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Abstract. We present composition schemes for solving non-linear trans-
port equations, like the guiding-center model. This is based on direct
and adjoint transport steps. The adjoint steps being implicit, they are
replaced by explicit approximated adjoint steps using a given number
of fixed point iterations. This does not modify the order of accuracy.
Several numerical tests assess the performance of the method.

Keywords: composition scheme, splitting, semi-Lagrangian, guiding-
center model

1 Introduction

The guiding-center model is a non-linear two-dimensional transport equation
that describes a specific drift undergone by charged particles confined in a Toka-
mak by a strong magnetic field. More precisely, denoting f = f(t,x,y) the
density of the charged particles and ¢ = &(t,x,y) the electrostatic potential,
the guiding-center model writes:

Ouf + 0y Opf — 0,00y f =0, O
—Dpa® — Dy = f,

with ¢t € [0,T], x € [0,L1], y € [0, Ls] and T > 0, Ly > 0, Lo > 0. This is sim-
plified model for turbulence in Tokamak. In order to make accurate predictions,
high-order methods are essential.

In this work, we focus on the time discretization. Different schemes have been
used in the litterature, especially in the context of semi-Lagrangian methods [10,
2,6,4,9,7,11]. We propose here to use a composition scheme in the spirit of [7].
Composition schemes consist in chaining direct and adjoint steps. These methods
are interesting because they only need to store one or two copies of the density
f- In contrast, high-order Runge-Kutta methods require more storage.

Direct steps are explicit and can be either a 2d transport scheme or a splitting
scheme, which is the composition of two 1d transport along the two directions.
For these two kind of direct steps, we can identify their associated adjoint steps.

Since the adjoint steps are actually implicit, we propose to replace them by
a fixed point algorithm as in [3]. Note that it is sufficient to take the number
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of iterations equal to the desired order of accuracy. Contrary to [7], we con-
sider composition schemes with non-symmetric coefficients. Indeed, taking ben-
efit from the equivalence from composition and splitting schemes [5], we use the
coefficients obtained from the second order O2 and the fourth order O4 splitting
schemes. This enables to optimize the number of steps at a given accuracy.

The rest of the article is as follows. In Section 2, we first detail the direct and
adjoint steps, before describing the composition scheme in Section 3. Numerical
results are given in Section 4, before concluding in Section 5.

2 Direct and adjoint steps

In this section, we first define the elementary steps involved in the time dis-
cretization of the guiding center equation (1).

First, we define the transport operator over a time interval At starting from
the initial condition go and with advection potential obtained from g;:

Tar lg1)g2 = g(At, ),
where g is the solution to:

g + aay@ 0rg — B 0P ayg =0,

— 020 ® — ayy@ =91,

glt=0 = 92-
Let now consider tg = 0 < t; < -+ < ty = T and f" ~ f(t,,.,.). Then, at
iteration n € N, denoting At = t,41 — t,, the first order direct 2d step writes

=83 = TAMS (2)
while the direct splitting step is given by
[T = SET = TRUMTAM (3)

which corresponds to first make the advection in x and then in y. This splitting
version is more adapted to parallelization. The two schemes can be written:

et =Rad "

with Raclg] = TAlg) for the 2d scheme and Ra:lg] = TRHgITAYg] for the
splitting scheme.
Given a scheme Say, its adjoint is defined as follows: S}, = (S_a¢) 7"

Proposition 1. The adjoints of the first order 2d and splitting steps are:
= SA = TA
P = SR = TR TR
They can be written:
= RAE

with R%,[g] = TALlg] for the 2d adjoint step and R*,[g] = TA?[g]TA}[g] for the
splitting adjoint step.
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Proof. For the direct scheme, by defining Z72%g = T*4,[(S%1)~1g]g, we have
Iiismg = T—MAt[( ) SAtg] Atg = Tl +[9]S Atg =g
This leads to
SR = T2 ™ = TA(S>0) T " = TASA S = TAL A

For the splitting scheme, defining Z%%g = T2%,[(S34) 19l T4, [(S3) ~Lglg,
we have

IZ%SA,:Q = T—lgt[( my) Atg]TOAt[(S ) SAtg]SAtg
= T2 T a9 Tat g = T2 A9 T2 a9 TR 91 TA l9)g = 9.

This leads to
SATT It =T " = TAST ) T TR S ) T ™ = TA L TR

As proposed in [3], the implicit adjoint steps can be approximated by K iterations
of fixed point algorithm:

JrEL = e R [N =1 K =
We denote the two corresponding approximated scheme:
=8, =S5y,

Finally, we recall that composing a scheme with its adjoint, §},SA¢, results in
a second order accurate scheme [5]. We will consider in the next Section more
general composition methods.

3 Composition scheme

Composition schemes aim at constructing high-order time discretizations by

composing different elementary steps. Let s € N* and composition coefficients

iy ..., Qs 01, .., 0s € R. The n-th iteration of the composition scheme reads:
fn+1 = Sab,AtS;’SAt to SazAtSEQAtSalAtgg’l Atfn7

where S and S* refer either to the 2d or the splitting direct and approximated

adjoint steps defined in the previous section. This can be equivalently written
n+l _ rn.
o =fm

. n+1l _ &% n+1

fori=1,...,s, 21‘1—861Atf2¢1
n+1

2i azAthl 1

and frtl = fgjl. Note that we use the approximated adjoint step with K
substeps, as detailed in Section 2, instead of the implicit exact adjoint step.
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A possible choice of composition coefficients is to impose «; = f; for any
i = 1,...,8, which makes the scheme the composition of second-order steps.
However, according to [8], the composition coefficients can also be more gener-
ally computed from splitting coefficients ag, a1, ..., as and by, ..., bs through the
relations 81 = ag, a1 = by — B, Bi =a; —aj_1, a; =b; — B;, i =2,...,5 We
will focus on a second order scheme 02, taking s =1 a9 =a; =1/2, by =1, and
a fourth order scheme O4 [1], taking s = 6 and ap = 0.07920369643119569, a; =
0.353172906049774, ay = —0.0420650803577195, by = 0.209515106613362, by =
—0.143851773179818, completing by symmetry: ag = 1 —2(ap+a1 +a2), ag—; =
Qg , 1= 0,1,27 b3 = 1/2—b1 —bg, b7,i = bi, 1= 1,273.

By default, we will take for K the order of the corresponding composition
scheme, that is K = 2, for O2 and K = 4 for O4, thanks to the following
property, due to [3] in the symmetric case.

Proposition 2. Let (E,|-||) a normed space, and f° € E. Let R*%,[g], Ra:lg] :
E — E, Lipschitz and Lipschitz in At € R and O(At)-Lipschitz in g € E, first

order approzimations of T5y*. Let s € N* and a, ..., a5, 01,...,8s € R. We
suppose that the composition method is given by f3 = f° € E
f21i—1 = RZ,;At[f%i—l]fZI(i—l) (4)
f21i = Raiﬂt[féli—l]féli—l (5)

fori=1,....s and fl! = fi,. We suppose that the method is of order > p:
| f1 — T529 O = O(AtPTY). Then, if the adjoint step (4) is replaced by its
K -th fixed point iteration, with K > p, the modified method is still of order > p.

Proof. Let us denote fjl the solution to the approximated scheme. At the 2¢ — 1-
th iteration, we have f3;*, = R, al ~2117§Il]f21(¢71)7 k=1,...,K, and f}, ; =
REiAt[f%ifl}fQI(i—l)' Using the O(At)-Lipschitz in ¢g; and Lipschitz property in
g2 of R, A¢[91]g2, we get

125 = fimall < IRB, aclfaily 13 —1) = Rpaelfzioal Fan)
+ HR;iAt[fZIifl]f%(ifl) - R*ﬁiAt[fgifl}fg(ifl)H
< ClAt”le{i(fl - lezelH + 02||f21(i71) - f21(1;1)||~

Consequently, iteratively, we have:

_ _ C ~
Ifai1 = foiall S (CLAOR| f3i1y — faiall + 1_751At||f2}(i—1) — fa—n|l
C _
K| 41 1 2 Kyl 71 1
< (CrA)™ | fo—1) — faiall + (m + (CrA) )| foi—1y — fa—n -

Since, using the Lipschitz property in At, [ £y, 1) = fa;-1ll = IR§1f2i-1]fo 1) —
Rz;iﬂt[f%iiﬂf;(’i—l)” = O(At), we obtain that ||f3;_; — f3;_1]| = O(AP*!) as
soon as Hf21(i71) - f21(i71)|| = O(AtPT1). The property is also true at the 2i-th
iteration, and this leads to the result, by using the triangular inequality. O
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4 Numerical results

The May model Before considering the guiding center model, we test the
composition scheme on the May model [3], which is the following non-linear
differential system:

{ #'(t) = ax(t)(1 - 2(t)/b) — cx(t)y(t)/(z(t) + d)
y'(t) =ey(t) —y*(t)/(f(t)).

We consider the following initial condition z(0) = 100,y(0) = 20 and the fol-
lowing parameters: a = 0.6, b = 10, ¢ = 0.5,d = e = 0.1, f = 2. We compute
the error in L norm on R? and consider as reference solution at time 7' = 5
(2(T), y(T)) = (4.463072920803955, 3.133825837839541), obtained with a RK4
scheme using At = 1.25 - 1076,

Here the equivalent “transport operator” is defined by Tgf [(u*,v")](u®0%) =
(u(At),v(At)), where u is solution to:

The exact formula is used:

bexp((aa — 225)t)

y(exp((cva — 5,:23_;)75) -1+ u%

v(t) = v’ exp((ae — fv*/(fu"))t), ult) =

)

with vy = aa/(aa— 53;

0.1At2 and 5 - 1072 At* are also plotted for comparison, and we can check that
the RK4 scheme behaves asymptotically as 3.5At*, meaning that the 04 scheme
RK4 scheme with a time step At/16 has around the same accuracy as the O4
scheme using K = 4 and time step At.

As in [3], we see that the number of iterations needed to keep the order
of accuracy (that is 4 for O(4) and 2 for O(2)) is a sharp bound, both for
the splitting and 2d-scheme. The O2 2d-scheme (which is in fact the classical
predictor-corrector scheme) is more accurate than the O2 splitting scheme for
a given At, and for the O4 scheme, the splitting scheme is little more accurate.
Concerning the efficiency, the O4 2d-scheme with K = 4 is around 50 (resp. 30)
slower than the RK4 scheme, in our python (resp. C') implementation, meaning
that it is around 3 (resp. 2) times slower than the classical RK4 scheme for a
given accuracy.

). Numerical results are shown on Figure 1. The functions

The guiding center model We now consider the guiding center model. Cen-
tered Lagrange interpolation of degree 17 (ref. [2]) is used for the interpolation
and the characteristics (assumed to be exact in the previous analysis) are ap-
proximated by the RK4 method, for the 2d-scheme and by a RK2 method for
the splitting scheme (similar results are obtained with a RK4 scheme). Initial
condition is f(t = 0,z,y) = sin(y) + 0.015cos(z/2), = € [0,4n], y € [0, 27],
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Error at time T=5 vs At (2d-scheme) Error at time T=5 vs At (splitting scheme)

001,/“7 001l 1

==

5 1x10°8 FO2(K=1) —— k| 5 1x1076 FO2(K=1) —— k|
th.l 02(K=2) —+— ut_l 02(K=2) —+—
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At At

Fig. 1. Error at time 7' = 5 vs At for 2d-scheme (left) and splitting scheme (right) for
the May model

periodic boundary conditions are considered for f, Dirichlet boundary condi-
tions for @. Numerical results are shown on Figures 2, 3 and 4. We consider
only the O4 scheme with K = 4: the 2d-scheme and the splitting scheme. The
reference solution has been computed with the O4 2d scheme with 256 x 256
spatial discretization points and a time step At = 0.0078125. Both schemes
exhibit a convergence order around 4, with enhanced convergence for the 2d-
scheme for large time steps and convergence order around 5. For comparison,
we consider also the fourth order time-scheme (RKEI4) developed in [11], whose
error is approximated by the function 4-10~*At*. The cost of the O4 2d-scheme
is around 6 times slower, while the error is divided by 40. So again, we see that
the scheme is around 2 —3 times slower than the RKEI4 scheme for a given
accuracy. On the other hand, it seems that the O4 schemes seem to behave well
regarding the mass and energy conservation (see Figure 3), and they have both
similar accuracy. This is rather unsual for splitting schemes. The L' et L? norms
are on the contrary better conserved by the RKEI4 scheme. Note also that the
splitting version, despite the known inherent disadvantage of breaking the con-
servative/advective form of the equations, is faster (around 6 times faster than
the 2d version, in our implementation, in the O4 case), can be easily parallelized,
and conservative versions are easier to handle. The fact that it gives quite good
results for a high order time discretization (O4 here) may thus enlarge its range
of applicability.

5 Conclusion and perspectives

In this paper, we present second and fourth order composition schemes for the
guiding-center model. They are based on explicit steps and approximated adjoint
steps, which are all composition of 2d or 1d transports. Note that the total
number of steps is quite large: for instance, the fourth order method requires 30
steps per iteration (counting all the steps of the fixed point iterations). However,
the numerical simulations show that it is only 2-3 slower than the RKEI4 scheme
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[11]. Since composition methods reduces the amount of copies of f to be stored,
they can still be competitive for some applications.

Moreover, the method is quite generic. Here a semi-Lagrangian scheme has
been used for the spatial discretization but conservative schemes, like finite-
volume or discontinuous Galerkin schemes, could be considered instead. The
method could then be tested to more complex models.
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Fig. 2. L* error at time T' = 5 vs At for 2d-scheme (left) and splitting scheme (right)
for the guiding center model for different spatial discretizations. The functions 3 -
1075A5, 4-107*At*, 1074 At* and 4 - 107%At3S are also plotted for comparison.
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