization
of the feet of the characteristics (which is also present on unstructured meshes),

1 This work was carried out within the framework the European Fusion Development Agree-
ment and the French Research Federation for Fusion Studies. It is supported by the European
Communities under the contract of Association between Euratom and CEA. The views and
opinions expressed herein do not necessarily reflect those of the European Commission.



since the localisation is performed on the cartesian grid. The semi-Lagrangian
method can be adapted to the new equation, which is of similar nature, and
the cost of this step remains of the same order. We will use here the classical
backward semi-Lagrangian method (BSL) with cubic splines. Note that other
approaches can be developed [14]. There, conservative schemes are used and
applied in analytical cases and 1D x 1D Vlasov-Poisson simulations.

The work is devoted to the case of the 2D guiding center equation. The Poisson
solver has to be adapted; it is here 2D (and not 1D like in [14]). The use of
specific solvers on cartesian (or even polar) geometry with Fourier transform,
are here no more available, as we consider general curvilinear coordinates. We
use a B-spline finite element solver, which is a key point in order to solve the
Poisson equation in a curvilinear grid.

To see the robustness of the numerical method, we test the method on some
Colella grids found in [9], which are sinusoidal perturbations of cartesian grids.
Note that preliminary work has been performed in [7]; but there the mesh
was only made oblic and the Poisson solver was solved on cartesian grid. We
refer also to [2], for recent work on curvilinear semi-Lagrangian schemes, in the
context of Navier-Stokes equations.

In Section 2, we write the equations in curvilinear coordinates. We then detail
the numerical method (in Section 3), which is here the classical semi-Lagrangian
method for the advection and a B-spline finite element solver for the Poisson
equation. In Section 4, we give the numerical results. Conclusion and perspec-
tives are presented in Section 5.

2 Curvilinear framework

2.1 Mapping

We denote Q € R? the physical domain where the Physic equations are valid.
To solve these equations, we consider a curvilinear coordinates system which is
a mapping F, defined on a logical domain Q:

F Q=M Muae] X 1200105 M21ma] = € (1)
[771] N {Cﬁ(m,ﬁz)} .
2 y(11,7m2)
We can define the Jacobian matrix of the transformation:
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and we denote by /g the jacobian of the matrix DF:
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Figure 1: Representation of a mapped mesh in two dimensions.

also we can write the jacobian matrix:

L % % -t Oy _9m
DF=(DF )" =\t on| =vVi|_ % o0 |
oz dy ox ox
And DF~! can be also written by
1 giy _gi
DF 1= — 2 Sna ) 2)
VI \=a o

In the following section, we need to use the expression of the gradient operator
V in the new coordinates system (71, 72):

V =DFtv
where V = V(m,nz)-

2.2 Transport equation

We first consider as model, a 2D transport equation in cartesian geometry:

0 0 0
Lo+ aton Lo tatengton) =0 @
with 5 5
aq a9 -
%(taxay) + %(ta!ﬂ,y) =0.
Equation (3) can be written in the space (x,y) as standard advective:
of
LA = 4
5 TA V=0, (4)



V-A =0,

where A = (a1,a2)" and since the divergence of A is zero then there exists a
scalar potential ® such that:
A=Vxao.

SEREY

The advection term of the transport equation (4) can be written in the curvi-
linear coordinates (11, 72) and using

In other words, we have

Vf=DF 'V,
we have that:
A-Vf=A-(DF'V )
= AYDF 'V f)
= (DF AV f
=A-Vf. (6)

In the following we will denote f by the functions composition f o F and so

f(tﬂh,?h) = f(tvz(nh?h)?y(nlﬂh)) = f(t7]:(771;772))'

Moreover with help of the equalities (2),(5) and (6), we obtain:

- 1| 22
A(t,m,m2) = 77 AR
o

Using (6) the transport equation can be written in the curvilinear coordinates
(m,m2) as :

o L ohoi 1 obof _ .
ot /g OnaOm /g Om On

2.3 Poisson equation

On the physical domain, the Poisson equation has the form:

-V (b(xvy)vq)(xvy)) + c(x,y)@(w,y) = f(xvy)v

where f is the function given by solving the transport equation, ® is the electric
potential, b and ¢ are scalar functions.



We want to write the Poisson equation on curvilinear coordinates thanks to the
transformation F defined in (1) and we have:

Vo bz, y)VO(z,y) = ZZ

where ® = ¢ o F and g is the contravariant components of the metric tensor
g which are the dot products of the contravariant basis vectors (Vn1, Vns):

11 12
g g -1 —t
= =DF 'DF".
g (g21 g22>

b(n1,m2)\/9 8" SCI)(m,nz)) (8)

Furthermore, the matrix g has the following properties:
e g is symmetric,
e g is a positive definite matrix (because DF is invertible),

e since det(DF 1) = det(DF?) = % we have

1
det(g) = —.
(2) P

By (8), the new Poisson equation on curvilinear coordinates has the form:

2
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By developing the left hand side of (8),(9), takes the form:

V (Jogbg V&) +géd=/7f. (10)
where ¢ = co F and b= bo F.

3 Numerical method

3.1 The Semi-Lagrangian method for the guiding center
model

According to the study in the previous section, the equation of the guiding-center
on a general mesh can be written in the form (7). Characteristics associated
with this equation are given by the following system of differential equations:

071(t) 9, @(t, (1 (1), 72(1))
ot g(n(t), )
672(t) _ _anl(i)(tv (71 (t)772(t)))

ot Vi), %)




and at time s we assume that v1(s) = 1 and y2(s) = 2. So let us denote the
solution of this system by:

rond = [en )

The distribution function f is constant along the characteristic curves (1 (£), v2(t))

f@t,T(t;n,s) = f(s,0(s;m,8) = f(s,m), Vi, s,m. (11)

This property will be used to solve a discrete problem, which is defined by
introducing mesh points 1;; = (n1,5,72,;) for i = 1,...,Ny and j = 1,..., N,
where N7 and Ny the numbers of points in each direction 77 and 7y respectively.
Using the property (11), the classical semi-Lagrangian method, or backward
(BSL: Backward Semi Lagrangian see the article [18]) is divided into two steps
to compute the distribution function Z}H = f(t"1, m;;) at time t" ! from the
distribution function 1’; = f(t",n;;) at time t™:
For each mesh point 7;;

1. Calculating I'(t";n;;,t" ) the value of the characteristic at t™ which is

equal to n;; at time ¢" 1.

2. As the distribution function solution of the guiding center equation reads:
Ftt = PO smg, "),

and since usually the point I'(¢"; 7, t"*1) is not a point of the logic grid,
the value of f;lj+1 is obtained by interpolation of the function f(¢",-) at
mesh points I’(t";mj,t"'*'l) fori=1,...,Nyand j=1,..., Ny at time ¢".

The interpolation that is used here is cubic splines. For the computation of the
origin of the characteristics, we use Verlet algorithm, and cubic splines for the
field A™.

Computational algorithm
We define a uniform mesh for logical mesh [n1,.. ,71,...] X [72,..,sM2,...] Whose
coordinates of points n; ; are defined by:

My = Mopsn T 1AM, N2,j = M2pmin + IJAN2

where An; = %, Any = % and Ny, Ny are respectively
the number of cells in each direction 77 et 172. We define also a coordinates
transformation F : (n1,72) — (z,y) and its Jacobian matrix DF. The algorithm
for solving (7) with a predictor corrector-time scheme can be written as follows.

1. Initialization:



e compute the initial distribution: f(O,m,ng) = fo(m,ng) at grid
points 7; ; of the logical mesh,

e compute the spline coefficients of f©,

e solve the Poisson equation with fo as a source term to get the po-
tential electric on logical mesh ®(0,71,72) = ®°(n1,12).

2. Time loop:

ot — tntl/2

compute ®" (solving the Poisson equation),

ad" 9"
ony ? On2

compute at grid points (here derivatives of the cubic
splines)

find the feet (n1(t™), n2(t™)) of the characteristics
Om(t) 1 99"  omp(t) 1 9d"
ot \/g 8772’ ot \/§ (9’/]1 ’
ending at grid points (1 (t"+1/2), no(t"+1/2)).

interpolate f at feet (ni(t"), n2(t")) to have f7+1/2 at grid
points,

compute the spline coefficients of f*+1/2,
compute ®"11/2 (solving the Poisson equation).

° tn+1/2 —y ¢l

aonti/2 gpnti/2 . .
compute “5—, “5—— at grid points.

find the feet (n1 ("), n2(t")) of the characteristics

om(t) 1 99"V gnpp(t) 1 992
ot \/g 8772 ’ ot \/g 8’171 ’
ending at grid points (n; (t"*1), na(t"T1)).
interpolate f™ at feet (171 (t"), 72(t")) to have f**1 at grid points,
compute the spline coefficients of f”+1.

3. End of time loop.

3.2 Finite element method with B-spline for the Poisson
equation on curvilinear coordinates

The equation (10) leads to the elliptic equation:

-V - VgAV O +&/g® = /g, (12)



where the matrix A corresponds to
A=bg.

We discretize this equation using B-splines basis. For N points in an one
dimension mesh, we construct a B-splines family (B;)1<i<n of degree k. It can
be generated using a non-decreasing sequence of knots T = (¢;)1<i<N+k+1, also
called knots wvector.

Definition 3.1 (B-Splines series). The i-th B-Spline of order k (or of degree
k —1) is defined by the recurrence relation:

Bf (z) = wf(2) B} (2) + (1 — wiy, (2)) B (@),

where
T — ti

wf(a:) = B?(l‘) = X[ti,ti+1[(x)7

tivk—1 —ti
for k> 1,1 < i < n and x is the characteristic function of [t;,t;+1[. The
B-spline B has a compact support [t;,tiii1].

We construct the knots vector as the article [4] and [6] and we introduce a
B-spline discretization of ®

ulnm) = D D B () B (n),

1<V, 1<G<Ns

where N7 and N3 correspond to the number of points in the grid in each direc-
tion, k1 and ko the degree of spline in each direction respectively and ®; ; are
spline coefficients of ®. We take (12) with ® = &5, f = f5, we multiply it by
B,’C“Blk2 and integrate it over our logical grid @, which leads, by integrating by
part, the following variational equation:

Y6, /Q (A (BYBE® + Avo B (B22Y) (B Bi] 11/ ldn
,J

-y 0y, /Q [(A21(B") B§? + A2 2B (BS?)') B (By™)'] |\/g ldn
4,J

+Z<i>,,j/Q B BS* By Bi*¢l\/g |dn
4,J

— Zﬁj/Q B BS? By B?|\/g |dn,
4,J

where A; ; is the coefficient (4, j) of the matrix A. We obtain a linear system
on spline coefficients of ®;, such that

M&), = f,, (13)

where the matrix M is equal to



M G-yN kr-)N, = —/Q [(A1,1(B§"1)’Bj““ + A1,QB§“(B§‘2)') (ByY)' B [\/g dn
[(A21(Bf") B + A2 B (B5?)') B (Bi*)'] [v/g |dn

+ [ BB By BRelyg |y

S~

and &)h,i—&-(j—l)Nl = éi,j and
f =>"fi; | BBXBY B |\/g|d
hk+(I—1)N; w [ BB BB 1v/g |dn.
©,J

In the next section, we use the Poisson equation with ¢ = 0 in (12). In that
case, dealing with periodic boundary conditions leads to non invertible matrix.
Penalization method, conjugate gradient method or Lagrange multipliers can
be used to overcome this problem.

Penalization method

It consists in introducing a small parameter ¢ in the Poisson equation which
leads to:

—V -G AV &, + €, = f /7. (14)

This method is attractive but poses problems numerically. In fact the choice of
the penalization parameter € is not easy: too big, ®. is a bad approximation to
the exact solution ®, too small, the problem (14) presents numerical instabilities.

Conjugate gradient method

The system (13) is well-understood non-reversible, and checks (I is the vector
whose components are 1):

e Im(M) = I'" (The kernel of M is composed of constants).

e f € Im(M) (The compatibility condition fQ fh|\/§ |dn = 0 of the second
member of (12)).

Under these conditions, conjugate gradient method satisfies the following prop-
erty: if we initialize with an orthogonal vector ®) to the vector I, then it is
the same for all the iterates. In the case where the mesh is a regular grid, this
leads to a numerical solution with zero mean, which corresponds to the desired
solution. However, if the mesh is not regular, it is sufficient to subtract from
®;, its mean to find an approximation of the solution.



Lagrange multipliers method

This method consists in introducing the zero mean constraint using a Lagrange
multiplier. We multiply (12) by a test function () vanishing on the boundary
and we integrate it by part over the logical domain @), thats give us:

—/ vaw\/a\dn:/ Folv3 Idn. (15)
Q Q

Specifically, the variational formulation (15) (in which ¢ = B;* B;*?) with the
constraint

/Qéwun:o,

is equivalent to the problem

M®, +\B, = f
BI'®, =0

with A € R and where the vector By, is defined by
()= | BB 1Va b
Thus the new linear system
M | By, &, \ [
By | 0 A Lo

is invertible and provides both the zero mean solution and the associated mul-
tiplier.

4 Numerical results

We first give the expression of the mass and energy in this curvilinear context.

Proposition 4.1. We define the electric energy in the cartesian case by:
Et) = / (VO)I'VP dxdy
Q
and the mass

M(t):/ﬂfdxdy.

The expressions on the curvilinear geometry are

£(t) = /Q (¥ )7 & /g |didip,
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and

M(t) = /Qf|\/§ |dndnz,

with
Vg = det(DF).

Proof 4.1. Let remind that we have
V¢ = (DF)™'V ¢,
so we deduce that

£t) = /Q(v@)TW dzdy
- /Q(@ )"(DF)"H(DF)™'V @|/g |dn

_ /Q(@ )T g% B[/ |dn.

Kelvin-Helmholtz instability in a periodic box with Colella
mesh

We refer for example to [11] for this test case. The initial distribution fy is given
by the formula :

fo(x,y) = sin(y) + B cos(ox)

where § = 0.015 and ¢ = 0.5. Periodic conditions are considered both in x and
y direction. The domain is [0, Ly] % [0, L], with L, = 27”, Ly = 2m. B-splines
of order k = 4 are taken for the Poisson solver.

Such test case has been proposed in [11] for example. We test here the robustness
of the numerical method on a Colella mesh [9] in order to see the influence of
the mesh. The mapping is given by

.27 .27 .27 .27
2, 72) = 1+ s ) sin(5 ), y(m,e) = s -+ asin( o) sin( 7o)
T Y x Y

L

for (n1,m2) € [0, Lg] % [0, Ly] and for 0 < o < 1.

Distribution function f(¢,x,y) is plotted for different meshes at time ¢ = 45, on
Figure 2 and at time ¢t = 60 on Figure 3. The curvilinear mesh is depicted on
a 64 x 64 grid for a = 0.9 (Figure 2 top left) and o = 0.7 (Figure 3 top left).
Note that the mesh corresponding to o = 0.9 is quite distorted.

Reference run is given bottom right, with an almost uniform mesh (o = 1079)
and 256 x 256 grid. Note that the results are non distinguishable with those
obtained with a uniform mesh (o = 0), which are not shown here to gain
place. Using o up to 0.7 leads to similar result until time ¢ = 60, with the same
numerical parameters (see Figure 3 top right). When the mesh is more distorted
(v =0.9), we observe that the results differ (see Figure 2 top right). The effect
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of refining the grid does not help (see Figures 2 and 3 middle right) but by
refining the time step, we observe a better behavior (see Figures 2 and 3 middle
left). Nevertheless the numerical method gives raise to numerical dispersion
which is diminished by taking a finer grid (see Figures 2 and 3 middle/bottom
left). It is known that cubic splines lead to numerical dispersion, when the time
step is small (see e.g. [8]). One remedy could be to use Lagrange/Hermite
interpolation with odd degree reconstruction of the derivatives (see [19]).

On Figure 4 and 5, 1D diagnostics are shown. We observe the same features
as on the 2D plots, for the mass conservation: mass is increasing for a = 0.9
(Figure 4 top left). We see on logarithmic plot (Figure 4 top right) that it is
also the case for the other values of «, but the amplitude is smaller. It seems
that if the amplitude is big enough, we observe a change in the solution. On
the other hand, we also see that by taking a smaller At, the mass conservation
is enhanced; the evolution is similar, but with a much lower amplitude, which
seems to permit not to affect the 2D plots (see Figure 4 top left and right).
The curves of energy conservation are similar, when the mesh is not too distorted
(Figure 4 middle left), and again for a = 0.9 we observe a different behavior.
By refining the grid and above all by taking a smaller time step, the energy is
also better conserved. L' and L? norms have a standard behavior (Figure 4
and 4 bottom). We can also note, that L° norm is not good preserved (Figure
4 and 4 middle right), especially with fine grids, but this does not much affect
the 2D plots; we can observe some pics that appear in the simulation.

5 Conclusion and perspectives

First semi-Lagrangian simulations have been performed on curvilinear grids for
the guiding center model, with both Poisson and advection solved on the curvi-
linear grid. For not too large deformations of the mesh, we are able to reproduce
the right results and we notice that time step has to be diminished in order to
handle more distorted meshes. Further work will be continued in order to deal
with other geometries (like D-shape or polygonal shape) and different boundary
conditions (like Neumann for the diocotron instability test [10, 13]). Note that
one strength of the method is that we can use the same code and just implement
the mapping for dealing with another geometry (if the latter can be described by
a mapping). We plan also to work on the conditions which lead to conservation
properties. We are also interested in better computing the characteristics when
the mesh is strongly distorted; this could have an impact on the numerical re-
sults. Finally, we can also compare with eulerian approaches which are subject
to a CFL condition.
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Figure 2: Distribution function f(t = 41?, x,y) for different grid sizes, At and «
parameter of the Colella mesh. From left to right, top to bottom:

64 x 64 grid, At = 0.1, a = 0.9, 256 x 256 grid, At = 0.1, « = 0.9,

256 x 256 grid, At = 0.01, « = 0.9, 512 x 512 grid, At =0.1, « = 0.9,

512 x 512 grid, At = 0.01, a = 0.9, 256 x 256 grid, At = 0.1, o = 107,
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Figure 3: Distribution function f(t = é@, x,y) for different grid sizes, At and «
parameter of the Colella mesh. From left to right, top to bottom:

64 x 64, At =0.1, a = 0.7, 256 x 256, At = 0.1, a = 0.7,

256 x 256, At = 0.01 o = 0.9, 512 x 512, At = 0.1, a = 0.9,

512 x 512, At = 0.01, o = 0.9, 256 x 256, At =0.1, o = 1075,
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Figure 4: Time evolution of theoretically conserved quantities on 256 x 256 grid
with At = 0.1. From left to right, top to bottom: mass, absolute value of mass,
energy, L™ norm, L' norm, L? norm.
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Figure 5: Time evolution of theoretically conserved quantities on 256 x 256 or
512 x 512 grid with At € {0.01,0.1}. From left to right, top to bottom: mass,
absolute value of mass, energy, L> norm, L' norm, L? norm.
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