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Abstract

Structure preserving exact splitting based semi-Lagrangian methods are proposed for a
plasma hybrid model with kinetic ions and massless electrons. Two subsystems with mass,
momentum, and energy conservation are obtained by a Poisson bracket-based splitting
method. For the subsystem in which the distribution functions and the fields are coupled,
the second order and reversible modified implicit mid-point rule is used in time with the
specially designed mean velocity. The distribution functions are not involved in the iterations
and are solved by exact splittings with only one dimensional advections, which makes the
proposed schemes efficient. The cancellation problem is overcome by the numerical schemes
constructed. Moreover, for the case with a periodic boundary condition, the magnetic field
obtained is divergence free, mass, momentum, and energy are conserved. The methods can
be extended to cases with multiple ion species.
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1 Introduction

In this paper, we consider the exact splitting [3, 5] based semi-Lagrangian methods [9, 38]
with the improved number of one dimensional advections for a plasma hybrid model [34,
48] with kinetic ions and massless electrons:

d d d
kineticions: L +v. L 4 L pyuxm . 2L o,
ot ax m ov
0B
Faraday’s law: PRl -VxE, V-B=0, (1)
\%
Ohm’s law: E=——p—ue><B, ue=u—l.
p P

Here, f(t, x, v) denotes the ion distribution function depending on time ¢ € R, position
x € R3 and velocity v € R3, each ion has charge ¢ and mass m, p is the electron charge
density with p = en,, where n. is the quasi-neutrality number density, which is equal ton =
4 [ f dv with the electron charge —e, e and u = ¢ [ v fdv/p are the electron/ion current
carrying drift velocities, respectively, E (¢, x) and B (¢, x) stand for the electromagnetic fields,
J = LV x B denotes the plasma current with the vacuum permeability 110, and p is the
pressure. When the electrons are isothermal, the pressure is determined by the density as
p = kpT.ne, where kg is the Boltzmann constant, 7, is the electron temperature [39]. When
the electrons are adiabatic, p = Cn? with C = po/ng and y # 1, where pg and ng are
initial or equilibrium values, and y is the ratio of specific heats [1]. As mentioned in [26],
for more complex systems with gradients in the initial conditions, it is necessary to include
the following separate evolution equation for the electron pressure p [39],

dp

§+V~(uep)+(y—1)l9v~ue=0, y # 1 (2)
For isothermal/adiabatic electrons, the electron response is assumed to be fast and local,
such that the pressure always follows the density according to an adiabatic law, the electron
pressure equation is more general and can be extended when non-adiabatic effects (e.g. heat
transport, kinetic corrections) are important [26, 39, 48].

Many particle-in-cell methods [14, 24, 27, 29, 32, 39] and grid based methods [34, 45,
46] have been proposed for this hybrid model. Here, we focus on the latter and use the
semi-Lagrangian method [9, 38] to solve the Vlasov equation. One challenge in solving this
hybrid model is to choose a suitable mean fluid velocity of the ions to advance the velocity
distribution of the ions, so that the schemes have good conservation properties and are also
efficient. The current advance method [32] based semi-Lagrangian methods are proposed in
[45]. And in [34, 46] the exact splitting methods [8, 47] with moving (back) the frame are
used to treat the nonlinearity of the mean velocity, and give efficient methods by solving the
rotation part of the Vlasov equation as one dimensional advections. However, the methods in
[34, 45, 46] do not preserve, momentum, energy, and other properties at the same time. The
main improvement in the current work includes, 1) The specially designed mean velocity is
used to overcome the cancellation problem [40], and the pressure term is considered in the
exact splitting [3, 5]; 2) The mid-point rule is used for the magnetic field and pressure, such
that the mass, momentum, and energy are conserved.

Semi-Lagrangian methods with exact conservation properties for kinetic equations have
been proposed and developed in the literature. We list some references here. The mass and
momentum conserving properties of the cubic spline-based semi-Lagrangian method [38]
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for the Vlasov—Poisson equations have been given in [37]. Conservative semi-Lagrangian
methods have been developed, suchasin[11, 13, 50], in which the positivity of the distribution
functions can be guaranteed when appropriate flux limiters are used. Efficient semi-implicit
semi-Lagrangian methods that conserve mass and energy have been constructed for the
Vlasov—Ampere equations in [31] using the conservative semi-Lagrangian methods [13,
50] without filters. In this work, we choose to use the cubic spline based semi-Lagrangian
method [38], due to the good compromise between accuracy and efficiency [37] and the
ongoing implementation for the hybrid model (1) in Gyselalib++ [6, 15].

In order to reduce the cost associated with the high-dimensional distribution functions,
for semi-Lagrangian methods [9, 38], splitting techniques [33], such as directional splitting
[20, 45] and Hamiltonian splitting [10, 17, 28, 35], are employed to avoid high-dimensional
interpolations, thereby reducing the problem to one-dimensional advections. A useful tech-
nique is the exact splittings [3, 5], which does not have time discretization error, and reduces
the rotation part of the Vlasov equation, i.e., % + (v x B) - g—-ﬁ = 0 into one dimensional
advections. With the complicated Ohm’s law in the hybrid model considered, in order to
reduce the number of one dimensional advections, the splitting methods [16, 33, 41] with
smaller number of sub-systems are preferable, motivated by which, in this work we present
an exact splitting for % +(E+vxB)- ?T{: = 0 by decomposing the electric field E as the
sum of the perpendicular and parallel parts to the magnetic field B.

Thanks to the proposed exact splitting, the Poisson splitting [21] based on the Poisson
bracket [30, 43] gives only two sub-steps when the electron pressure equation (2) is included
in the model (1). For the sub-step in which the distribution functions are coupled with the
magnetic field and pressure, the second order and reversible modified mid-point rule with the
exact splittings [3—5] are used with a specifically chosen mean velocity, i.e., the time average
of itself, such that mass, momentum, energy are conserved, and the cancellation problem
[40] is overcome. And the Fourier spectral methods are used for the discretization of the
fields. The proposed schemes are efficient in the sense that only one dimensional advections
are needed for the update of the distribution functions thanks to the exact splitting, and the
distribution functions are not involved in the iterations, which are only about fields, i.e., the
schemes are semi-implicit [21, 25, 31], due to the good property of the cubic spline based
semi-Lagrangian methods [38] for the velocity moments of the distribution functions. The
other sub-step only involves the spatial advections, which also conserves mass, momentum,
and energy exactly when mass-conserving methods, such as Fourier spectral method [36],
are used.

With the time discretization and the specially chosen mean velocity mentioned above, all
the above properties also hold when higher order spline based semi-Lagrangian methods [37,
38] are adopted for the distribution functions, the central finite difference method is used for
the fields [39], and there are multi-species ions.

The paper is organized as follows. In Section 2, we introduce the Poisson bracket and
describe the sub-steps defined by the Poisson splitting method. In Section 3, the discretizations
by Fourier spectral method and semi-Lagrangian method are conducted. In Section 4, we
show the schemes of the two sub-steps and the conservation properties. Section 5 presents a
reduced model with one spatial dimension and two velocity dimensions, which is employed
for numerical simulations. In Section 6, we validate the time accuracy order of the time
semi-discretization, check the performance of the schemes, simulate the Landau damping
and Bernstein waves, and present the errors of mass, momentum, and energy. In Section 7,
we conclude the paper with a summary and an outlook to future works.
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2 Poisson Brackets

As [27] we normalize the hybrid model (1) with the following characteristic scales,

t VA
r= 5 v=0vvp,x = x/§ . B =B Bri, E = E'vABret, p= p/mnrefviy
p=pene,u=uva,J=Jenecva, H="Hmnesvx,
kgTe . P6 . .
Ki=—, (isothermal electrons), C := —-— (adiabatic electrons),
muvy (no

/ 2 /
PO = PoMm Nref Vg, 1O = N Nref,

where primed quantities are dimension-less, Q2 = ¢ Brer/m is the ion cyclotron frequency,
Bref is the characteristic magnetic field strength, vaA = Brer//ftomnrer denotes the Alfvén
velocity with n.f the characteristic particle density, and the parameter « denotes the ratio of
kgTe to mvg for isothermal electrons, and C denotes the normalized constant for adiabatic
electrons with y # 1. Then we obtain the following dimensionless hybrid model with general
electrons in the case of single ion species with unit charge !,

af of af
L 4v. .~ +(E B)- =0,
or TV oy TETVXB)- o
0B
W=—VXE, V-B= s
Vv 3)
E:——p—uexB,
P
ap

J
3 TV @)t DpVoue=0 uwe=u—", y#L

where p = f fdvandu = f v f dv/p. In the case with the isothermal/adiabatic electrons,
the pressure p is determined with the density p as p = kp for isothermal electrons, and
p = Cp? for adiabatic electrons with y # 1.
In the following, we focus on the case with general electrons, the case with isothermal
or adiabatic electrons can be considered similarly. There is a Poisson bracket for model (3)
proposed in [27, 30] based on the results in [43]. The Poisson bracket {-,-} : V. x V — V,
for the model (3) is, where V denotes the vector space of functionals F : (f, B, p) — Ron
the space of unknowns,
{(F. G} ={F, Gl + {F, g}pvb- 4

The detailed expressions of these two sub-brackets are provided in the appendix 8.1. The
energy of the dimensionless hybrid model (3) is

&= %/|v|2fdxdv+%/|3|2dx +/ yp [dx = K+ Kp+ Ky, y#1(5)
With energy (5) and Poisson bracket (4), the hybrid model (3) can be written in a Poisson
bracket form Z = {Z,€&} with Z = (f, B, p). Poisson brackets provide a theoretical
foundation for constructing structure-preserving methods. For example, geometric particle-
in-cell methods have been constructed based on Poisson brackets in [7, 19, 22, 23, 49] for
the Vlasov—Maxwell equations.

' We omit the primes on normalized quantities for simplicity in the remaining parts of this work.
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The time discretization is obtained by the Poisson splitting methods [21] based on the
decomposition of the full bracket (4) into two parts, which gives two sub-steps conserving
mass M = f f dx dv, momentum P = f v f dx dv, and energy £. The first sub-step called
pub, corresponding to the sub-bracket {F, G} pup, is

af af

Y (E B .- —o,

or TEFVXB) -

0B A\

2 _vxE E=-P _u xB, (6)
at 0

p

J
” +V-(wep)+(y—1)pV-u.=0, ue=u—;, y # 1.

The second sub-step called xv, corresponding to sub-bracket {F, G}y, is

af o
So= v Vaf. 7

We can derive the equation of J f = [ v f dv or u from the sub-step pbv (6)

a du \Y% Vx B)x B
ﬁ:_var(vXB)xB, or—:——p+¥, ®)
at at P P
i.e., the contributions of the two terms, v x B and —u x B, cancel each other in the time
evolution equation of the J ;s or u. This property needs to be preserved after numerical
discretization, otherwise the so-called cancellation problem would arise [40].

3 Discretization

In this section, we present the details of the discretization, which will be used in the dis-
cretization of sub-steps in Section 4. Periodic boundary conditions are imposed in space.
Fourier spectral methods [36] and semi-Lagrangian methods [38] are presented in detail. For
the time discretization of the unknown a, we denote its approximation at n-th time step, i.e., at
t = nAt,asa", where At is the time step size. For field unknowns a, a”*é = %(a” +a"+l).

Here, we define the notations used in the phase-space discretization. We consider the
domain @ = Q, x Q, in which Q, = IT3_,[0, Lo, @, = T2 _ [—v¥, v*], Lg, v¥, and
vy are real numbers, v’ and vy are chosen such that it is also reasonable to assume periodic
boundary conditions in velocity. We use uniform grids in space and velocity. The grids and

duals of grids (in Fourier spaces) [5] along the «-th space direction are

G% = Axg [0, My — 11, Ax = Lo/My, G = 2% [[—[M“ —1. [ﬁﬂ] ©

Ly 2 2

where M, denotes the number of grid points in a-th space direction, the variable implicitly
associated with G* (resp. G™) is denoted as X, (resp. &y). The grids in the «-th direction
of the velocity are

; v —vff
G% = Avg [0, Ny — 1], Avy =
Ne

’

where N, denotes the number of grid points in the «-th velocity direction, and the variable
implicitly associated with G is denoted as v,. We also define Ax := Axj;AxyAxsz, and
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Av := AviAvyAvs. The variable x (resp. v) is implicitly associated with the three dimen-
sional grids G* = szlG)‘“ (resp. G¥ = Hg’l:lG”C‘) [22]. Similarly for the frequency, we
have the variable & implicitly associated with the duals of grids G = Hg[:l G

For a scalar function s (x), its discretization on G* is denoted as s, for which we define the
discrete partial Fourier transforms F, along x, direction in appendix 8.2 [4], and its value
at grid x € G* is sy. For the pressure p and the «-th component of the magnetic field By (x),
corresponding discretizations on grids G* are denoted as p and B, respectively. And the
value of the discretization B at grid x € G* is denoted as By = (Bj x, By, B3,X)T.

The definition of partial discrete Fourier transformation, discrete V for a scalar function
s, discrete V x and V- for a vector function B, and the proof of VX V=0and V-Vx =0
can be found in appendix 8.3 [7].

We denote the approximation of the distribution function at uniform grids G* x GV as
f. The Fourier coefficients f defined on the grids G* x G are obtained by discrete Fourier
transform in space for f. With f, we can take the discrete velocity moments and get p, J 7 «,
u, and u,,

Px = Z fxv Av, Jf,a,x = Z fyv Vo Av,

veGY veGY

Uy x = Jf,a,x/Px» Ue o x = Uy x — (V X B)y/py,

which are associated with their Fourier coefficients p, j foas U, and u, via discrete Fourier
transform.

Computation of the one-dimensional advections. In this work, the distribution function is
updated via only one dimensional advections, so here we present the details of solving the
one dimensional transport equation of the function f (¢, z)

af  af
— — =0 R. 10
ot Caz ¢ (10)

The domain is [a, b] and a periodic boundary condition is assumed. When we consider a
specific advection along some space direction, the variable z would represent corresponding
components of x. We use a uniform grids G* with cell number M, and its duals G? as (9), the
variable implicitly associated with G* (resp. G?) is denoted as z (resp. B), The discretization
of f,i.e.,f,is a function defined on G*. When we use Fourier spectral method, f is updated

in time as '
fl‘H-] — ]_-Z—le—chlﬂ]_—Z fi’l7 (11)

where F is the discrete Fourier transform,

F,:C% > ¥t f= Z foe 1B,
7eG*

Lemma 1 For the translation (11) conducted with the Fourier spectral method, we have
ZZEGZ on+1 = ZZEGZ fzn'

Proof Based on the definition of discrete Fourier transform [36], we have

ot =it Y =1

zeG? zeG*

AsB=0,f = and Y, - B0 = 3,6 £2. o
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When we use the cubic spline based semi-Lagrangian method [38], first we reconstruct a
continuous function Zf"(z) := ), - €,C(z — 2) using ", where e, is the coefficient of
C(z — z), and C(z) is the cubic B-spline,

@2 — |zl/Az)? if Az <|z] <2Az
C@) =gy 4-06(2l/A2)° +3(1zl/A2)° if 0= 2] < Az
0 else

and the coefficients e of the cubic splines are obtained by a fast solver given in [37] when
periodic boundary conditions are imposed. When the support of C(z — z) extends beyond
the domain, we handle it using the periodicity assumption. Then the distribution function is
updated as

271 = 78" (z — cAr). (12)

The cubic splines on an uniform grid G* of the velocity domain R have the following prop-
erties on the moments, i.e., a generalization of partition of unity, which is proved with the
partition of unity, the recurrence definition of splines, and by induction [44].

Proposition 1 [44] For the cubic spline C(z), we have

/ 7 C(z)dz = E Zz+r)C@z+r)Az, Vr eR,s =0,1,2.
R g

zeG?
Based the Proposition 1, we have the following result about change of variables.

Proposition 2
Z ZCaz+r) Az = Z(z —r'C@) Az, VreR,s=0,1,2.

zeG* zeG*
Proof We here focus on the case with s = 2, the cases with s = 0, 1 can be proved similarly.

Y 2C@+r) A=) (z+r—r)Clz+rAz

zeG? zeG?

=Y @+r)’Ca+r)Az+ Y r*Cz+rAz— Y 2r@z+r) Cz+r)Az
zeG? zeG? zeG?

=Y ZC@Az+ Y rPC@A— Y 2rzC(2) Az
zeG? zeG? zeG?

=Y @-r’C@A:z
zeG?

where the third equality holds because of the Proposition 1. O

Proposition 3 For the cubic spline based semi-Lagrangian scheme (12) with an infinite
domain R and uniform grids G*, we have

Z 25 = Z f; z+cAt)', 5s=0,1,2.
2eG? zeG?

Proof For the cubic spline interpolation of ", 7f" (z) = ), . €,N(z — z), we have f) =
If"(z), and 27! = Zf"(z — cAt). Then we have

Yot =3 Y eCz—z—cANZ =) > Cz—2) (z+cAr)
z2eG? z2eG? 7eG* z2eG* zeG*
=Y £} z+cAr),
zeG?
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where for each Z, we have used the Proposition 2. O

Next we give three identities of the scheme (12), which will be used in the following for
proving the conservation properties of the schemes.

Lemma 2 For the cubic spline based semi-Lagrangian method (12) for the equation (10)
with an infinite domain R and uniform grids G*, we have the following identities

Sgptt=3 " Yyt =N 2t oA Y

zeG* zeG* zeG* zeG* zeG*
1 E zzf”“—l E 22+ ¢ At E zf"—i—c—m E £
2 z T2 z

zeG* zeG? zeG* zeG*

Proof The first two equalities have already been proved in the Proposition 14 and 15 in [37].
Here we focus on the third equality, which can be proved with Proposition 3 and has been
mentioned in [37]. For the cubic spline interpolation of £, Zf" (z) = ), g €,C(z — 2), we
have f} = Zf"(z), and fg“ = It" (z — cAt). With the Proposition 3, we have

— Z 2t = Z Z + cADf!

zeG zeG
1 2 1 20,2
ZEZZ f;’—I—EZc At ff+cAtsz§'.
zeG* zeG* zeG*
Thus we have finished the proof. O

Remark 1 In practical simulations, the infinite velocity domain is truncated to a sufficient
large finite domain, such that the distribution functions are very small near the boundaries,
which makes the Proposition 2-3 hold with round-off errors for the first and second order
moments [37].

4 Sub-Steps

Here, we present the discretization for sub-steps pvb and xv. After full discretization, we
have the following discrete mass M,, a-th component of momentum P, o, and energy &,
the conservation of which will be considered for each sub-step,

My, = fov Ax Av, Phg = Zvafxv Ax Av,

Z|v| foy Ax Av + — Z|Bx| Ax+7ZpXAx (13)

= Kfn+Kpn+Kphp.

As mentioned in Remark 1, in this section we work with a periodic boundary condition in
space and an infinite velocity domain, and in the practical simulations we have to truncate the
velocity domain into a sufficiently large finite velocity domain, which makes the conservation
properties of the momentum and energy we prove in this section hold with round off errors
[37].
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4.1 Sub-Step pvb

The equation of this sub-step is

af af

ik B —o,

or T(EFTVxB) o

B \Y%

§=—VXE, E=_l_ueXB,
p (14)

ap J
5 TV @)t DpVoue=0 ue=u—"1 y#L

u

5—(E+u><B):O,

where we include the equation of u by taking the velocity moments from the Vlasov equation
Time discretization. The following modified mid-point rule is used for the time discretization
of (14) between the time interval [, t*11]

? V x B"t1 af Vp'ti
i+ v_ﬁ_f_xi XB”+%.i_ p .7f:()7
at P av P v
n+1 _ pn n41
u=_vx _Vp : —l_leXB'H_% ,
At 0
n+l _ .n V x Bn+2
: 4y (PH%fle)+(V—1)p”+%V-i¢e=0, e =1 — ,
At P
9 \v/ BVH*% \V/ VH’%
“_<u_a+x >xBn+%+” =0, (15a)
ar P P
trH»l
u=— u(t)dr, 15b
), O (15b)
in which f is not discretized in time and updated as
A x 0 = F0" X0, (16)

where v” is the solution of the following characteristics at time 7" with v(" T = v,

1 1
V x B2 Vp'ta
i,:(v_,;+)x3n+;_ P

o o

Also the equation of # (15a) [31, 37] is not discretized in time, and it can be solved with an
explicit formula (18) given below. The density p is not changing in time, so we omit the time
index. The u is fixed by the condition (15b), i.e., u is the time average of u(t) satisfying the
equation (15a), which is obtained by the velocity moment of the Vlasov equation in (15).
To avoid the heavy iterations involving the kinetic part in implicit schemes, semi-implicit
schemes [21, 25, 31] have been proposed, in which once the moment equations are derived
and substituted into the field equations, the lower-dimensional field equations remain implicit,
while the kinetic equations become explicit. Here we adopt a similar strategy, firstly derive the
equation (15a) of u, and then plug the u obtained by solving (15a)-(15b) into the equations of
B and p in (15). After solving field equations and obtaining the updated B and p, we finally
solve the Vlasov equation. f is not involved in the iterations in the implicit scheme (15).
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The u determined by the condition (15b) is essential for preserving the scheme’s con-
servation and cancellation-free properties, and it also removes the time dependence of u
in the Vlasov equation, thereby enabling the use of the shifted-velocity-frame exact split-
ting introduced below, which avoids costly three-dimensional interpolations when applying
semi-Lagrangian methods [38].

The explicit formula of u. By sphttlng into the parallel and perpendicular parts of

the magnetic field, i.e., when B”+2 #0,

Vp”"‘% —gx B Vp"*’% _ B3 N Vp”""%
P r ), |B"*3 2 P
1 1 1 1 (17
Vpn+2 Vpn+2 .B"t2 pBnt3
r ), B o |B"+%|2’

and when B"+2 = 0, we setq = 0 and regard p parallel to B"*2, we have the solution

of (15a)
g V x B3
u(r) = ~MB 2 (u"—ﬁ—i—x —q
0
. . (18)
V x Bn+§ Vpn+§
- g (-1 ,
o o I
1
where Bv := v x B. With the explicit formula of e'B [18]
antl in(t B""'% L sin B"+2 antl oAyl
etB 2:]13—{-8111(' ] |)Bn+2+2 (| |)Bn+B 3
|B" 2| B2
n+1
and by directly calculating ftt,, ’ u(t) dz, we have the following explicit formula of u,
_ V x B'1 [ v xB: At [(Vprti
u=u"+—m—-q+M | —m-— +q— — , 19)
p 2 ||
An+%
where M = 0 A tB 2 g,

Proposition 4 The matrix M is invertible ifAt|B”+%| #*2km, ke Z, k> 1.
At
Proof The eigenvalues of B""? are 0 and :|:i|B"+% |, from which we know the eigenvalues
of M are 1 and 8¢ +i2 sin (£), where & = A¢|B"+3|. Then when 6 # 2k, k € Z,k > 1,
the eigenvalues of matrix M are non-zero, and matrix M is invertible. O

The Proposition 4 implies that the At used for solving the Vlasov equation in velocity should
not be 2k /| B"*3 | with k € Z, k > 1.

As the time integral average approximates the mid-point value with the error of O(Ar?),
by comparing it with the standard mid-point rule, we know that the modified mid-point
rule (15) is second order in time.

Reversibility. Then we consider the reversibility [16] of the modified mid-point rule (15).
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Theorem 1 The scheme (15) is reversible.

Proof By the definition of reversible schemes, we need to prove when we exchange the
unknowns at " with "1, and set At = —At, the same scheme as (15) is obtained.

For the scheme of the magnetic field and pressure in (15), we can see we only need to
prove # is not changed when we exchange u” with #"*! and set At = —At, which is true
due to the equation (15a) satisfied by u is reversible. Also the scheme of f is reversible, due
to reversibility of the Vlasov equation in (15). O

Theorem 2 When we assume a periodic boundary condition in space, and an infinite velocity
domain, mass, momentum, and energy are conserved by the time discretization (15). Also the
cancellation problem (8) is overcome.

Proof The mass conservation is easy to prove by directly integrating the Vlasov equation
in (15) in phase-space with the periodic boundary condition.
Multiplying by v on both sides of the Vlasov equation in (15) and then integrating with
respect to v and ¢ gives
tn+l . .
J”*‘—J”:/ Jr(t) x B 2dt — At pu x B"T2
f f o f( ) P (20)
L ATV x B2 x BT — At VpitE,

where the first two terms cancel out due to the condition (15b), and thus the cancellation
problem (8) is overcome. By integrating the above identity (20) with respect to x, we get

prtl _pn = / [AtV x B"1 x B"F1 — Arvp"+%]dx
1
Bn+7 2
- / |:AIV : (B"+%B"+% - |2|H3> - szp”%]dx -0,

. . - 1 .
where in the second last equality we have used the condition V - B2 = 0. This proves the
momentum conservation.
[v]

Multiplying by - on both sides of the Vlasov equation in (15) and then integrating in
phase-space and with respect to ¢ between ¢ and " ! gives

2

n+%

\Y%
K;’.“—K?:/—ﬁxB’”%-dexdt—/ P - Jpdxdt

0

a
VXB’H'% 1
—I—//ixB”Jr?-dexdt,
p

b

(22)

where the first term vanishes due to the condition (15b). Multiplying by B"*7 on both sides
of the equation for the magnetic field in (15) and then integrating with respect to x gives

V x B3
K — Ky = —At/B'”% LV x ( x B"H) dx
0
\v/ }’H’%
+Az/3"+% LV x (ﬁxB"+%)dx+Az/B”+% oV ox 2 4x,
0

b c
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where the first term vanishes via integration by parts. Integrating the pressure equation in (15)
with respect to x gives

—At
KZH _ KZ — ﬁ/v . (pn+% i,)dx _Az/p’“r%vadx
a
v Bn-‘r%
+At/p”+%V-X7dx7
P

c

where the first term vanishes via integration by parts. The sum of the remaining terms with
the same label cancel out via integration by parts and the condition (15b), and the energy
conservation is proved. O

Exact splitting. For the resolution of the distribution function, if we directly use semi-
Lagrangian method [38] to solve (16), costly three dimensional interpolations are needed [28].
According to the theory in [3], exact splitting that avoids high dimensional interpolations can
be constructed for (16). In the following, we give an explicit exact splitting for (16) with the
help of the decomposition of the pressure term (17) and the exact splitting for rotations [3, 5].
With the exact splitting presented below, only one dimensional advections and interpolations
are needed, and are thus efficient.
We firstly have a closer look at the characteristics,

v Bn+% \v4 n+%
b= v—ﬁ—q+X7 x Bt [ 2P
P P I

ol V x Bn+% \vJ n+%
— B (v_a— q-+ (£ )
P P I

. . oantd . . .
which defines the matrix B" ' 2. The solution of this equation for v(t"*) = v" is

s V x B"3 V x B"3 vpits
IOt AN U PP A A LY A
’ g vy

(23)

1
caid
The rotation matrix e? =8 * can be decomposed as the product of four shear matrices [3,

5,8, 47]. Correspondingly, the distribution function can be solved via several one dimensional
translations. Specifically, the distribution function can be updated as follows,

1. One dimensional advections in the three velocity directions.

Vpn+%

() — " v+Az( ) =: f{'(v) (24)
I

2. One dimensional advections in the three velocity directions.

V x B"'*';)

) — f (v +u+q-— =: f3' (v). (25)
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3. Solve the equation % + (v X B”+%) . %—'5 = 0 by exact splittings proposed in [3-5], i.e,

1
An+7 -
. _ Io. Doy ® oy .
Fi@) = e DB 20V gy — AT ATV (A0 ) (26)

where s is any fixed number in {1, 2, 3}, y‘gl) = y‘S’) = 0, for Vk # s, y,Ek) =0,

k € {1,2,3}, and y(l), y(’ ), y(k) € R3 can be obtained by an iterative method given
in [5]. f3' is obtained from f3' in four steps, where in each step only one dimensional
advections are needed.

4. One dimensional advections in the three velocity directions.

V x B”‘”'%

fg”(v)—>f3"<v—ft—q+ 5

) = ", ). (27)

Remark2 When we update the distribution function via one dimensional advections, we
can also compute the second, third and fourth steps (25)-(27), and then compute the first
step (24), i.e., (24) is commutative with (25)-(27). The reason can be seen from the solution

of the characteristics (23). The term — At (V p"+% / ,o) is parallel to the magnetic field, and

we have the following equivalent solution of the characteristics (23)

" angd V x BnJr% \v/ nJr%
v =B [y g 22— o (2R
p v,

i V x B3

Remark 3 1In practical simulations, as [34, 46] the second step (25) and last step (27) are
equivalent to moving the velocity grids with

i V x B'*3

And the step (26) is conducted with the new velocity grids after the second step. Exact
splitting and moving velocity grids have been used in [34, 46], but the pressure term is not
added in the exact splitting, also overcoming the cancellation problem and the conservation
of momentum and energy have not been investigated.

Full discretization. We denote the above four steps (24)-(27) with the notations 7;,i =
0, 1, 2, 3, respectively, in which the cubic spline based semi-Lagrangian methods [38] are
used for the one dimensional translations, i.e.,

fn+1=7—37—27—176fn.
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And we use Fourier spectral method to discretize the magnetic field and pressure. Specifically,
we have the following full discretization.

" =BT Tt

\V4 n+%
B"T =B" — AtV x (—ﬁe % B"t1 — p),

P
n+l _ n | |

% +V- (ﬁeanrj) +(y - ])anr? (V-u,) =0,

3 V x B2 vp'ta

LA R L L VS (o SN S (292)

ar o P
t”+1

a= ~ u(r)dr, (29b)
ti’l

VxB

1
n+~
whereu, = u — 72. Similarly to the time semi-discretization (15), we have the explicit

formula for u:

_ V x B"2
a=u"+ ——— —¢q
o
V x B3 At (vprts GO
X
M| -t q- = P )
2 L l
Ll
where M = i OAt ¢™""2 47, We denote the numerical solution map of sub-step pvb as

t

pvb*
Theorem 3 When we assume a periodic boundary condition in space, and an infinite velocity
domain, the mass, momentum, and energy (13) are conserved by the scheme (29) of sub-step

pub, the cancellation problem (8) is overcome, and the magnetic field obtained is divergence
free.

Proof From (29) we have

Vn+%
V.B" =V.B"— A1V .V x (-ﬁexB“%—p)
o

As V- Vx = 0, we know that the magnetic field is divergence free provided it is initially.
The discrete mass, M7, is conserved, as the distribution function is updated by the one
dimensional advections in (24)-(27), each of which conserves the mass due to the first identity
in Proposition 2.
With Propositions 2 and 3, we get the following updated mean velocity corresponding to

the four steps (24)-(27),
1
uh!l =u" — At e
LA

1
n+s
n,2 n,1 q V x B""2

P

1
D/t
2
n,3 eAtB un,2
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V x B2
p .

We can verify that u"*! is the solution of the equation (29a) at ¢ = "*! with the condition
u(t") = u”. Then by integrating the equation (29a) we have

it n+l n+l
un+l_un:f ll—l_l-‘rLBz XB,H%_VP 2 dt,
" 14 P

where the first two terms cancel each other due to the condition (29b). Then we have

un+l :un,3 +ﬁ+q—

n+1

VXB?H—% \v/ Vl+%
AEL LRI i)
p p

i.e., the cancellation problem (8) is overcome. Then we can calculate the momentum and get

un+l —u"=A

1 n+l
P pp = o (9wt < s 3o
xeG* xeG*

where the second term is zero, as by the definition of the discrete Fourier transform, for the
zeroth mode

> (Vp)x = (Fp)o = 0i (B)o = 0. (31)

xeG*

As for the first term, with V - B’”‘% = 0, we have
1) o gt iy et _ 1BYP
\Y% 2 = . _Zh
Z( % B Z)XXBX S |v-|B, B, —L| |0 (2
xeG* xeG*
where By, is the trigonometric interpolating polynomial
By(x)= ) Bee™™, with B;(x) = By.
Se(f}x
By the discrete orthogonality of the Fourier basis [36], i.e.,
Y e X = My MyMs b, VEE € G
xeG*

we know Eq (32) is equal to zero. Then we have proved the momentum conservation.
We define the Kinetic energy density as ky x = % >y Iv|*f,, Av. With Propositions 3 and
2, we get the following updated kinetic energy density corresponding to the four steps (24)-

(27),
v n+% n n,l
k;»1=kf;—mp< Ld ) Lt
I

P 2

1
kn,Q _ kn,l B Atp . - V x Bn-&—2 ' un,l +un,2
f f 0

2
n3 _ yn?2
ky™=ky
\v4 Bn+% n,3 n+1
k'}+1:k'}’3+Atp<ﬁ+q— x )~u tun
. 0 2
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We can verify that k’;“ is the solution of the equation

. ntl
%-}-pﬁxB"*% -u—;o(VXB2 XB”+£> -u
g (33)

at t = "1 with the condition kp(t") = k’}, where the u in (33)is the solution of the
equation (29a) with the condition u(t") = u”. By integrating the equation (33) in time we

have
tn+1

K }:—/t i x B2 .udr

n

ian n44 ntl
V xB""2 \v4 2
—i—/ 0 ARG VA ‘u—p P " ular,
" p o

where the first term is zero due to the condition (29b). Then with the condition (29b), we
have

(34)

n+%
LBy (35)
P

v

VvV x Bn-‘r% 1 _
k.’;“ - ’}:Atp(p ><B”+2> -0 — Arp
Summing the equation (35) over x and multiplying with Ax gives

1
(V x B"12) +1\
K — }’h=AtAprX<X><Bz 2 ) g

xeG* Px
a
(36)
\V4 n-‘r%
—Af Ax Z px(pi)x Sy .
xeG* Px
b

Multiplying with BZ+2 on both sides of the second equation in (29) and summing with
X, we have

1
Kih —Kp, = AtAx Y (V x B'1), - (ﬁx X BZ*Z)

xeG*

a

V x Btz 1
— AtAx Y (V x B, <(X)X x BZ*Z)

xeG* Px
\V4 n-‘r%
+ALAx Y (V x B, OPT2)x
xeG* Px

where the second term is zero.
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Summing the third equation in (29) gives

1 1 1
+1 _ nt3 n+s
Kpi = Kpy=——Arhx > <V x (ue p" 2)>

xeG~ X
1
1 V x B2
FATAX Y (VP )y T —ArAx Y (VP VxBx
xeG* xeGx Px
b c

where the first term is zero. The remaining terms with the same label cancel with each other,

and we have proved the energy conservation.
In conclusion, we have proved the mass, momentum, and energy conservation, the mag-
netic field is divergence free if it hold initially, also the cancellation problem (8) is overcome.
O

Remark 4 Without destroying the conservation properties, the magnetic field and pressure
can also be discretized using the central finite difference method, the important properties of
which include V x V =0, V- Vx = 0, and integration parts [39].

Remark 5 The scheme (29) is not reversible. The reason is that the cubic spline based semi-
Lagrangian method for one dimensional advections is not reversible.

Remark 6 1In the case of isothermal/adiabatic electrons, there is no pressure equation in the
hybrid model, instead the pressure p is determined by the density p directly, i.e., p = «p,
and p = Cp?, respectively. Similar to theorem 3, the scheme (29) without the scheme of the
pressure but with the relation p = kp? or p = Cp? can be proved to preserve the mass and
momentum. The energy, including a non-quadratic thermal energy term, is not conserved [27].
Also the magnetic field is divergence free if it is initially, and the cancellation problem (8) is
overcome.

As a summary of the sub-step (14), we write the computation steps into Algorithm 4.1.

4.2 Sub-Step xv

The equation of this sub-step is

o _y.V
a7 v-Vif

for which only one dimensional translations need to be done, for which we choose to use
the Fourier spectral method (11) in each spatial direction. We denote the numerical solution
map of sub-step pxv as ¢’ .

Theorem 4 When we assume a periodic boundary condition in space, the scheme (11) of
sub-step xv conserves mass, momentum, and energy defined in (13) exactly.

Proof We explicitly write out the scheme (11) for sub-step xv as
' = F R i AvER R AL,

from which we know f'(’)’f - f'(’)’v. The mass, «-component of momentum, and energy (13)

can be denoted as
>0 > m) by Ax Av,

xeG* veGY
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Algorithm 1 Sub-step pvb, n-th step to (n + 1)-th step
1: Input: f*, B", p"

2: Compute p", u” with £

3: Start Picard iteration with B"+1.0 = B pnt1.0 — pn

4: for k = 0 to Maximum Picard iteration number do

. . 1 n_ gntl.k 1 otk
Compute mid-point values, B"+2’k %,p""'z‘k =Etp

5
6:  Compute @i with B"+2’k p"+ **_and p" by Eq. (30)
7:  Plug u into the Eqgs. (29a)-(29b) and update B+ 1A+ gng p"Jrl k1

1 1
1 v B”+7’k 1 v n+§.k
BUHLAH Bt AV x [ax B TR - X2 T grtak TP
o" o
1
pn+1,k+l =p' — A1V . (uk n+ k) At(y — 1)pn+7’k (V ) l—]lg)
n+ 1 k
where ﬁ]Lf =u-— %
8: if [Brtlk — prt Lkl o pntlk _ prtlk+l) - Tolerance then
9: Bn+l — Bn+l,k+l’ pn+1 — pn+l,k+l’ break
10:  endif
11: end for
12: Update f by £+ = 73 TQ T To £, with o, p", B""2 and p"+z
13: return f+1 Brtl prtl
with m(v) = 1, vg, |v|? /2, respectively. Then we have
Z Z m) £ Ax Av = Z m(v) f'(’,’fl Ax Av
Gx GU Gv
Xe ve . ve (37)
=Y mWigAxav= )" > mvf, Ax Av,
veGv xeG* veGY

i.e., the mass, momentum, and energy defined in (13) are conserved by the scheme (11). O

By the composition methods [16], we have the following second order Strang splitting method
(411,

At
b B, B3

5 1D-2V Reduced Model

Here, we consider a reduced model which is one dimensional in space and two dimensional
in velocity, in which the distribution function is f (¢, x1, vy, v2), and the magnetic field is in
the form of B = (0, 0, B3(x1))". The reduced model reads

af af af af af af
RN N AN N AN N A
or = Vlgy, V235, TUthsy,, Tuabsy - mmbsy -
lopaf 1 0B3d
P f+ 1,88 S

;37)61871)1 0 38)61 dvy
0B3

0 1 1
985 _ 9 By, p=ffdv, u =—/v1fdv, uzz—/vzfdv,
at x| 0 0
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0 ad v fdv ad vy fdv
A TN L N A R ATE L (38)
at 0x1 P 0x1 Jo

For this reduced model (38), we have the following two sub-steps after Poisson splitting [21,
27]. As in the three dimensional case, we use uniform grids in phase-space with grid numbers
M, N1, N3 in directions x1, vy, v2, respectively.
Sub-step pvb. The sub-step pvb is
af af af af af
— =—-nB3— B3z — B3 — —u1Bz—
9 v2 28 + vy 38 + un 331 uj Py
1dp d BB d
Vapar 1, 0B 0f

p 0x1 0V P 3ox; dx1 ovg

0B3 (39)

0 1 1
— = ——(u1B3), p:/fdv, u1:f/v1fdv, uzzf/‘vzfdv,
at dx1 P P

] 0 vy fdv 0 vy fdo

Op 0 (Jufdv N, gyt nsd

at 0x] 0x] P

A scheme similar to (29) can be constructed, in which the two dimensional rotation is solved
by the exact splitting presented in [4]. The scheme overcomes the cancellation problem,
conserves mass, momentum, and energy.
Sub-step xv. The sub-step xv is
d 0
i =— f (40)
at 8x 1
This sub-step is solved with Fourier spectral method (11), and the mass, momentum, and
energy are conserved.

6 Numerical Experiments

In this section, firstly we check the time accuracy order of the schemes constructed. Then
we use the 1D-2V reduced model (38) to simulate Landau damping and Bernstein waves
with the schemes constructed. The Fourier spectral method (11) is adopted for solving sub-
step (40). And the cubic spline based semi-Lagrangian method (12) is used for solving the
Vlasov equation in the sub-step (39). The tolerance of the Picard iteration is 10~14,

6.1 Time Accuracy Order and Performance

Here we firstly check the time accuracy order by 1D-2V dimensional simulations. The initial
conditions are:

=01 up—0.22

1 2 )
f = 72(1 + 810)6 T T )
VT
8

By =1+ 0.01sin(2kx;), p=0.09(1+ )",
k=1

where §p = 0.01sin(2x1), and vy = 0.4. The computational parameters are as follows,
grid number 16 x 128 x 128, and domain [0, 7] x [—2.5, 2.5] x [—2.5,2.5]. We use the

A A
Strang splitting ¢, ¢§5b¢x2v . In table 1, we present the /; error of £, B3, and p att = 0.1,
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Table 1 The /] errors and convergence orders of the unknowns for different time step sizes.

At Error f Order f Error B3 Order B3 Error p Order p
0.1 16.88 - 1.723 x 1072 - 2611 x 1073 -

0.05 4710 1.84 5.209 x 103 1.73 7.884 x 1074 1.73
0.025 1.226 1.94 1.375 x 1073 1.92 2.081 x 1074 1.99
0.0125 0.3119 1.97 3.470 x 1074 1.99 5.252 x 1072 1.99
0.00625 0.0802 1.96 8.539 x 107> 2.02 1.292 x 1073 2.02

the reference solution is obtained by a very small time step 0.001. We can see when Ar
becomes smaller, the order of convergence becomes closer to 2, which indicates that the
Strang splitting gives a second order accuracy in time.

We check the performance of each part of the scheme for the above case with At =
0.00625. The field solver needs 6 Picard iterations to converge on average, the field solver
takes 1.474 x 10~3s per time step, the velocity advections with the cubic spline interpolation
in the pvb sub-step take 0.198s per time step, the space advections by Fourier spectral method
of sub-step xv take 0.157s per time step. Most of the computation time is spent on the kinetic
part, because it has a higher dimensionality than the fields.

6.2 Landau Damping

Next we simulate ion Landau damping by 1D-2V dimensional simulations without back-
ground magnetic field. Initial conditions are:

1 L L
far v =—5+8p)e T T, By=0,
TL’UT

where §p = 0.01sin(0.4x). Grid numbers are 32 x 128 x 64, the simulation domain is
[0, 57] x [—8, 8] x [—8, 8], the time step size is At = 0.1, and vy = 1.4142. As there is
not magnetic field, we regard the V p/p parallel to the magnetic field, and the steps (25)-(27)
are not needed in (/)ZU 5+ We used cubic splines interpolation for the velocity advections in
sub-step pvb, and Fourier spectral method for the space advections in sub-stpe xv.

At At

The numerical results with the Strang splitting ¢,3 ¢ﬁgb¢3 [16] for the case of the
isothermal electrons with k = 6.25 are displayed in Fig. 1. As the pressure equation is not
needed to solve in this case, the sub-step pvb is the usual semi-Lagrangian advection in
velocity with the electron pressure gradient and no Picard iteration is needed. ||p — 1 ||% with
p = [ f dv decays exponentially with a rate close to the theoretical one, which is obtained
from the dispersion relation formula in [24, 39]. As semi-Lagrangian methods do not have
noise, compared to the results of particle-in-cell method [27], a clear decay rate is observed.
The energy error is around 10~°. The mass error is around 10~%, and momentum errors in
vy and vy directions at the level of 10714, 10717, respectively.

Next we consider the case with the electron pressure equation and y = 5/3. We use the

At At
Strang splitting ¢, ¢ ﬁv’ bqu%, [16]. The initial distribution function is the same as the isother-

mal electron case, and the initial electron pressure is p(x1) = 6.25/y(1 4 §p)Y . This case
is equivalent to the formulation with adiabatic electrons p = 6.25/y (1 + 8p)? and without
explicitly using the pressure equation. The y in the denominator of p = 6.25/y (1 + ép)”
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1074
1076

108
0l T energy error

10 —-—== mass error

10-12 momentum error -x
—— momentum error -y

B ﬂ:f’\“\‘n"xf‘\\ A:"\ -
! \f v

10714
10—16

— lp—1I3
———————— theoretical rate -0.057

0 10 20 30 40
time time

10—18

Fig. 1 Landau damping The formulation with the isothermal electrons. Time evolutions of energy error,
mass error, momentum errors, and ||p — 1||%.

1074
—— energy error 10-3

10 ---- mass error

e —— momentum error -x | 109-4
10 —— momentum error -y
10710 107
10712 10-6
10714 10-7
1071 1078 — lo-1I3
10-18 W MM theoretical rate -0.057

20 30 40 0 10 20 30 40
time time

Fig. 2 Landau damping The formulation with the electron pressure equation. Time evolutions of energy
error, mass error, momentum errors, and ||p — 1 II%.

ensures that the linearized model coincides with the linearized isothermal case considered
above, leading to the same decay rate for the perturbation of p. In the simulations, around
15 Picard iterations are used in the sub-step pvb. See the numerical results in Fig. 2. We
can see the time evolution of ||p — 1||% decays with the same rate as the isothermal electron
case, mass error is around 10~ !4, and momentum errors are 10714, 10~17 in x, y directions,
respectively. The energy is also conserved very well, with an error around 1072,

6.3 Bernstein Waves

We use the 1D-2V reduced model for simulating the Bernstein waves. The initial conditions
of the isothermal electron case are:

1 -l 2 [k
f(x1,v1,00) = —e T~ T, Bi(x)) = 1+10_SZsin (,xl>.
TUy P 2
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dispersion relation

102 6
—— energy error
10_1 —-—== Mmass error
—— momentum error -x 5
10—4 —— momentum error -y 4
1077 33
10_10 2 1 O e oo _"
10713 Ve e
-16 e | 26 2
10 0 5 10 15

Fig. 3 Bernstein waves The formulation with isothermal electrons. Left figure: time evolution of the errors
of mass. momentum, and energy. Right figure: the dispersion relation of the Bernstein waves.

The computational parameters are: grid number 64 x 128 x 128, domain [0, 4] x [—3, 3] X
[—3, 3], time step size At = 0.05, vy = 0.4, final computation time 80. We used cubic splines
interpolation for the velocity advections in sub-step pvb, and Fourier spectral method for the
space advections in sub-stpe xv.

At At
For the isothermal electron case with k' = 0.09, we use the Strang splitting ¢ ¢1§Ut b¢XTU
[16]. We show the the time evolutions of energy error, momentum errors, and mass error, and
the dispersion relations of Bernstein waves in Fig. 3. The errors of mass, momentum, and
energy are around 10713, 10713, and 10™!!, respectively. The red lines in the second figure
of Fig. 3 denote the analytical dispersion relation obtained by the Python package HYDROS
[42], and we can see that our numerical results fit in well with the analytical dispersion
relation.
Next, we consider the case with the electron pressure equation and y = 5/3 with the

A Ar
Strang splitting ¢, ﬁ; »®xv [16]. We use the same initial condition as above and the initial

value of the electron pressure is p(x1) = 0.09. Note that with the initial condition we choose,
the hybrid model with the electron pressure equation is equivalent to the hybrid model with
adiabatic electrons, y = 5/3, and p = 0.09p%. On the numerical side, we should also
preserve the relation p = 0.09p" as much as possible.

The computation parameters are the same as in the isothermal electron case. The results
are presented in Fig. 4. We can see the energy is conserved with an error around 10~!2. Mass
and momentum errors are around 10~13. In the second figure, we can see several branches of
the numerical dispersion relation, each branch becomes flat when the wave number becomes
large, which is classical in the dispersion relation of Bernstein waves. These branches fit in
well with the red lines, which denote the analytical dispersion relation of the hybrid model
with adiabatic electrons by HYDROS [42]. The error in /; norm (around 1073) of the relation
p = 0.09p7 is shown in the first figure in Fig. 4. It is also important to note that for general
electrons, i.e., non-isothermal and non-adiabatic electrons, there is no such relation that must
be conserved numerically.
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dispersion relation
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---- mass error
107t —— momentum error -x
——————— momentum error -y
074 Il — koY
p—kpY[1
1077 - -
10—10
10713
-16
10 0 20 40 60 80 15

time

Fig. 4 Bernstein waves The formulation with the electron pressure equation. Left figure: Time evolution
of ||[p — kp? |1 and the errors of mass, momentum, and energy. Right figure: the dispersion relation of the
Bernstein waves.

7 Conclusion

In this work, the cubic spline based semi-Lagrangian methods [38] are used to solve the hybrid
model with kinetic ions and massless electrons. Thanks to the exact splitting constructed,
the Poisson splitting [21], based on the Poisson bracket [30, 43], yields only two sub-steps.
For the complicated sub-step involving the update of the kinetic velocity with the mean
fluid velocity, a specially designed mean velocity is chosen to ensure good conservation
properties. The entire scheme is efficient, as it requires only one-dimensional advections
for the distribution functions, with nonlinear iterations applied solely to the field unknowns.
The scheme conserves mass, momentum, and energy, while also preserving the divergence-
free condition of the magnetic field and overcome the cancellation problem [40]. These
conservation properties are validated through numerical experiments on Landau damping
and Bernstein waves.

We are implementing the algorithms proposed in this work within Gyselalib++ [6, 15],
with the aim of subsequent physical applications. Other future work includes applying the
exact splitting to other electro-magnetic models, developing efficient solvers for the nonlin-
ear systems, performing simulations on domains with complex geometries, exploring other
discretization methods, such as the numerical methods in the framework of finite element
exterior calculus [2] and discrete exterior calculus [12].
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8 Appendix

8.1 Poisson Brackets of the Hybrid Model

F, Va}— V6 dx dvdv’
(F, Gl oy = — /f(v)f(v)— <v8fx 8f> xdvdv

8G B SF 8G
+/fB-VUﬁxVUﬁdxdv—/p (Vxﬁ> (Vx§>dx

+/£B-|:VU8£X<VX§> Vg (an—f)]dxdv
P Sf 8B Usf B

SF VX*_ffvv(;f 8G ffVUBf
—l—/J/P(SPV _%V P dx
Vp (8F 8G 8F 8F
G (7 /fv w) =55 (755~ [ 77 57aw) Jax

8F 8G 8F 8G
{}:g}xv:/‘f(ng‘vuﬁ—vyﬁ 6f>dxdv

8.2 Partial Discrete Fourier Transformations

For a scalar function s defined on grid G*, we define partial discrete Fourier transformations

as [4]

(CGX_) (C@Xl xG*2 xG*3

Fi1 —ix&]
s — § Sxi,%2,x3€ 4

x1€G*1

G _, G xG¥2 xG3

Fa —ix
s = § Sx1.,x2,x3€ 2%

X2 eG*2

G _, CC1xG® xG*3

F3 . —ix .
} s — Z Sx1,%2,%3 € 3

x3€G*3
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8.3 Discrete Operatorsof V, Vx, V.

v {CG‘ — C% xC¥ xc¥
| s FliEAsL F g Fas], F g Fs) T

Ct" xC® xC% - C% xC& x &

Vx - Fy i F2B3] — F5 ' [ig3F3By]
B — | 7 '[ig&sF3B1] — Fy '[i£1F1Bs]
Fy &1 FiBy] — Fy [i&2FB1]

o { C® xC® x ¥ - ¥
| B AiaFABI+ A i6FB) + 7 ligsFiBa]
We calculate V x Vs directly, the first component of which is
75 i (75 lisFas) ) - 75 liga 7 (75 o Fas )
= F; ' F5 ik Fs Fas] — Fy ' Fy igsié3 F3 Fas] = 0.
The second component of V x Vs is
75l (7 g s ) - 7 i A (5 g s )]
= 7y \FigiE B Fis] - Fy L F igsig FaFis] = 0.
The third component of V x Vs is
7l 7 (75 g Fos) )1 - 7 e (7l Fis) )
= F5 ' F gk FaFis] — F L F M igig P Fis] = 0.

Then we have proved that V x V = 0.
Next, we calculate V - V x B directly and obtain

V.V x B =F 1§ F(V x B ]+ F i&2F(V x B)y] + Fy [ig3F3(V
= 7 'lien 71 (7 ' i8272Bs] - 7 '[i6s73Ba1)]
+ 75 g7 (75 675811 - 77 li61 FiBs )|
+ 7 i 7 (7 6F1B2] - 7 'li2 7281 )|
= F ' Fy &6 P FBs] — F ' (i6116 7 F3By]
+ 7y L igigs R FBi — Fy U F ig1i€F F2Bs)

+ Fr F igis FL R Ba) — Fy  Fy igigs Fa FaBi]
=0,

by which we have proved that V - Vx = 0.

x B)s]
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