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the efficiency of the explicit scheme while simultaneously maintaining energy conservation
and unconditional stability properties of the implicit scheme without relying on nonlinear
iteration. The proposed ECSL method includes two main ingredients: the conservative
Semi-Lagrangian (CSL) scheme and a novel field solver. The CSL scheme is utilized for the

Ilfzsvr\f:jlznetic modeling phase space discretization of the Vlasov equation, which enables the scheme to conserve
Semi-Lagrangian scheme mass exactly and remove the Courant-Friedrichs-Lewy restriction. The novel field solver is
Vlasov-Ampére system proposed by coupling the Ampére equation and the moments of the Vlasov equation in
Energy conservation a semi-implicit way, allowing for an explicit and efficient calculation of the electric field.

The combination of the novel field solver and CSL ensures that ECSL scheme conserves
total energy and mass on the fully discrete level, regardless of spatial resolution and
time step size. Moreover, the ECSL scheme still provides reliable solution even when
its spatial and temporal resolution are insufficient to fully resolve the Debye length
and plasma period, making it a promising tool for multiscale and lengthy simulations.
Several numerical experiments are presented to demonstrate the accuracy, efficiency, and
conservation properties of the proposed method.

© 2023 Elsevier Inc. All rights reserved.

1. Introduction

Plasma is crucial for various applications, including semiconductor processing, space propulsion, and magnetically con-
fined fusion devices [1]. However, studying plasma behavior using traditional experimental methods is challenging due to
its highly dynamic nature, prompting to the development of various simulation methods. Among these simulation methods,
kinetic models, which begin with first principles and offer in-depth insights into the behavior of individual plasma parti-
cles, are particularly well-suited for comprehending the complex multi-scale plasma phenomena. This paper focuses on the
Vlasov-Ampere (VA) model, which is one of fundamental kinetic models for collisionless electrostatic plasma.
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To numerically solve the Vlasov equation in the context of the VA model, two main approaches can be employed:
particle-based approach and grid-based approach. Particle in cell (PIC) is a well-known particle-based method that involves
tracing the motion of a finite number of macro-particles [2]. While the PIC method is computationally efficient and suitable
for high-dimensional problems [3-6], it can produce inherent numerical noise, particularly for plasma flows with small
perturbations [7,8]. Alternatively, grid-based methods solve the kinetic equation directly in phase space and have been
widely used in nonequilibrium neutral flows [9-15]. We refer to this method as the direct kinetic method (DKM). As a
deterministic method, the DKM reduces numerical noise and allows for achieving high-order accuracy for phase space
discretization, making it suitable for studying fine-scale details that are inaccessible to PIC.

Several efficient and accurate DKM solvers have been proposed for the Vlasov equation, including Eulerian or semi-
Lagrangian finite difference [16-18], finite element [19-21], finite volume [22-26], and spectral methods [7,27,28]. Recent
reviews of these methods can be found in [29-31]. In particular, the conservative semi-Lagrangian (CSL) scheme is note-
worthy because it conserves mass exactly and can be free from the Courant-Friedrichs-Lewy (CFL) condition. Moreover, the
conservative form of Vlasov equation allows the use of dimensional splitting to reduce multi-dimensional problems to a
succession of one-dimensional problems. With dimensional splitting, the multi-dimensional, including 5D and 6D, semi-
Lagrangian schemes have been developed for the Vlasov simulations [32-35]. Furthermore, several non-splitting schemes
have also been proposed [36-38]. The focus of this paper is to develop an efficient, unconditionally stable and energy-
conserving DKM solver for multidimensional electrostatic plasma.

Although most DKM methods preserve system mass and achieve high-order accuracy, the conservation of total energy
has been not fully addressed. In lengthy simulations, numerical methods may create or eliminate spurious energy, leading to
unphysical outcomes such as plasma self-heating or cooling [5]. This issue becomes more pronounced when under-resolved
meshes or large time step sizes are used. To address this issue, Cheng et al. [39] provide an explicit Eulerian solver for VA
that conserves total energy on the fully discrete level. More recently, Einkemmer et al. [40] proposed a mass, momentum,
and energy conservative dynamical low-rank scheme for the Vlasov equation that modifies the Galerkin condition in a way
that the equations of motion enforce the momentum equations, thus mimicking the structure of the original equation.
This approach has also been applied to conservative low-rank algorithms for Vlasov dynamics [41]. In [42], Filbet and
Xiong proposed a conservative discontinuous Galerkin method for the Vlasov-Poisson system using Hermite polynomials
in the velocity space. Although these methods can exactly conserve energy, ensuring numerical stability still requires a
well-resolved numerical time step size with respect to the plasma oscillation period. The necessity of resolving the smallest
scales induced by plasma period, even if they are not of primary interest, makes these methods expensive for large-scale
and multi-scale simulations [5].

Several implicit DKM solvers have been proposed to eliminate the restriction imposed by the plasma oscillation period
while maintaining conservation of total energy. Cheng et al. [39] developed an implicit Eulerian solver for VA using implicit
energy-conserving temporal discretizations. Anderson et al. [43] presented an implicit algorithm for the fully kinetic 1D-2V
VA system that conserves mass, momentum, and energy up to a nonlinear convergence tolerance. To address the temporal
stiffness introduced by the plasma period, the authors used high-order/low-order acceleration of the iterative implicit solver.
More recently, Carrie et al. [44] proposed an unconditionally stable, time-implicit algorithm for the 1D Vlasov-Poisson sys-
tem using the Crank-Nicolson discretization scheme and operator splitting for the Vlasov equation. This method conserves
system mass and momentum exactly, but only approximately conserves energy. The authors also presented an unsplitting
algorithm that exactly conserves energy, but still requires the use of nonlinear iterative solvers.

In this paper, we aim to address whether we can develop a scheme that retains the efficiency of explicit DKM while also
preserving the benefits of implicit schemes, but without requiring nonlinear iteration. To the best of our knowledge, we
present the first DKM solver that can achieve exact conservation of energy and unconditional stability while maintaining
the desirable simplicity of explicit schemes. This is achieved using a new semi-Lagrangian scheme presented here, termed
the Energy-Conserving Semi-Lagrangian (ECSL) method.

The proposed ECSL method is based on two main components: the CSL scheme and the novel field solver. Specifically,
the CSL scheme is utilized for the phase space discretization of the Vlasov equation, enabling the method to remove the CFL
restriction and conserve mass exactly. Specially, we proposed a novel field solver by semi-implicitly coupling the Ampére
equation and the moments of the distribution function for plasma transport in the velocity space. This field solver, in
combination with the CSL scheme, enables the proposed method to remove the numerical constraints caused by the Debye
length and plasma period, as well as exactly conserve the total energy. Compared to the previous implicit DKM solver, the
ECSL method does not require nonlinear iteration, resulting in a comparable numerical cost per time step to that of an
explicit scheme. Furthermore, the ECSL method achieves second-order temporal accuracy using the Strang splitting method
and can be generalized to higher orders. The method can also be generalized to multidimensional plasma simulations using
the dimensional splitting procedures, which further enhance its efficiency. Finally, we present several numerical experiments
to demonstrate the accuracy, stability, efficiency, and conservative properties of the ECSL method.

The rest of the paper is organized as follows. The Vlasov-Ampére (VA) system and its normalization are introduced in
Section 2. In Section 3, the energy conserving semi-Lagrangian (ECSL) method is described in detail. We present the results
of numerical studies in Section 4. Finally, a summary is given in Section 5.
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2. The Vlasov-Ampére system

In this section, we recall the Vlasov-Ampére (VA) system and its equivalent form Vlasov-Poisson (VP) system. The VA
or VP system is a first-principles representation of the electrostatic collisionless plasma. The evolution of particles can be
described by the Vlasov equation,

q
atfs‘f‘vs'vxfs‘f‘m_sE'vvsfs:O, (1)
s

where fs = fs (%, v,t) is the velocity distribution function for species s (s chooses e for electrons and i for ions) moving in
d-dimensional velocity space with v at position ¥ and time t. Here q; and mg are the species charge and mass, and ¢ is
the permittivity. The electric field E can be obtained from the Ampeére equation,

eE+ J=0, (2)
where J =Y gsnsu; is the total current density, and nsus = [ v, fodv is the momentum for species s. Egs. (1) and (2) are

N
known as the VA system.
By taking the zeroth moment of the Vlasov equation (1) and summing over each species s, one can obtain the charge
continuity equation,

dp+V-J=0, (3)

where p = qsny is total charge density, and ns = [ fsdv is the number density for species s. Substituting Eq. (3) into
S
Eq. (2), and defining the V¢ = —E, one can obtain,

—gAgp = p. (4)

Eq. (4) is known as the Poisson equation and ¢ is the electric potential. As a result, when the charge continuity equation
(3) is satisfied, the VA system (1) and (2) is equivalent to VP system (1) and (4). In this paper, we focus on the VA system.

Without loss of generality, in this paper we consider the electrons dynamic with charge —q and assume the ions with
charge g form a uniform static background. It is well known that the Debye length A and the electron plasma frequency w)
are the characteristic spatial and temporal parameters for electrostatic plasma, which are receptively defined by

. ckgTe\ /2 (neq? 172
“\ ¢n » =\ em ’
e e

where kg is the Boltzmann constant and T, is the electron temperature.
We define the following dimensionless variables to normalize the VA system,

_ X = T _ m _ n
X=X—,T=T—,m=m—,n=n—,
0 0 0 0

_ v . t - f _ E (3)
j=— f=— . f== E=—_,
Vo to fo Eo

where xp, To, mp and ng are reference length, temperature, mass and number density, which are independent parameters.
Besides, we choose the reference velocity vo = /kgTo/mo, time tg = Xo/Vvo, electric field Eg = kgTo/qxo and the distribu-
tion function fp = no/vod. Once the four parameters xg, Tg, Mg and ng are chosen, the dimensionless VA system will be
determined.

In the current study, we let Tg = T, mg = me, ng = n; unless otherwise stated. The reference length xg will be given in
the specific simulation. Here we define the dimensionless Debye length X = A/xo. Accordingly, the dimensionless electron
plasma frequency @wp = wpto =1 /. In the rest of paper, all variables are dimensionless unless stated otherwise, but we will
drop the bar over the variables for simplicity. Then the VA system (1) and (2) can be written as

Of+v -Vaf —E-Vyf =0, (6)
MVOE+J=0. (7)

It should be noted that the subscript s of distribution function f is omitted in (6), since we only consider the electron
dynamic. Similarly, the Poisson equation (4) can be normalized as

—22Ap=1—n, (8)

which will be utilized to provide the initial electric field E in VA system (6) and (7).

3



H. Liu, X. Cai, Y. Cao et al. Journal of Computational Physics 492 (2023) 112412

It is well known that in principle the VA system conserves the total energy E;

1 5 A2 )
Et:i//v fdvdx—i—?/E dx,

Qx Qy Qyx

where the first part is the kinetic energy Ex and the second is the electric energy Er. Here, 2 represents the
physics domain, and €, represents the velocity domain. Besides, the total mass L; = fo va fdvdx and momentum
P= fo va v fdvdx of VA system should be conserved. However, it is challenging for numerical simulation to conserves
the mass Li, momentum P and total energy E; of VA system simultaneously. On the other hand, in the traditional explicit
kinetic solver, the numerical temporal and spatial step sizes (Ax, At) of the method are restricted by the normalized Debye
length A due to the numerical stability.

In the following section, we aim to develop an efficient semi-implicit kinetic scheme for VA system (6) and (7), which
not only exactly conserves the mass and total energy, but also is unconditional stable (its numerical parameter (Ax, At) is
free from A).

3. Numerical methods

In this section, we will describe the proposed energy conserving semi-Lagrangian (ECSL) method for the VA system (6)
and (7) and discuss its properties. The main components of the proposed method include the temporal discretizations in
Section 3.1 and high-order spatial discretizations in Section 3.2. Then we present the conservative properties of the proposed
ECSL in Section 3.3. Finally, the evolution procedure of the proposed method is presented in Section 3.4.

3.1. Temporal discretizations

In this section, we describe the temporal discretizations for the VA system (6) and (7), while considering f(x, v) and E(x)
are continuous at the phase space and physical space respectively. To develop an efficient energy conserving kinetic scheme,
we utilize the operator splitting algorithm to split the full VA system in two energy conserving subsystems. Then we present
the explicit and fully implicit energy-conserving scheme for these subsystems. Finally, we develop a novel efficient exactly
energy conserving semi-implicit scheme, which retains the efficiency of explicit scheme while preserving the stability of the
fully implicit scheme.

Following [39], the full VA system can be split into two energy-conserving subsystems: the Hamiltonian #; and Hamil-
tonian Hg system. The equations associated with the Hy system are given by

of+v-Vif=0,
otE=0, )

while equations associated with the Hg system are given by

of—E-Vyf=0,

MHE=—]. (10)

The physics behind Hy system (9) and Hg system (10) are well-defined, the former represents the particle transport in
physical space, while the latter represents the interchange of particle acceleration in velocity space and electric fields. These
two subsystems are similar to the Hamiltonian splitting in [45], but with slight differences in form. As both subsystems
are energy-conserving, we just need to design an energy-conserving temporal discretizations for each subsystem and then
carefully couple these two solvers to achieve the conservation in the entire VA system with desired accuracy.

With regards to the Hy system (9), any explicit Runge-Kutta or implicit method can be utilized to ensure energy con-
servation. This can be easily verified by taking the moments of f, but the details are omitted here. Instead, we provide a
brief explanation in Section 3.3. Specially, we utilize the semi-lagrangian scheme,

fx, v, 5t = fx — Atv, v, ), (11)

where the temporal discretization is denoted by t¥ for k-th time step. Obvious different from the explicit Runge-Kutta or
implicit methods, the Eq. (11) is exact in time.

As for the Hg system (10), which constitutes the core coupling effect of the VA system, caution must be exercised
in ensuring the energy conservation, i.e., the balance of kinetic and electric energy. Similar to [39], an explicit energy
conserving scheme can be devised as follows,

fk_H/z — fk + %Ek . vak ,

AZERHT = 32EK T Ar [ v fRH/2qy, (12)
fk+1 — fk 4 AtElH—l/Z . vak+1/2,
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where EKt1/2 = (EK+1 4 EX)/2. Obviously, the explicit scheme (12) is second order accurate in time. Despite being energy
conserving and free from grid heating or cooling [5], similar to the conventional explicit scheme in plasma kinetic simula-
tion, the numerical parameter in scheme (12) should be smaller than the normalized Debye length A due to the stability
restriction.

To remove the above stability restriction, a full implicit energy-conserving form can be easily utilized as follows:

fk+1 _ fk _ AtE’H—l/z . val<+]/2 =0,

32 (EKH — ERy = —Ar k12, (13)

where Jk+1/2 — (Jk+1 1 jky/2. The scheme (13) is also energy conserving [39], but it leads to the nonlinear coupling
between f and E. Even though advanced algorithms such as the Jacobian-free Newton-Krylov method [46] are available
for solving nonlinear equations, the numerical intensity of solving systems (13) still persists, especially in high dimension
simulations.

To preserve advantages of both the explicit scheme (12) and implicit scheme (13), here we propose a novel efficient
energy conserving semi-implicit kinetic scheme, termed ECSL. The main idea is based on two main ingredients: the coupling
of the particles acceleration and electric field by using the moments of the Vlasov equation, and the implementation of
the CSL scheme. On the one hand, both scheme (12) and (13) suggest that E¥*1/2 should be used to achieve the energy
conservation. If E¥*1/2 is given, the distribution function f(x, v, t**1) can be accurately obtained using the CSL scheme,

f@ v, 57 = fx, v+ AtEKT1/2 ¢y, (14)

The challenge now lies in obtaining E¥*'/2. On the other hand, inspirited by [26], by taking the first moment of the first
equation of system (13) or (10), and incorporating the Ampére equation, we obtain a linear system as follows,

]k+1 =Jk+AtEk+l/2nk+1/2,

AZEMH = )2k _ A k12, (15)

where n¥*t1/2 = nk since n**1 = nk holds true for system (10). This can be easily verified by taking the zeroth moment of
system (10). From a physics perspective, electric fields only impact the velocity of particles but not their mass. It should be
noted that the first equation in system (15) holds true without any approximations.

By solving the linear system (15), we can easily obtain the E¥*1 as follows,

EkH _ =8 At

= EX — k. 16
A48 A2+8] (16)

where § = ;nKAt2. Accordingly, we can easily obtain E¥+1/2

A2 At
EX —
A+8 222 +28
Thanks the using of CSL (14) and linear system (15), the current ECSL is energy conserving, as will be demonstrated in
Section 3.3.

Finally, we use Hf(At) to denote the scheme (11) for system (9), and Hg(At) to denote the scheme (14) and (15) for
system (10). The H(At) is exact in time due to the implementation of Eq. (11), while Hg(At) is second order in time
since the system (15) is second order. As a result, we can obtain a second order scheme for the entire VA system by using
the Strang splitting method as follows,

EKH1/2

Jk. (17)

H(AL) = Hy(At/2)HE (AH f(AL/2). (18)

It's worth mentioning that the current second order scheme (18) can be generalized to a higher order, since it is symmet-
ric in time. The extension of second order time reversible schemes into fourth order time symmetric schemes has been
successfully demonstrated in [39,47].

3.2. Spatial discretizations

In this section, we present the CSL scheme for the spatial discretizations of Eq. (11) in #Hy system (9) and Eq. (14) in
HEg system (10). The Eqs. (11) and (14) can be further expressed in a unified form,

9 f +dx(af) =0, (19)

where a denotes as either velocity v in Egs. (11) or electrostatic force —E in Eq. (14). The Eq. (19) is the linear hyperbolic
equation that enables the design of a conservative scheme following the characteristics lines. Here we employ the CSL
scheme [22,48], which is briefly reviewed as follows:



H. Liu, X. Cai, Y. Cao et al. Journal of Computational Physics 492 (2023) 112412

Firstly, we introduce a set of mesh points {x,-H/z}Ii of the computational domain [Xmin, Xmax], Where I; = [Xi_1,2, Xi4+1/2]
are uniform numerical cells with centers x; = (xi,l/z + xi+1/2) /2 and cell sizes AxX; = X;11/2 — Xi—1,2. Tracking characteristic
lines of the cell [xj_1/2, Xi4+1/2] backward, we can find its upstream cell [x;_1/2 — aAt,x;11/2 — aAt], which is denoted as
[x* x* 1. Accordingly, we have

i-1/27 Vi+1/2
Xiy1/2 X1/
/f(x,t"‘”)dx: / fx, tdx . (20)
Xi-1/2 X1p

Here we let each of the gird values to be equal the mean value over cell [;,

Xit1/2
1
k k
fi == E / f(X,t )dX (21)
Xi—1/2

Then Eq. (20) can be further rewritten in the flux form,

f,-k+1 = ff 4+ Fi_1p — Fis2, (22)

Xi_ Xi
where Fi_1/, = ﬁ fxiill/;fam f¥dx and Fiyq1/p = ﬁ fx,»ﬁ//;fam fkdx.
Several CSL scheme can be used to calculate the flux Fiiq/. In the case of ¢ <1 and a > 0, if we consider the third

order scheme [22],

1 1
=1+ 5 @10 @ =10 (1~ 1) + g A = ed @+ 1o (1= 7)) 0. (23)
where ¢ =aAt/Ax is related to CFL condition. If we consider the fifth order scheme [18],
Fit10 = (Wi F1 + waFa + w3 F3)e, (24)
where

w1 = 552+ 3l¢| + ¢?).
wy =156+ lo| —¢?),
w3 = 55(6 — 5p| + ¢?),

and

Note that the case of a < 0 is mirror symmetric with respect to x; of the above procedure, and for ¢ > 1, it can be handled
with a whole grid shift followed by the cases of ¢ < 1. The flux limiter, such as the PP limiter and WENO limiter, can be
employed in the transport equation for the physical space given by Eq. (11). However, these flux limiters cannot be used in
the velocity space transport equation represented by Eq. (14), as this would violate energy conservation. Further explanation
on this will be provided in Section 3.3. It should be noted that designing a strategy that ensures both positivity of f and
energy conservation is a non-trivial challenge.

The implementation of schemes (23) and (24) ensures that the current ECSL scheme precisely conserves mass and energy
with third and fifth spatial accuracy, respectively, as well being free from the CFL restriction. These claims will be verified
through numerical tests in Section 4.1.

3.3. Properties of the ECSL

This section will demonstrate the conservation properties of the proposed ECSL and provide a brief comparison with
other grid-based kinetic methods. Firstly, we will show that the ECSL exactly conserve the mass L; and total energy E; for
the whole VA system. To demonstrate the conservation properties of the proposed ECSL, we need to show that the mass
and total energy of the system are conserved under the system H ¢ (At) system (9) using CSL scheme (11), as well as the
He(At) system (10) using CSL scheme (14) and electric field (15).

Regarding the # ¢ (At) system (9) with CSL scheme (11), using Eq. (21) we can obtain that

//f(xi,vj,tk“)dxdv:z filj.“AxiAvj, (25)

Qy Q [
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where i =1,...Ny, j=1,..Ny and Ax; and Av; are the cell sizes in the physic and velocity space, respectively. For brevity,
we consider the periodic boundary condition. Using the CSL scheme (22), one can obtain that

k+1 k. pk k
> S ax =Z<fi +Fi12— Fi+1/2> AXi

1 1
K j k
=) fiaxi+ (Ff/z - FNX+1/2) AXi (26)
i

=3 shax,
i
holds true for each particle with velocity v;. As a result, the ECSL scheme exactly conserves the system mass,

szil_;+leiAvj:Z fi’;»AXiAVj. (27)
i i

Similarly, one can easily obtain the conservation of momentum and energy,

szffi§+leiAvjZZZiji’;AxiAvj’ (28)
i j i j

ZZVjijil;+lAXiAVj:ZZVjiji,;»AX,'AVj. (29)
i j i j

The above analysis suggests that energy conservation can be easily achieved for plasma transport in the physical space. One
can use any spatial and temporal discretization for the H s (At) system (9) if mass conservation holds true, given that the
particle velocity is independent of the integration of the distribution function in the physics space. This means that we can
enhance the numerical stability and control numerical oscillations of the s (At) system (9) by utilizing the flux limiter
and positivity-preserving limiter.

For the Hg(At) system (10) utilizing both CSL (14) and electric field (15), we can obtain the ECSL exactly conserve the
system mass, similar to Eq. (27). To facilitate comprehension of the conservation of momentum and energy, we begin with
Eq. (20) and define that

' k+1/2
- e )
v =v—q.E At (30)

following the characteristic line. Then we can demonstrate that the momentum,

/vf (x, v,t"“)dv :/ (v’ +quk+1/2At) f (x, v’,t") v’

Qy Q2y
(31)
= / v f <x, v, t") dv’ — n*AtEK1/2
Qy

is valid for each physical cell x;. As a result, we can express the total momentum for the Hg(At) system (10) as follows,

k+1/2
ZZijil;+lAX,’AVj = ZZiji’;+1AXiAVj — ZAtnfEﬁ / AX;. (32)
— = 7 ;

i j i

Equation (32) reveals that the momentum supplied by the ECSL is conserved if /Qx nEdx = 0, which holds true for many
well-known examples [39]. To ensure exact conservation of system momentum for a general case, one should consider the
other technique [40,42-44]. Regarding the conservation of total energy, we have

1 1 2
E/va (x,v,tk“)dv: Ef(v’—i-quk“ﬂAt) f(x, v’,tk) dv’
Qy Qy
1
= E/v’zf (x, v’,t") dv’-i-/qu"“/zAt (v’-i—qu"“/zAt/Z) f (x, v’,tk)dv’ (33)
Qy Qy

1
= / Vi f (x, v, tk) dv' + ALEKH12 k172,
Qy
where J¥M/2 = [0 qe (V' +qeE*T2At/2) f (x, v/, t*)dv’ is obtained from the first equation of Eq. (15). Then the total
kinetic energy Ey for the Hg(At) system (10) can be expressed as,

7
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1 k+1 1 I k+1/2 k4172
32 2 Vivily ANAV =53 ) v fAxiavi+ ) AET YT A (34)
P i i
Meanwhile, multiplying EfH/ 2 by the Ampére equation yields,
E{H—] _ Ek
32Zi i ght1/2 _ _]{<+1/2EI‘<+1/2. (35)
At 1 1 1

Then the derivation of the total electric energy Er can therefore be calculated as follows,

)‘2 k+1 )‘2 k
7 L |E ax - 3RS
1 1

Combining Eq. (34) and Eq. (36), we can see that the ECSL exactly conserves the total energy for the Hg(At) system (10).
1 o Ay 2 S P g = ] A Ay S| gk
32 2 Vvl Axiavi+ 5 ) BT Axi= 53 ) Jvivifiaxavi+ =5 ) |E;

i i i i

Note that Eq. (32) and Eq. (34) also can be derived from the discretized flux form Eq. (22). Additionally, to accurately
reflect the energy conservation of ECSL, one should consider that the velocity space is large enough so that the distribution
function at the boundary approaches zero, as indicated by Eq. (30) and Eq. (33).

As a result, we can conclude that the proposed ECSL exactly conserve the system mass and total energy for the whole
VA system, as will be confirmed by the numerical experiments in Section 4. Now let we discuss some differences between
the proposed ECSL and other grid-based kinetic schemes.

Compared to previous explicit Eulerian or Semi-Lagrangian schemes for electrostatic plasma simulation, the proposed
ECSL not only conserves total energy but is also unconditionally stable. The energy conservation property ensures stability
and the ability to predict physical results in lengthy simulations, while the unconditional stability property allows for large-
scale and multi-scale simulations since the numerical parameters are not limited by the normalized Debye length or CFL
condition. Several Semi-Lagrangian schemes [16,18,22,48,49] have been proposed for plasma simulation that overcome the
CFL condition limitation on the numerical time step, and energy conserving schemes [40-42,50] have also been proposed.
However, the numerical time step size of these methods is still limited by the plasma oscillation period. This limitation
can be overcome by incorporating semi-implicitly or implicitly the coupling between particle transport and field transport.
Following this idea, a few semi-implicit kinetic schemes have been proposed [25,26,51], but they do not conserve total
energy. More recently, an energy-conserving kinetic method was proposed for the Vlasov-Maxwell system based on the
regularized moment method [52]. Notably, when the magnetic field is absent, the method in [52] reduces to the VA system
similar to Eq. (15) presented in this study, but constrained by the CFL condition. To the best of our knowledge, no explicit or
semi-implicit grid-based kinetic scheme, particularly the semi-Lagrangian method, has achieved both unconditional stability
and energy conservation, despite the existence of some energy-conserving and unconditionally stable semi-implicit particle
methods [5,53].

On the other hand, few implicit grid-based Eulerian schemes have been proposed [39,43,44]. These implicit schemes are
analogous to the implicit scheme (13), which is energy-conserving and unconditionally stable. However, the results obtained
from implicit schemes require nonlinear iterations, making them more complex and difficult to implement. Additionally, the
tolerance of the nonlinear iterations can affect the energy conservation of the scheme. The implicit schemes are also time-
consuming, especially for high-dimensional simulations. In contrast, the proposed ECSL is a semi-implicit scheme and does
not require nonlinear iterations due to its use of the coupling of the moments of the Vlasov equation and Ampére equation,
as shown in Eq. (15). Furthermore, the current ECSL has the same numerical cost per time step as an explicit scheme.

Briefly, our proposed ECSL takes the best of both of the explicit and implicit scheme, preserving the efficiency and ease
of implementation of the explicit scheme while retaining the energy conserving and unconditionally stable properties of the
implicit scheme.

’ 2

2
Axi=— Y A2 P2 py, (36)
i

2
AXj. (37)

3.4. Algorithm

To enhance understanding of the proposed Energy Conserving Semi-Lagrangian (ECSL) method, we present its evolution
procedure. The procedure begins with the initial distribution function f* and electric field E¥, and evolves the ECSL from
time t¥ to tk+1 as follows:

(1) Update the Hf(At/2) system (9) by solving the CSL scheme (11) using Lie Splitting in physical space.
(a) Compute the third or fifth order physics flux using Eq. (23) or Eq. (24) in each physics direction;
(b) Obtain the distribution function f¥*1-* by Eq. (22) in each physical direction.
(2) Update the Hg(At) system (10) by solving the CSL scheme (14) using Lie Splitting in the velocity space.
(a) Compute electric field E¥*! using Eq. (16), and E*¥*'/2 using Eq. (17), where the current density J¥ is obtained by
taking the moments of the distribution function from physical transport step (1);

8
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Table 1
Particle acceleration: At =0.5(Av/v;;)>/2. The L2 error and convergence order in space using the third scheme (23).
4 Ny =32 Ny =64 Ny, =128 Ny =256
L? error Order L? error Order L? error Order L? error Order
f 1.01E-01 — 2.26E-02 216 3.34E-03 2.76 4.32E-04 295
E 9.62E-03 — 1.24E-03 2.95 1.55E-04 3.00 1.94E-05 2.99
Table 2
Particle acceleration: At =0.5(Av/vp)%/2. The L? error and convergence order in space using the fifth order scheme (24).
14 Ny =32 Ny = 64 Ny =128 Ny =256
L? error Order L? error Order L? error Order L? error Order
f 3.12E-02 - 1.84E-03 4.08 6.26E-05 4.88 1.97E-06 4.99
E 3.69E-04 - 1.09E-05 5.08 3.41E-07 5.00 1.07E-08 4.99

(b) Compute the velocity flux according to Eq. (23) or Eq. (24) in each velocity direction;
(c) Obtain the distribution function f*+1** by Eq. (22) in each velocity direction.

(3) Update the Hf(At/2) system (9) to obtain the distribution function fk+1 by solving the CSL scheme (11) using Lie
Splitting in physical space. Here, the distribution function f is initiated from the distribution function f¥+1-** obtained
in step (2).

It should be noted that the process of step (3) is similar to that of step (1), which is omitted for the sake of simplicity.
The steps from (1) to (3) are repeated continuously until either the simulation time is up or the criteria are satisfied.
Besides, the initial electric field is obtained by solving the Poisson equation.

4. Numerical experiments

This section presents four numerical experiments to validate the proposed ECSL. The experiments include particle ac-
celeration (0D1V), nonlinear Landau damping (1D1V), two-stream instability (1D1V), and 2D2V plasma wave. The proposed
ECSL is diagnosed using the time evolution of electrostatic energy Eg, mass L, and total energy E;. For comparison pur-
poses, we also present two non-energy conserving schemes termed CSL-PE and CSL-AE, which combine the CSL scheme
with Ampére equation (AE) Eq. (7) and Poisson equation (PE) Eq. (8), respectively. The evolution procedure of CSL-AE and
CSL-PE is similar to that of ECSL, except for the electric field evaluation in step 2a. Specifically, CSL-AE uses the formula
EX*1 = EK— At J¥ /22, while CSL-PE solves the PE using the finite element method [48] to calculate EX*1. For all simulations,
unless otherwise stated, the normalized Debye length is set to A =1, and the time step is set to At = CAXy/vm, where C is
the CFL number, AX;, is the minimum physical grid spacing, and vy, is the maximum discretized velocity. Besides, periodic
boundary conditions are imposed on both physical space and velocity space.

4.1. Particle acceleration

In this section, the particle acceleration (0D1V) is presented to investigate the accuracy and the conservative property of
the proposed ECSL. To simplify the analysis, we consider the motion of a negatively charged particle in a given electric field
E(t) = sin(t) within the velocity space v. The analytic solution for the particle distribution function can be derived as,

1 2
fv.t)= ﬁexp[ (v—E®)]. (38)
In our simulation, we define the velocity space as the interval [—vp,, vin] and discretize it with a grid of size N,. The time
step is set to At =CAv/Ep, where Av =2vy,,/N, and E;; = 1. Here we run this problem up to t = 4.

First, we test the spatial accuracy of the proposed ECSL. Table 1 shows the L? error and convergence order of the ECSL
using the third order scheme described in Eq. (23). To ensure that the spatial and temporal accuracy orders are the same,
here we set time step At = 0.5(Av/vy)3/? with vy, = 6. The third order convergence in space is clearly confirmed in
Table 1. On the other hand, Table 2 shows the L? error and convergence order of the ECSL using the fifth order scheme
Eq. (24) with At =0.5(Av/v;)>/%. As expected, the table confirms a fifth-order convergence in space.

Then we investigate the temporal accuracy of the proposed ECSL. Table 3 summarizes the L? error and convergence
order in time for different variables V with N, = 128. The table confirms that the ECSL preserves second-order accuracy in
time, which is expected since the E¥t1/2 is used. It is worth noting that the error for ECSL with the third order scheme and
fiftth order scheme is almost identical, and for brevity, we only present the results using the former scheme in Table 3. The
evaluation of L? error refers to [48].

Now we demonstrate the conservative property of the proposed ECSL. Unless otherwise stated, the remainder of the
paper will only present results obtained using the scheme described in Eq. (23). Fig. 1 presents the time evolution of the

9
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Table 3
Particle acceleration: Ny, = 128. The L? error and convergence order in time.
Vv C=05 c=1 c=2 C=4
L? error Order L? error Order L? error Order L? error Order
f 1.45E-03 — 5.80E-03 2.00 2.31E-02 1.99 8.95E-02 195
E 3.31E-03 — 1.32E-02 1.99 5.28E-02 2.00 2.09E-01 1.98
(a) 2 (b)0.2
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Fig. 2. Particle acceleration: N, =128, C = 2. Time evolution of the relative deviation of mass (a) and total energy (b).

electric field E, as well as the relative deviation of total energy AE; = [E;(t) — E{(0)]/E¢(0) predicted by ECSL, CSL-AE, and
the theoretical solution. It can be seen that the CSL-AE shows a significant deviation from the theoretical electric field E
when using a CFL number of C =1, resulting in a 20% increase in total energy. Although CSL-AE can predict the electric
field more accurately using a smaller time step with C = 0.1, there is still a 2% increase in total energy. Encouragingly,
the proposed ECSL not only accurately predicts the electric field with C =1, but also exactly conserves the total energy.
The contrasting results obtained by ECSL and CSL-AE suggest that considering the coupling of the moments of the Vlasov
equation and Ampére equation, as described in Eq. (15), would yield more physically accurate results.

Furthermore, we would like to emphasize that to accurately reflect the conservation properties of our ECSL, v, should
be large enough to eliminate boundary effects, as discussed in Section 3.3. In our implementation, we have chosen v, =8.
The conservation properties of the ECSL are not heavily reliant on the resolution of the velocity space. This is demonstrated
in Fig. 2, where we present the time evolution of the relative deviation of mass ALy =[L1(t) —L1(0)]/L1(0) and total energy
AE; with different grid sizes N, in the velocity space, using a CFL number of C = 2. It is evident from the figure that the
ECSL exactly conserves mass and total energy, even when a larger CFL number of C =2 is used.

The above arguments indicate that the proposed ECSL is capable of achieving third and fifth-order accuracy in space using
schemes (23) and (24), respectively, and second-order accuracy in time. Moreover, the ECSL ensures exact conservation of
mass and total energy for plasma transport in velocity space. It should be noted that the proposed ECSL can be generalized
to achieve higher-order spatial accuracy.
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Fig. 3. Nonlinear landau damping: C = 1. Time evolution of the electric energy (a) and the total energy (b).
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Fig. 4. Nonlinear landau damping: C = 10. Time evolution of the electric energy (a) and the total energy (b).

4.2. Nonlinear Landau damping

The proposed ECSL is now applied to simulate the nonlinear Landau damping for two main purposes. The first is to
investigate the conservative properties of the proposed ECSL for the whole VA system, as compared to the CSL-AE and
CSL-PE methods. The second is to investigate the effects of resolution of the physics space on the conservative property.

The initial condition for the simulation of the nonlinear Landau damping is given by

1 2
fx,v) m[l ~+ accos(kx)]exp(—v</2), (39)
with ¢ = 0.5 and k = 0.5. In our simulation, the phase space domain is set to be [0, L] x [—Vp, vim], where L =27 /k and
vm = 9. The phase grids are chosen as Ny =180 and N, = 180, unless otherwise stated. The simulation is run up to a final
time of t = 50.

First, we investigate the energy conservation performance of the ECSL in comparison with the CSL-AE and CSL-PE. Fig. 3
shows the time evolution of the electric energy logEr and the total energy E; with a CFL number of C = 1. As shown
in Fig. 3 (a), all schemes predict almost identical electric fields, as well the decay rate (y; = —0.287) and growth rate
(y2 = 0.078) of electric energy are consistent with the results in Ref. [10,19]. However, the three methods have different
performances in terms of energy conservation. As shown in Fig. 3 (b), the CSL-AE method has a worse energy conservation
performance, as the system’s energy increases over time, resulting in a 0.3% energy increase at t = 50. On the other hand,
the CSL-PE method has a larger deviation in energy initially, but it still maintains good energy conservation with an error
on the order of 10~ at t = 50. Encouragingly, the proposed ECSL exactly conserves the total energy.

The disparities among ECSL, CSL-AE, and CSL-PE become more pronounced when a larger CFL number of C = 10 is
employed. Fig. 4 shows that CSL-AE produces a higher electric energy than ECSL and CSL-PE, resulting in a 3% energy
increase. CSL-PE, on the other hand, provides almost the same electric energy as ECSL but still maintains energy conservation
with an error on the order of 10~3. Once again, the proposed ECSL ensures the exact conservation of total energy. One
possible reason for the difference in energy conservation performance between the CSL-AE and CSL-PE methods is that the
PE is a global equation, while the AE is local. Although the AE is more computationally efficient as it does not require
solving a linear global matrix, it is less accurate. This may explain why the PE is more commonly used in electrostatic
plasma simulations. Encouragingly, the ECSL method can achieve the same high accuracy as CSL-PE while maintaining the
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Fig. 5. Nonlinear landau damping: C = 1. Time evolution of the electric energy (a), relative deviation of total energy (b), absolute deviation of momentum
(c) and relative deviation of mass (d) with different physical grids Ny.

computational efficiency of CSL-AE. This is mainly owing to the appropriate coupling of the moments of the Vlasov equation
and AE which also ensures the exact conservation of total energy.

Then, we investigate the conservation performance of ECSL using the different physics gird sizes of Ny. Fig. 5 illustrates
the time evolution of the electric energy, relative deviation of total energy, as well as deviation of total momentum AP
and relative deviation of mass AL; using a CFL number of C = 1. Fig. 5 (a) indicates that the ECSL can accurately predict
an electric field using a coarse grid of Ny =45 that is almost identical to the one produced by a finer grid of Ny = 180.
Additionally, both simulations are exactly conserved in total energy and mass for the whole VA system. The momentum
conservation is also preserved in this simulation by the ECSL. The simulation results confirm the discussion presented in
Section 3.3, where it was noted that the physics space discretization has no effect on the conservation properties of ECSL.

It is worth noting that the high-order CSL scheme employed by ECSL allows for accurate prediction of microscopic
distribution function even with a coarse grid of Ny =45, as shown in Fig. 6. In addition, we also would point out that flux
limiters can be incorporated into physics space discretization process without compromising the conservation properties of
the ECSL. This allows for greater flexibility in the choice of numerical schemes used in simulations, while still maintaining
the accuracy and stability of the ECSL. The results with flux limiter are almost same as those of in Fig. 5, thus we have
chosen not to present these results here for brevity.

The above arguments indicate that the proposed ECSL ensures exact conservation of mass and total energy for the
whole VA system. Additionally, the conservation properties of the ECSL method are independent of the resolution of the
physics space, as evidenced by the simulation results. Furthermore, the high-order CSL scheme employed by the ECSL
enables accurate and efficient plasma simulations, making it a powerful tool for conducting accurate and efficient plasma
simulations.

4.3. Two stream instability

In this section, we utilize the ECSL to simulate the two-stream instability and aim to explore the accuracy and conser-
vation properties of the proposed ECSL for the entire VA system using a large time step. Specifically, we will investigate
whether the ECSL can conserve the total energy even when the plasma oscillation period (equivalent to the normalized
Debye length A) is not well-resolved by the numerical time step.
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Fig. 6. Nonlinear landau damping: C = 1. Phase space plot of the velocity distribution function at t =50 with fine grids Ny =180 (a) and Ny =45 (b).
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Fig. 7. Two stream instability: A =1, C = 1. Time evolution of the electric energy (a) and relative deviation of total energy (b).
The initial condition for the simulation of the two stream instability is given by

fx,v) = [1+ arcos (k)] [exp(—(v — vo)?/2v2) + exp(—(v + vo)2/2v]) |, (40)

1
2\/%\&
with @ = 1073, k=0.5, vo = 1.0 and v; = 0.4. In our simulation, the phase space domain is set to be [0, L] X [—Vm, Vm],
where L =27 /k and v, = 6. The phase grids are chosen as Ny =256 and N, = 256, unless otherwise stated. The simulation
is run up to a final time of t = 50.

First, we investigate the accuracy of the proposed ECSL. Fig. 7 presents the time evolution of the electric energy and
relative deviation of total energy predicted by ECSL using C = 1, together with the CSL-AE and CSL-PE solutions. As shown
in Fig. 7 (a), all of the methods accurately predicted the electric energy, where the growth rate agrees well with the
dispersion relation obtained from linear theory [54]. But only the ECSL exactly conserve the total energy, as shown in Fig. 7
(b). In contrast, the CSL-AE performs poorly on energy conservation, as the system’s energy increases over time, resulting in
a 2% energy increase. This observation once again highlights the significance of considering the coupling between particle
transport and electric field if the AE is used for plasma simulation.

Then, we investigate the performance of the proposed ECSL when the large time step size is used. Fig. 8 illustrates
the time evolution of the electric energy, relative deviation of total energy, as well as deviation of total momentum and
relative deviation of mass using different CFL numbers. The use of the CSL scheme in the current implementation of the
ECSL method not only eliminates the CFL constraint but also achieves greater accuracy by precisely tracking the trajectories
of particles over time. As depicted in Fig. 8 (a), the ECSL with C =50 produces nearly identical electric energy as the one
with C = 1. Moreover, even with a large CFL number of C = 50, the total energy E; and mass L; are conserved exactly, as
demonstrated in Fig. 8 (b) and (d). Additionally, the momentum is also well conserved.

Fig. 9 presents the phase space plot of the velocity distribution function at t = 50 with the CFL number of C =1 and
C =10. It can be seen that the microscopic structure captured by ECSL with C = 10 can be comparable to the results
with C =1, which demonstrates the high accuracy of the proposed method. The ability of the proposed method to predict
accuracy results even with large time step sizes is a highly advantageous feature in the lengthy simulations.

It is crucial to note that even when C =50 is used, the numerical time step At = 0.41 still accurately resolves plasma
period ng = ) = 1. Therefore, CSL-PE and CSL-AE schemes remain stable in this case. However, if At fails to resolve the
plasma oscillation period, both the CSL-PE and CSL-AE schemes become unstable due to their explicit nature [26]. On the
other hand, the ECSL scheme still produces reliable results, as demonstrated in Fig. 10, which illustrates the time evolution
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Fig. 8. Two stream instability: A =1, C =1, 10,50. Time evolution of the electric energy (a), relative deviation of total energy (b), absolute deviation of
momentum (c) and relative deviation of mass (d) with different CFL numbers C.
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Fig. 9. Two stream instability: A =1, C =1, 10. Phase space plot of the velocity distribution function at t =50 with CFL number C =1 (a) and C =10 (b).

of the electric energy and the relative deviation of the total energy at different normalized Debye lengths A. In Fig. 10
(a), the electric energy has been normalized by A2, with zero value replaced an extremely small value of 10716, The ECSL
scheme predicts the results for A = 10~3 and A = 1075, which are almost identical to those of the quasi-neutral limit
(A =0). It should be emphasized that all simulations used a fixed grid spacing of Ax=0.05 and a time step of At =0.008,
which is not limited by the normalized Debye length A. The total energy is conserved exactly in all simulations, even when
At> A,

The above arguments demonstrate that the ECSL scheme is unconditionally stable and can produce accurate results even
when using very large CFL numbers. Specifically, the ECSL can provide reliable results while exactly conserving the total
energy even when the time step At is much larger than the normalized Debye length A. This is particularly important
for understanding complex plasma dynamics that involve different regimes. Traditional numerical methods typically require
fine spatial and temporal resolutions to accurately capture small-scale dynamics. However, with the ECSL scheme, it is
not necessary to resolve these small scales induced by A, thereby reducing computational costs and enabling larger-scale
simulations.
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Fig. 10. Two stream instability: C =2, » =1073,107%, 0. Time evolution of the electric energy (a) and relative deviation of total energy (b) with different
normalized Debye length .
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Fig. 11. 2D2V plasma wave: C = 10. Time evolution of the electric energy (a) and relative deviation of total energy (b).

4.4. 2D2V plasma wave

In this section, we will apply the ECSL scheme to a 2D2V electrostatic plasma wave simulation. The main purpose is
to investigate the accuracy and conservation properties of the ECSL scheme in multidimensional simulations. The initial
condition for the simulation of the 2D2V plasma wave is given by

f&x,y,vx,vy) = [1 + a(cos(kxx) + cos(ky y)1fv, fv, (41)

4 Vi, Vty

with fy, = exp(—|vx|*/2v}), and fy, = exp(—(vy — vo)*/2V) + exp(—(vy + v0)*/2v{ ), where vy and v, are discrete
velocity points.

In our simulation, we set the wavenumbers as ky =k, = 0.5, the thermal velocities as v, = 1.0 and v¢, = 0.4, and the
drift velocity as vo = 1. The phase space domain is set to [0, Lx] x [0, Ly] X [—Vx,, Vx,] X [=Vy,, Vy,, ], where Ly =27 /ky,
Ly =2m /ky, vx, =9, and vy, =6. We choose Ny =Ny =64 and N,, = Ny, =128 as the phase space grid resolutions. The
CFL number is set as C = 10, and the simulation is run up to a final time of t = 50. Here, we briefly present how to employ
ECSL in 2D2V simulations. As shown in the algorithm in Section 3.4, we first update the H(At/2) system (9) using the
CSL scheme with Lie Splitting. Specifically, H(At/2) = Hg, (At/2)Hy, (At/2), where H g, (At/2) and Hy, (At/2) represents
the particle transport (11) in x and y direction, respectively. Next, we update Hg(At) = He, (A HE,, (At)?-tgvy (At), where
‘HeEg (At) represent the linear system (15) to obtain the electric field, Hg, (At) and HEVy (At), represent the particle trans-
port (14) in vy and vy, direction, respectively. Thirdly, we update H(At/2) system (9) again. This process continues until
the desired simulation time is reached.

Fig. 11 shows the time evolution of the electric energy and the relative deviation of the total energy. In Fig. 11 (a), the
expected linear Landau damping is observed in the x direction, while the expected two-stream instability is observed in the
y direction. The decay rate of electric energy in the x direction and the growth rate of electric energy in the y direction
predicted by ECSL both agree well with the linear theory [54]. Notably, ECSL conserves the total energy, as demonstrated in
Fig. 11 (b).
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Fig. 13. 2D2V plasma wave: C = 10. Time evolution of curl error for electric field (a) and Gauss’s law residual (b).

In Fig. 12, we also present the phase space plot the velocity distribution function for x — vy and y — vy cuts. The
linear Landau damping and two-stream instability can be confirmed in the plot. These observations are consistent with the
expected behavior of the system based on the linear theory, further validating the accuracy of the simulation results.

We further explore the time evolution of the curl error for electric field and the error for Gauss law, as illustrated in
Fig. 13, where the error is measured using the L, norm averaged in the whole domain. Note that directly utilize the AE for
multidimensional electrostatic simulation may result in a large curl error for electric field, as evident from Fig. 13 (a), where
the curl error predicted by CSL-AE increases with time and reaches up to 10~ at t = 50. Consequently, the error for Gauss
law shown in Fig. 13 (b) becomes significant, approaching nearly 0.1. However, encouragingly, even though the primary goal
of ECSL is to achieve total energy conservation and unconditional stability, it still preserves these two laws with small errors
that do not grow with time. This suggests that ECSL would predict more reliable results in lengthy simulations.

The above arguments demonstrate that the proposed ECSL performs well in terms of accuracy and stability in multidi-
mensional simulations, as well as its ability to precisely conserve total energy. Furthermore, the ECSL reduces multidimen-
sional simulations to a series of one-dimensional problems, allowing for easy extension to multidimensional simulations
while also making them more efficient and practical.

5. Conclusions

We have presented a novel grid-based kinetic solver, termed Energy Conserving Semi-Lagrangian (ECSL), for the Vlasov-
Ampere system. The proposed method retains the efficiency of the explicit scheme and preserves the benefits of the implicit
scheme. The key ingredients of ECSL include semi-implicit coupling of particle transport and electric field using the Vlasov
equation moments, as well as exact tracking of particle trajectories in time by using conservative semi-Lagrangian methods.
These key ingredients allow ECSL to conserve mass and total energy at the fully discrete level, regardless of spatial resolu-
tion and time step size. Additionally, the proposed method is unconditionally stable and can provide reliable results while
maintaining exact conservation of total energy, even when the grid size and time step cannot resolve the Debye length and
plasma period. Furthermore, the utilization of high-order CSL schemes allows for stable and accurate simulations, even with
very large CFL numbers. It is important to note that the proposed ECSL has the same computational complexity and cost as
the explicit scheme. We emphasize that our algorithm has been easily extended to multidimensional simulations, and also
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can be generalized to higher orders in both space and time. As a result, the proposed ECSL provides a promising alternative
for plasma simulations, especially in multiscale and lengthy simulations.

Further research is being conducted to build on the results presented above. For realistic 3D3V simulations, massive par-
allelization and memory reduction techniques are required. The proposed electrostatic field solver is advantageous over the
Poisson solver in that it can be easily parallelized, resulting in a highly scalable algorithm suitable for exascale computing
platforms. Additionally, further development of the current ECSL for electromagnetic plasma simulation will be presented in
our near future work.
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