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Abstract

This article presents a new charge- and energy-conserving semi-implicit method
(ChECSIM) for the Vlasov-Maxwell system. The Particle-in-Cell space dis-
cretization involves a structure-preserving Finite Element Method for the fields,
and the time discretization is an adaptation of Lapenta’s energy-conserving
semi-implicit method (ECSIM) [33], which essentially consists of improving the
latter with appropriate charge-conserving current deposition terms and an ex-
plicit correction step. As such, the resulting scheme is free of nonlinear itera-
tions, and it preserves both energy and charge exactly.

Keywords: Semi-implicit particle-in-cell, Energy conservation, Charge
conservation, Vlasov-Maxwell, Kinetic plasma simulation, Structure-preserving
finite elements

1. Introduction

The long-time accuracy of numerical simulations usually relies on the fact
that fundamental invariants of the physical system, such as its total energy,
are well preserved at the discrete level. In the case of electromagnetic parti-
cle solvers, it has been long recognized that Gauss’s laws also represent key
invariants [8) [35], [49], with spurious virtual charges building up when they are
not preserved by the numerical method, see e.g. [5, 45, [12]. At the continuous
level, the preservation of Gauss’s laws by the time-dependent Maxwell-Vlasov
equations hinges on two properties: (i) the charge and current densities satisfy
a continuity equation, and (ii) the divergence of a curl is always zero. On a
larger perspective, the key role played by Gauss’s laws in the long-time stability
of Maxwell’s equations is now well understood in the scope of their de Rham
structure [9] 28], 27 [T4].
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In Particle-in-Cell (PIC) methods [29] [6] where Maxwell solvers are coupled
to particle approximate sources, a variety of charge- (that is, Gauss-) preserving
solvers have been proposed to adress this issue. They may be divided in two
categories: field correction methods, where the electromagnetic field is modified
to eliminate its deficiency in Gauss’s laws [8], [40], [32] [35], and conservative depo-
sition methods, where the current density is computed in a way that preserves
a proper continuity equation at the discrete level [49] 22 20, [48] 12]. Similarly
as on the continuous level, these methods also require that the Maxwell solver
preserves some essential features of the underlying de Rham structure. For this
reason they may be connected to the larger class of structure-preserving meth-
ods, which were extensively studied in the last decades : see e.g. [28] [38] [2] [3]
for the general properties of these methods, and [I0 15, BTl B0, 41l 39l 46]
for their applications in particular problems from plasma physics or electrical
engineering.

Recently, several PIC codes have been proposed that preserve exactly the to-
tal energy of the discrete system. In [36], Markidis and Lapenta have proposed
an energy-conserving method based on an implicit time discretization. The
resulting fully nonlinear time steps are solved by an iterative Newton Krylov
scheme, and a particle enslavement technique is proposed to reformulate the
nonlinear problems on the fields only. In this method the Gauss laws are sat-
isfied approximately, by adding field correction terms as pseudo-currents in the
nonlinear problems. In a related method [I6], Chen, Chacén and Barnes have
taken this approach a step further by taking advantage of the particle enslave-
ment principle to deposit the current with a charge-conserving algorithm, which
allows to preserve exactly the Gauss laws even when the iterative Newton scheme
is not applied until convergence. At this point we may remind that the classical,
explicit leap-frog time stepping [29] coupled with a charge-conserving current
deposition [20, 12] allows to preserve the Gauss laws, but it only preserves a
modified discrete energy. As a consequence of its explicit nature, stable runs
require an explicit CFL constraint which limits the time steps to approximately
the cell propagation time of a light wave. In contrast, energy conserving schemes
enjoy the possibility of using much larger time steps. However in both methods
above the implicit steps are fully nonlinear.

This limitation is removed in the recent Energy-Conserving Semi-Implicit
Method (ECSIM) proposed by Lapenta [33]. In this novel scheme, the particle
enslavement principle is cleverly applied at the very level of the time stepping
in such a way that the implicit problems are not only reduced to the field
unknowns, but they also become linear. A drawback of this semi-implicit time
stepping is that it is a priori not compatible with a charge-conserving current
deposition algorithm. Indeed the latter involves time-averages on the particle
trajectories, which cannot be expressed as a linear function of the electric field.

To address this issue, a few methods have been devised: in [I7] the ECSIM
scheme is completed by a correction on the particle positions based on a local
linearization of the particle shapes, which can effectively reduce the Gauss’ law
error when applied in a recursive fashion. A different approach is followed in [30],
where the authors consider the general framework of geometric (hamiltonian)



and structure-preserving FEM-PIC methods [31]. There a time stepping is
proposed which preserves exactly the energy and the Gauss laws, albeit at the
cost of a new nonlinear problem to be solved on the fields.

In this article we propose a new method where the semi-implicit time step-
ping is free of any nonlinear iterations, and where both the energy and Gauss
laws are preserved exactly. Our strategy essentially consists of first endow-
ing Lapenta’s ECSIM scheme [33] with a semi-conservative current deposition,
and of adding an explicit correction to complete the time step with a fully
charge-conserving deposition. A velocity rescaling is eventually performed in
order to restore the energy conservation of the original scheme. As a result,
the computational cost of ChECSIM is close to that of ECSIM with an addi-
tional conservative current deposition. similar to what is done in the explicit
charge-conserving leap-frog scheme [12]. Moreover it is naturally formulated in
the general framework of structure-preserving finite elements, as in [15] [43].

This framework is important as it also allows unstructured meshes on com-
plex geometries, with possible local grid adaptations. Indeed, one important
field of applications is the industrial context of vacuum electronic devices, where
designers are interested in performing numerous long-time simulations within a
rather short time-frame. Fast solvers usually rely on simplified models, such as
separating the representation of the fields in the beam area in resonant Klystron
cavities, see e.g. [I8| [24]. Nevertheless, in the ever more challenging improve-
ment of the radio-frequency power sources, simulations based on reduced models
have shown difficulties to capture troublemaking phenomena that impede the
development of new components, and consequently the demand for solvers of
the complete time-dependent Maxwell-Vlasov model has arisen. To this end,
stable schemes emancipating from CFL constraints and having a complexity
that remains affordable for short runtime are attractive, provided that they are
robust enough to show long-time accuracy.

The article is organized as follows. After recalling the model in Section
we summarize in Section [ the principles of structure-preserving FEM-PIC spa-
tial discretizations. Once this is settled, we provide in Section [f] a comparative
description of the two algorithms that we use as reference FEM-PIC schemes,
namely the explicit, charge-conserving leap-frog (CCLF) scheme [12] and the
ECSIM scheme of Lapenta [33], reformulated in the framework of finite elements.
With these building blocks at hand we can introduce the ChECSIM scheme in
Section [} The guess step is described in Section [5.1] as a semi-conservative
modification of the original ECSIM, and the corrective step is presented in Sec-
tion [5.2} This section is completed by an a priori estimate which shows that
the eventual velocity correction is possible under a mild condition on the time
step that is linked to the steepness of the electric field, see Proposition If
necessary, a dynamic adaptation of the time step suffices to fulfill this criterion.
In Section [ we finally perform some numerical experiments on a couple of stan-
dard 2D test cases from plasma physics, which confirm the improved stability
properties of the proposed method.



2. General Framework

2.1. The continuous model

Vlasov-Maxwell’s equations are among the most accurate models in plasma
physics or in the design of radio-frequency sources. They consist of Vlasov’s
equation for the charged particles phase-space density (for the sake of simplicity,
we restrict ourselves to the case of a single species of particles),

6tf+v-fo+%(E+vxB)-VUf:O, (1)

which essentially expresses the transport of particles with elementary charge ¢
and mass m along the electromagnetic Lorentz force, and of Maxwell’s equations
for the electromagnetic fields. These may also be decomposed in two sets of
equations: an evolution system consisting of Ampere and Faraday’s equations

1
OE —c?curl B=——J, (2)
€
0B + curl E = 0, (3)
and Gauss’s laws
. 1
divE = —p, (4)
€0
div B = 0. (5)

Here, the source terms are the charge and current densities carried by the par-
ticles’ distribution, defined as the first and second velocity moments of f,

p=rplfl=q . fdv, (6)
J=J[f] = ‘I/Rg vf dv. (7)

It should be noted that the evolution system composed of the Vlasov-Ampere-
Faraday equations, namely -, defines a unique solution in time starting
from an initial one. The Gauss laws — may then be seen as divergence
constraints on the fields, and it is an elementary exercice to verify that (i) they
will be preserved by any solution to — if the sources satisfy the so-called
continuity equation,

and (ii) this continuity equation is satisfied by any source of the form @-@,
as long as f solves a transport equation of the form .
As emphasized in the introduction, another key invariant is the total energy

cl E]* | |B]? m/ 2
=+ 4 d
& 5 Tt S0 t5 » |v|*f dv 9)

which is preserved by exact solutions in the absence of external contributions.



2.2. Discrete FEM-PIC models

In finite element Particle-In-Cell approximations of the Vlasov-Maxwell sys-
tem, the electromagnetic field (E, B) is represented by a finite element field
(Ep, By), typically a piecewise polynomial on a given mesh of the computational
domain Q C R3, that is determined as the solution to some discrete version of
the evolution equations (2))-(3)), namely Ampere’s and Faraday’s equations. This
will be specified in Section [3] and below. As for the plasma phase-space density
f, it is represented by a weighted collection of N numerical particles (here with
Dirac masses), of the form

N
fn(t,z,v) = Zwk(S(az —xi(t))0(v — vi(t)), (10)
k=1

with positions @) and velocities vy that follow discrete Lorentz force trajectories.
The coupling of these discrete solutions then consists of specifying (i) how the
finite element fields define the Lorentz force at the particle positions, see Section
and (ii) how the current and charge density sources in the discrete FEM
Maxwell system are defined from their particle approximations,

N
PN = /R frdv=>"gd(@ — mp(t)), (11)

N
Jy = /]R vfydo = ];quk(t)é(w —x(1)). (12)

Here g = quwy, is the charge carried by the numerical particle of index k, and
likewise my, = mwy will denote its mass (for simplicity we consider here a single
particle species of charge ¢ and mass m).

Since FEM-PIC solutions rely only on the time-domain equations —,
preserving a discrete version of the Gauss laws —, as well as a discrete
analog to the total energy @, is clearly a non-straightforward feature to enforce.
In particular, we already observe that preserving the Gauss laws will require a
particular care in the discretization of the FEM current density source, indeed
the latter plays a pivotal role in the charge-conserving coupling between Maxwell
and Vlasov equations (see Section below).

3. Spatial discretization with structure-preserving finite elements

In this section we recall the main features of a structure-preserving finite
elements discretization of the Maxwell equations, and its coupling with point
particles. Similarly as in [37, 46} 39} [15], 3T, [41] we follow the general framework
of Finite Element Exterior Calculus (FEEC), detailed in [38] 2} [3]. It essentially
relies on finite elements spaces that preserve the de Rham structure of the
continuous problem [9].



Remark 3.1. In this article we consider finite element discretizations for their
high order approzimation properties on general meshes. A similar derivation is
possible in the context of finite difference schemes, by using the classical meth-
ods of Villasenor-Buneman [49] or Esirkepov [22] instead of the finite element
conservative deposition that will be recalled below.

8.1. Mixed weak-form of Mazwell equations

For simplicity, we consider here that the Maxwell equations are posed on
a bounded open domain Q of R? with Lipschitz-continuous boundary supple-
mented with boundary conditions of metallic type, see e.g. [38],

nxE=0 on 0N (13)

where n is the outward normal unit vector (for boundary conditions of absorbing

type, we refer to [Appendix CJ). This leads us to considering the following de

Rham sequence,

grad Vi curl V2 div V3

0

Y (14)

with Hilbert spaces VO = H}(Q), V! = Hy(curl,Q), V? = Hy(div,2) and
V3 = L%(Q), endowed with their standard norms [7} [4].

The first step is to reformulate the time-dependent Maxwell equations in
weak form, using only the spaces involved in the sequence . Following e.g.
[37], a common choice is to integrate by parts in the Ampere equation. Given
the metallic boundary condition on the electric field , this gives

(OE(t),¢') — *(B(t),curl ¢') = ——(J(t), "), Vo' e V', (15)
(8, B(t), $*) + (curl E(t), ¢*) = 0, Vo € V? (16)

for all t € [0,T]. Here the bracket (-,-) denotes the standard scalar product
in L2(), and the solution (E, B) is sought for in the spaces C1([0,T]; V') x
C([0,T); V?). We observe that curl E € C°([0,T]; V?), so that amounts
to writing the Faraday equation in a strong sense, namely

0B(t) +curlE(t)=0  Vte[0,T]. (17)

3.2. Structure-preserving finite elements

In order to preserve the de Rham structure at the discrete level, we consider
structure-preserving finite element spaces which form a discrete sequence,

rad i
V;? g Vhl curl div

V2 V3.




As studied in [I4} [I5], a key feature of such discretization spaces is to provide dis-
crete Gauss laws that allow for a rigorous long-time stability analysis of charge-
conserving Maxwell solvers. Moreover, it is known that structure-preserving
FEM schemes associated with stable commuting diagrams are free of spurious
eigenvalues for the Maxwell evolution operator, see e.g. [28] 2] [13]. Several
sequences of finite elements may be chosen here. A classical option on unstruc-
tured meshes consists in using the Lagrange-Nédélec-Raviart-Thomas sequence
[26, [7] studied and generalized in [2], see also [I3]. Another option is to follow
[31] and use the compatible spline spaces defined on tensor-product domains
[10, 11} [44], or mimetic spectral elements [25], [42]. Using structure-preserving
finite elements we approximate the equations above by a semi-discrete system

<8tEh(t>,¢i>—c2<Bh<t>7cur1¢>i>=—%<Jh<t>,¢i>, Ve, €V, (19)

Ot By(t) + curl Ei(t) =0, (20)
again for all ¢ € [0,T]. Here the solution (Ej, B},) is sought for in the spaces
CH([0,T); V;H)yxC ([0, T); V}2), and J, is a source current density in C°([0, T; V}}).

For the subsequent study of the charge-conservation properties, it will be con-
venient to rewrite the weak Ampere equation as
0,E;, — ?curl, By, = —%Jh, (21)
where the discrete operator
curly, : V2 — V! (22)

is defined as the discrete adjoint of the operator curl : V;! — V2, i.e., by the
relations

(curl, ¢, ¢p) = (@7, curl@y), Vo, € Vil and ¢ € Vi

Following [14] [15], we know that this discrete functional setting allows to derive
long-time stability estimates when the associated discrete Gauss laws, namely

1

dth Eh = —Ph (23)
€0

divB;, =0 (24)

are preserved in time. Here the magnetic Gauss law is written in strong form
and is obviously preserved since Faraday’s equation is also solved in a strong
form (20)), whereas (23) involves the discrete weak divergence

divy, : Vi} = V2 (25)

defined as the adjoint of the operator — grad : V2 — V;!, and py, € V)2 is defined
as the L? projection of the particle charge density , that is,

N
(on(t), 80) = (pn(8), ) = > adp(@r(t), Vop € V. (26)
k=1



In particular, the electric Gauss law is equivalently rewritten in a weak
finite element sense,

Loy, Vel e vy, (27)

—(Ej,grad ¢) = —
€0

In order to write System — in matrix form, we choose a basis Af,
i1=1,..., Ny for each space V,f, ¢ =0,...,3 and we denote by o¢ the associated
degrees of freedom. Again, examples of degrees of freedom can be found in
[7]. Note that the particular choice of degrees of freedom will affect the mass
and operator matrices, but not the resulting solutions of system —. The
corresponding mass matrices are then

M, = ((ALAD) (28)

1<i,j <N

and we also denote by

C= (Uf (curl A;)) ,
1<i<N2, 1< <N,

the Ny x N; matrix of the operator curl : Vh1 — Vh2, and by

G = (O’il (grad A?)) ,
1<i<N1,1<5<No

the N7 x Ny matrix of the operator grad : V? — V. Finally we write the
time-dependent field coefficients as column vectors,

e(t) = (Uz‘l(Eh<t)))1§iSN1 and b(t) = (Uz‘z(Bh(t)))1gi§N2'

System (19)-(20) reads then

d 1
M;—e — A (MxC) b= ——3j (29)
de €0
d

where j contains the moments of the finite element current source, namely
. 1
i(t) = (<Jh(t)v A >) 1<i<Ny’

and discrete Gauss’ law reads

1
(MlG)TG = *Mo’l" (31)
€o

where r contains the moments of the finite element charge density, namely

r(t) = ((pn (). A9)) oy



3.3. Energy- and charge-conserving coupling with particles

At the time-continuous level, we consider the same particle-field coupling as
done in, e.g., [12]. Using discrete point particles, the trajectories read

:i:k (t) = Vg (t),

bi(t) = %(Ehu,xk(t» +wi(t) x Bu(t,mi(t))),

(32)

and the FEM current source Jj, € Vh1 is defined as the generalized L? projection
of the particle current density , namely

N
(Tn(t), o) = (In(t), dh) = Y arvr(t) - ¢y (@i(t), Vo € Vil (33)
k=1

In order to reduce the numerical noise due to Dirac particle shapes, one option
is to consider smoothed charge and current densities of the form p% := S * px
and Ji := S« Jy, where S is a local smoothing kernel, such as a B-spline.
The extension of our method to such cases can be performed along the lines of
schemes studied in [I]

In the following it will be convenient to use a compact notation for the
particles positions and velocities,

X = () and V = (vg)

1<k<N 1<k<N"

Proposition 3.2. The time-continuous FEM-PIC equations — preserve
the discrete energy

N 2 2
mi, o, €l Enll® | [ Ball
En(V,e b :E —

k=1

and the discrete Gauss laws —.

(34)

Proof.  This result is well known. The conservation of energy is verified by

taking the time derivative of and using together with —,
d

1
= -1 FE E —(B B
dtg Zk:mkvk U + €0(En, 0:Ep) + ,u0< h, 0¢Bp) (35)
1
= quvk . Eh(azk) + C2€0<Cu1‘lEh,Bh> — <Eha']h> — u—(Bh,curlEh> =0
& 0
(36)

where we have used g = 1/c?, and the definition of J}, in the last equality,
see . Turning to the Gauss laws, we first observe that the strong magnetic
Gauss law readily follows from the Faraday equation being satisfied in a strong



sense. To verify next that the electric Gauss law is preserved, we differentiate
in time ([26)),
N

(Oepn> $0) = > qwvr - grad ¢) (zx) = (Jn, grad ¢7) (37)
k=1

which shows that the FE sources satisfy the semi-discrete continuity equation
8tph +divy, Jp, =0 (38)

involving the weak divergence operator divy, see . Applying this operator
to the discrete (weak) Ampere equation yields then

1 1
6t dth Eh = divh (02 curlh Bh - th> = 8t*ph~ (39)
€0 €0
This shows that the discrete Gauss law (23) is preserved. ]

4. Two reference FEM-PIC schemes: CCLF and ECSIM

In this section we describe the two fully discrete FEM-PIC schemes that will
serve us as reference methods in this work, corresponding to two different time
integrations of the equations (29)-(B3). The first one is the charge-conserving
leap-frog scheme (CCLF) studied in [12], and the second one is a finite element
version of the Energy conserving semi-implicit (ECSIM) scheme of Lapenta [33],
similar to the version derived in [43]. Although they are naturally expressed on
staggered times, we will present them on the same integer time-step [t", "]
to facilitate comparisons, i.e.

(Xn,Vn,en’bn) N (Xn+17Vn+ljen+17bn+1).

4.1. The charge-conserving leap-frog scheme (CCLF)

The explicit leap-frog scheme [29] consists of integrating both the particle
trajectories and the field equations — in a staggered fashion. On an
integer time-step, this reads

1 At
oI = 7%(1&3;@;) + o} x Bj(a})),
1
Pt — a2 = Atvz+2, (40)

n+1 n+3 _ At gk n+1 n+1 n+1 n+1 n+1
Vi T Y 2_77717 B, (2p) o x BT () ),

1 1
for the particle trajectories (note that v} = %('UZJr2 +wv, ?)), and

g S —%Ce",

1
M; (e™+! — e”) = At(c2(M2<C)Tb"+% - —j”+%>, (41)
€0
anrl _ anr% _%Cen-l—l’

10



for the Maxwell equations. Following [20], [T2] we consider here a time averaged
current source, namely

i

[MES

+l
= (Zq“’: ’ '{A%}Z>1<1<N1
- <i<

where the curly brackets denote time averages over interpolated trajectories,

tn+1

()7 ;:é /t o) dt with @) =@ + (¢ — "ot (42)

Here, a key point is that the 'UZJF% are constant on the time-step, so that they
can be placed either inside or in front of the the curly brackets {-}}.

We observe that may be expressed in terms of the finite element fields
and operators defined in Section |3.2] as

1 At
BZ+2 - B} = 5 curl E},

E} — E} = At curly, BZ+% - f—otJ;H_%, (43)
Byt — BZJF% = —% curl B}t
with a FEM current source Jj, € Vh1 defined as
T el =Y qwp (gl Vel e Vi (44)
k

An important property of this method is that it preserves exactly the proper
discrete Gauss laws, see [12, [15].

Proposition 4.1. The CCLF scheme — preserves the discrete Gauss
laws — evaluated at the discrete times, namely

1

divy E}, = —ppn (45)
€0

div B = 0 (46)

with a FEM charge density defined as the instant value , i.e., pp = pp(t").

Proof. The argument is the same as for the time continuous result (Prop. ,
the key ingredient being that the time-averaged current naturally leads to
a proper discrete continuity equation. Indeed the interpolated trajectories
have a constant velocity over the time-step [t", "], so that the above current
density corresponds to

gt
1

n+% _
e /t Jh(t) dt,

11



where the time-continuous current is defined as in . In particular, a time
integration of readily yields

1 a2
A (PR = o)+ divi JETE =0, (47)

and applying the discrete divy, operator to the FEM Ampere equation
shows that the discrete Gauss law is indeed preserved. As for (46, it
readily follows from the strong form of the discrete Faraday equation in (43). ®

4.2. Energy-Conserving Semi-Implicit Method (ECSIM)

As is well known, the above leap-frog scheme does not preserve the energy
of the discrete solution,

ny N e, BRI IBR?
En(V", e, b") = n

(48)

In the source-free case for example, the leap-frog Maxwell scheme only preserves
a pseudo-energy, which controls the energy when a CFL time-stepping
condition is satisfied, see e.g. [47]. As recalled in the introduction, a time
scheme that exactly preserves energy at the cost of a linear implicitation in the
Maxwell solver has been recently proposed by Lapenta [33]. Here we describe
this energy-conserving semi-implicit method (ECSIM) in our FEM setting. The
particle pusher reads

n+i n At n
Tyt —xy = 5 Uk
nt+i, n4l n, n
'UZ+1 vk 7Atm (Eh+2(mk+2)+vk+2 %< B ( + )), (49)
k

wnJrl x”‘f‘% At n+1
k k 2 Vg

with short-hand notations

Uk+2 = 2( ptopt) and  Ej = 2( nHET,

and the discrete Maxwell solver takes the following implicit form

1
Ml(enJrl . eﬂ) _ At(Cg(MQ(C)TbTH_% . *jn-’_%),

€0 (50)

bt — b = —AtCe™ "3,

with e"t2 = L(e" +emth), bt = (6" +b"*"), and a discrete current now
defined through point values at the particle positions,

(quvk Al ) (51)

12



As will be verified below, this scheme preserves exactly the total energy .
One apparent difficulty is that, as the current source involves the unknown
velocities ’UZ+1, it is a priori fully implicit. However, just as its original FD
version [33], it has the remarkable property that it can be decomposed into a
fully explicit particle pusher and a linearly-implicit field solver. In order to see

it we rewrite the velocity kick in as

qkAt
2mk

1 1
vp F = S+ ot = of

(B} "2 (@) %) + Bpo, )

)

where the matrix

0 B, -Bj, "
=B 0 By with B} := Bj(x, ?)
Bio, —Bpa 0
n 1 .
is such that Bjv = v x BZ(:kaQ) for all v € R3. Denoting 7 = ‘IQ’CTA: and

-1

1+ B3 —Bs+B1B2 Pa+ Pifs (52)
=—— | Bs+5ib 1+ 32 —fB1 + P23
LB \—Ba+ 8185 Bi+Pafs 1+

Af = (1-mB})

1
here with 3 := nkBZ(a:ZJrQ) as a short-hand notation, this gives
+3 +3, nt+3
v, 2 :AZ(UZ+77kEZ *(zy, )),
which allows us to decompose the fully implicit current in two parts,

gL 41
3"t =g i B 2 (53)

with explicit and implicit parts defined by the moment arrays

Jexp = (quAk'Uk Ay ( n+2)>

ntl At nanbl ngd nal
[Eh+2] - 7(2%(Ak‘Eh+2(mk+z)) .Al(kar?
k
At e +emtl
=5 L ( 2 )

1<i<N;

]imp

Here we have introduced a finite element “Lapenta” matrix [33],

L" = (Z g i pn AL ()7 -Ag(m;;*%)) : (55)
1<i,j <Ny

k

13



Using and we then rewrite the discrete Maxwell system as

M+ 2L AL MLC)T (et
At(C I b7z+1

_ Ml ﬁeto L™ < 2At (M2c)T en 3 g jgxp
At(c T bn €0 0 ’

and summarize the above steps as follows.

Proposition 4.2. The ECSIM scheme — is equivalently performed by
the following steps:

(i) push the particles between t™ and t"*2 as in [@9),
(i) compute the explicit current term and the Lapenta matriz ,
(iii) solve the linearly-implicit Mazwell system ,
(iv) update the velocities as in (49)),
(v) push the particles between t"72 and "1 as in {9).
As claimed above, this scheme enjoys an exact energy conservation property.

Proposition 4.3. The ECSIM scheme . ) preserves the discrete energy
8).

Proof. In terms of finite element fields, the Maxwell solver reads :

n n At n4+i
<Eh+1 - h» ¢f11> = C2At<B Curl ¢h> - g<']h+2 ’ (bllz>a vq-,)}lz € Vhla

1
Byt — B = —Atcurl EZ+2,

(57)
with a current source defined by its moments :

(T ¢h) quvk g TR forall gheVl  (38)

The energy variation from time-step n to time-step m + 1 is then the sum of
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three contributions:

BRI = IBRI2 1, o, n pntl
" 2 = 7<Bh+1_ h B ?)
Ho Ho
1 n+i n+i
=—-—AtB, 2, curlE, " ?),
Ko
o(I1E 1 - 1B, 1? n n o gntd

( h h ):€0<Eh+1_ h’Eh 2>

2
1 n4++ n4++ n4+ n-+ =
—AYBIY? curl EFTRY - AT BN,

Ho

n+3
> mi(vpt = vf) v
k

g
S B (ot — o)
k

n+i n+i, ntl
= quAtvk B, (my?)
k
n+3 nt+i
=At(J, *,E, ?).
and those three terms cancel out. [ |

Before we close this section, let us state the following result on the solvability
of the implicit Maxwell linear system involved in the finite element ECSIM
scheme.

Proposition 4.4. The linear system 18 always invertible.

We refer the reader to for a proof.

5. ChECSIM: a charge- and energy-conserving semi-implicit scheme

In the above sections, we have presented two FEM-PIC schemes which pre-
serve either a proper set of discrete Gauss laws, or the discrete energy of the
system. However, none of them preserves both quantities. On the other hand, it
is possible to take a time-step free from CFL constraint with ECSIM’s Maxwell
solver but not with CCLF’s. We wish to combine all the advantageous prop-
erties in a new scheme that keeps ECSIM’s low computational cost, that is, a
linear-implicit field iteration and an explicit pusher.

In ECSIM, when performing the discrete Ampere’s equation , it is not
possible to straightforwardly apply charge-conserving current deposition of the
form of without resorting to a non-linear resolution. Indeed, the trajectory
of particles is unknown over the second half of the time-step, since only the first
operation in has been performed at this point. To circumvent this obstacle,
we propose a prediction/correction two-stepped scheme : in the first step we
use a modified ECSIM scheme to compute a temporary solution :

(X", V" e" b") (X"t v entt gty
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Then we perform a corrective step,
1 ~nt+l |
(Xn+2 ; V , en—&-l’ bn-i-l) — (‘XnJrl7 ‘/anrl7 enJrl7 bn—i—l)7

in such a way that the resulting ChECSIM scheme is both Gauss- and energy-
preserving.

5.1. ChECSIM guess step

The first step mimics an ECSIM iteration, with a few modifications: the
trajectories are now defined by :

nal At

mk+2 _mz — 2 'UZ, (59)
~n4+1 - _—n+l n+i

L - T (L2 D C ) B (D

with short-hand notations :

11 P | = n+1
o= k) and B = (BB,
and the curly brackets with a minus sign denoting a time average over the first
half time-step :
g [T
{9}y = Az /tn g(ze(t))dt  with  xp(t) =) + (¢t —t")vy.  (61)

The Maxwell equations become

1
Ml(énJrl —e") = At<c2(M2(C)Tbn+% . 7jn+%)7
0 (62)
"t — b = —AtCE"
with é”"r% = %(en + én+1) and bn+% = %(bn + bn+1). Here the current term
is
= ( AR ’7) : 63
J qu Vg, { l}k 1<i<N ( )

k

We observe that the main difference with ECSIM is that in several places we have
used time-averages corresponding to the first half time-step, .e. {-}}"", instead

n 1 .
of point values at x ,jz . Namely, the ChECSIM counter part of is (59)-(60)
and that of is . This leaves the energy conservation untouched.

Proposition 5.1. The above guess step preserves the discrete energy (48), i.e.,

gh(vn+1’ én+17 bn+1) _ é-h(‘/"n7 e’ﬂ7 b’!l)' (64)
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Proof. Similarly as in Proposition we rewrite the Maxwell solver in
terms of finite element fields,

(B, B} ¢L) = FAUB Y curl o)) — At—<J"*2,¢z>,
(65)
~ ol
Byt — B = - At curlEh—|r2

)

with a current term now defined as

(I,

n+2

Db =Y vy {ghyrT. forall ¢ € Vi (66)
k

The same computations then apply, the only difference lying in the fact that
point values of the electric field are replaced by time-averages over trajectories.
For the kinetic energy this gives

m n +3 n n
> 5w - mek @ - o) (67)
k
n+2 n.—
= Z N T e (68)
- At(Jh+2 B (69)
and this cancels out the electric energy update, similarly as in Prop. [ ]

As in the ECSIM scheme, the guess step above may be decomposed as an
explicit particle pusher and a linearly implicit field solver. To picture that, we
first rewrite the discrete Maxwell system as a block-matrix equation,

M, —ZAtMLC)TY (et
atc I pntt

[ My CAYMLC)TY (em) At (GrtE
—4tc I b" e \ 0 )’

and similarly as for ECSIM, we rewrite the mid-point velocity as

(70)

_n+i 1 ~n n n+i _
v, = 2(1),c +'vk+1) A7 ('vk +77k{Eh I ),

with g = ?th: and A} = A} (b", X”+%) the matrix defined in (52). This allows
us to decompose the current in two parts,

n+2

J (71)

U
32 =30 + T E
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with explicit and implicit parts defined by the moment arrays

oo (S (st0t) - 0012
k <is
el A 2 s B _
Fapl B = S (B ) ) L, ()
- <is
At e" 4 e"tt
=5 L ( 2 )

and a time-averaged analog to our finite element Lapenta matrix ,

2
=n q n = =
co (S ) w) @
B 1<i,j <Ny
Plugging this decomposition into then gives

<M1 4oL —i“(Mﬁ)T) (é"“)

%C I bn+1

_ (Mg - ACLr CALMLO)TY [fem) At (52,
N —%C ]I bn €0 0 ’

which leads us to the following computational steps.

Proposition 5.2. The ChECSIM guess step -- s equivalently per-
formed by the following steps:

(i) push the particles between t™ and "3 qs in ,

(ii) compute the explicit current term and the new Lapenta matrix ,
(iii) solve the linearly-implicit Mazwell system ,
(iv) update the velocities as in .

Finally we verify that the arguments of Proposition [£.4] readily apply to the

modified Maxwell system . Again, we refer to Appendix for a
detailed proof.

(74)

Proposition 5.3. The linear system 18 always invertible.

Remark 5.4. During this guess step, we choose to modify ECSIM with time
averages in the Lorentz force , and current term . This is not out
of necessity : one could as well perform the predictive step with the reqular
ECSIM scheme from Section [[.3 Nonetheless, using time averged terms has
two advantages :

(i) Since the error in Gauss law appears when using a point-valued current
deposition instead of trajectory integrals, our choice results in a better
guess field, in the sense that it has a smaller charge error.

(i) In order to perform the full correction, the time averages have to be com-
puted on both half time-steps. Since the first one is available after pushing
the particles in the predictive step , it is simpler to use it at this point.
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5.2. ChECSIM correction step

As previously remarked, the guess step above does not preserve the Gauss
laws, which is due to the fact that the linear decoupling procedure makes it
impossible to average over the trajectories over the full time-step. However,
since we now have a guess velocity for second half step, we may correct the
deposited current so that it becomes charge-conserving. Specifically, decompose
the guess current source in two parts,

st TP T,
T ot s (75)

where J}"~ is a charge-conserving term defined as an average current density,

~ B 2 tn+%
Tpoh =St (i = 5y [ Gatsiian (1)
k t’n,

see , , and a remainder term
(T dh) = avpt - {eh}p T (77)
k

that is not charge-conserving. The aim of the correction step is then to replace
this term by a conserving current for the second half time-step, defined as

(Iption) = avp - {on )™, (78)
k

where the curly brackets with a plus sign denote time averages over the second
half time-step,

tn+1
2

n 1 L\ ~
= 5 [, ae®)a win w0 =g @)
2

Once again, the velocities of the particles are constants on both halves of the
time step, so in all current expressions above, the term v} can be placed either
inside or in front of curly brackets {-}}"~, and same goes for ¥}t and {-}}°*.
Once this current correction is performed, the energy conservation of Propo-
sition is lost, since we change the electric field from & to e"*!, and

1

5}L(V”+1’en+1,bn+1) ] &L(V”Jr 7én+17bn+l)'

To restore it, we rescale the velocities. The equations are then as follows.

n+1 ntd Aty

Ly — Ty ©= 7{’1@ )
n At . e
M; (e"+! — & +1):727€0(Jn,+7'7 ; )’ (80)

n+1 _ y=n+1
v = v
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Here the current sources correspond to the moments of and , namely
-n + n,+ 1\n,—
: 5 ({AL ARE)) ,
(i (qu AT R L
and A > 0 is a global correction parameter given by the requirement that

n+1 ~n n ~n
SUBIP =BT 1?) = 30 S (P P—op ') = (1-3) Y SEfop P2,

k k
(81)

n+12 n+1 %
A:<1eo<||E 12— 1B, | >>. (52

>k Mk |'Uk+1 |2
Below we will give a sufficient condition for this parameter to be well-defined.
Assuming this for now, we can state the main properties of our scheme.

Theorem 5.5. The ChECSIM scheme defined by the guess step

and the correction step . 82)) preserves the discrete Gauss laws l. I.D as
well as the discrete energy (48)).

which yields

Proof. Both properties are easily verified. By construction, the final electric
field EZH satisfies a discrete Ampeére equation

EZH E”*czAtcurlth—|r2 At Jn+2

with a current density corresponding to

tn-f—l

nt3 71— 1 n,— n, 1
(TPt T, ) =5 +Jp) :Kt/tn Jn(t)dt

J”+2 J,

l\D\»—t

where again, J,(t) is the time-continuous current density defined by (33)). Sim-
ilarly as for the charge-conserving leap-frog scheme (Prop. , this shows that
the discrete sources satisfy a continuity equation and since the discrete
Maxwell equations are solved by structure-preserving finite elements, this is
enough to show that the Gauss equations are preserved. The energy conserva-
tion follows from Prop. and the requirement . ]

Remark 5.6. In contrast to Marder’s pseudo-current correction method [35],
the current correction in 1s both local and exactly charge-conserving.

We now provide a sufficient condition for the existence of a correction pa-
rameter A. It will be convenient to denote by

0" = (D malonl?)
k

the weighted ¢? norm involved in the kinetic energy.

[N
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ot
Proposition 5.7. Let~} := %{EZJr2 }~ denote the acceleration terms in the
guess step . If the time-step is such that

20 A" lm < ([0 {lm, (83)

then the field correction satisfies

n ~n+1 -n —
o (|EFFY? = | By |12) < CAR ™12, | VE |1 00 (84)
with C = %(1 + \/5) and
z _ 3 ) _ Ent! +En+1
IVE],00 = (Z||5jEi||2L°°(Q)) with B ==t —t—.
i.j

In particular, the correction step — is well defined for At < At,, where

At. = min ('”””’”( (1+\/5)||vE1,00)5>. (85)

4
2/l flm” \m
We refer the reader to for a proof.

Remark 5.8. Velocity rescaling techniques are commonly used in molecular dy-
namics simulations to preserve the structural stability of the discrete systems,
and fine methods based on thermostat or variational principles have been devised
that allow a localized treatment of the particles, see e.g. [23, [3])]. In we
have considered a global rescaling for simplicity, as it gives satisfactory results
for our numerical test cases. For real-life problems however, one would need
to apply a finer strategy, either by adapting thermostating methods, or by using
a localized velocity rescaling UZH = )\ki;ZH with a rescaling factor A\ that is
close to 1 in the regions where the current correction is small. In practice a

convenient approach is to consider a factor of the form
2 n,+ T n+1 2
A ::1—7’(Jh —Jy )(wk )‘ : (86)
where v is determined so that energy conservation is restored, yielding
1 ~n+1
_ (BB, %)
= 5.
~n+1 A+ g 1
Semelot P (T = 0) @)

In the numerical section of the paper, we investigate this local velocity correction
in the diode test-case (see Section .

(87)

6. Numerical experiments

We now investigate the validity of the new ChECSIM algorithm, and com-
pare its properties with the charge-conserving leap-frog (CCLF) and the EC-
SIM schemes, recalled in Sections [£.1]and [£.2] These numerical experiments are
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performed with a 2D research code called Coffee which implements Lagrange-
Nédélec finite elements on triangular meshes. We note that in a 2D setting the
de Rham sequence is reduced. Corresponding to the choice of a weak Ampere
equation, it reads

rad 1
g Vhl cur Vh2

0
K (88)

see, e.g. [15]. Here,
V2 =P, 1(Th) :={uec L*(Q) :ulp €Pp,_1(T) for T €Ty} (89)

corresponds to broken (discontinuous) piecewise polynomials of degree p — 1,
Vil = {u € Ho(curl, Q) : uly € P,_y(T)? + (;Q)P,,,l(T) for T€7,} (90)

is the (first-kind) Nédélec finite element space of maximal degree p, and
Vi = Lp(Th) == Py(Ti) N Co(€) (91)

is the Lagrange finite element space of degree p > 1. We refer e.g. to [7, 26] 21]
for a complete description of these spaces.

Before describing our test cases, we may point out an interesting result from
our simulations. As we have seen above, in the ChECSIM algorithm the velocity
correction step may not be feasible if the kinetic energy is lower than the
field energy correction, and when that is not the case Proposition [5.7] guarantees
that an adaptation of the time-step allows to have a well-posed correction, such
as the one proposed in A first numerical observation is that for all
the runs presented in this section, the correction step was always possible and
we never had to adapt the time-step.

6.1. Weubel instability

In order to certify the validity of our alogrithms, we first simulate the electro-
magnetic Weibel instability [50]. This phenomenon consists in the exponential
growth of the self-induced magnetic field B = B, in a plasma where the ve-
locity distribution of electrons is anisotropic, with higher kinetic energy in one
of the physical dimensions. In our 2D2V simulation code, we reproduce the
experiment documented in [19] and [31].

Here, we consider Equations — in a non-dimensional setting where the
speed of light is set to ¢ = 1, as well as the electric permittivity of vacuum
€0 = 1, and the electron charge and mass ¢. = —1 and m, = 1.

The computational domain € is a periodic rectangle of length L, = 27/k,
with £ = 1.25, and width L, = L,/4. The domain is occupied by a plasma
composed of electrons and a uniform neutralizing background of ions. The ions
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Figure 1: Weibel test-case : time evolution of the field energy using ChECSIM (left) and
magnetic field B at ¢t = 349.22&1;51 (right).

are considered to be fixed over time. At initial time, the electrons are distributed
uniformly in space and have an anisotropic Maxwellian velocity distribution

1 1 (02 v

0 T Y
- z + 92
f@v) 2mo,0y P (2 (O’% 02>> (92)

Y

with o, = % and o, = 0.02v/6, hence a higher thermal velocity in y. The

initial magnetic field BY € V;? is computed as an approximation of
B°(x) = Bcos(kx) (93)

with 8 = —1075, and the initial electric field E} € V;! is obtained from the
initial particle distribution by solving the corresponding finite element Poisson
problem and taking the gradient of the resulting discrete potential qﬁ% € V,? , in
order to satisfy the discrete Gauss law for n = 0.

We recall that the Weibel instability corresponds to a magnetic mode of the
form By (t,x) = Bpe' ¥~ with w the most unstable solution of the dispersion
relation [50]

2 2
2 g2 o\ [0y w wo_
po et (%) 1o (2 e (5) 5 oo o

i.e., the solution with largest positive imaginary part v := $(w) > 0. Here
D(z) = exp(—1/2z%) [7, _exp(1/2¢?)d¢, and the analytic growth rate of the
instability is v & 0.02784, see eg [3I]. We shall verify whether this rate is
obtained in the numerical simulations.

We simulate the plasma during a time 7" = 450. The domain is discretized
by a conforming triangular mesh 7, composed of 74 elements of typical diameter
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h = 0.5585. The order of the finite element spaces is p = 2, and the number
of numerical macro-particles used in the PIC approximation is N = 2.96 - 10°.
The time-step used is At = 0.05, corresponding to approximately 80% of the
maximum stable time-step for the explicit leap-frog scheme for the resulting
Finite Element Maxwell solver.

On Figure (1} we present the time evolution of the magnetic energy % | By
computed with each of the three schemes presented in this article. Then, we
present on Figure 2 the time evolution of the relative error on the conservation
of the total discrete energy ,

I,

1ER (VT €™, b") — £, (VO, €0, 7))

, 95
&V, 5 o
and the absolute error on the electric Gauss law ,
1
I(MiG)Te™ — =7z (96)

€0

This latter error is divided by the typical physical scale of the charge density,
yielding a non-dimensional value which expresses the error on Gauss’ law rela-
tively to its characteristic value. Finally, on the left of Figure [3] we present the
evolution of ChECSIM’s velocity rescaling factor A, while on the right of the
same figure is the time evolution of the momentum conservation error

Pu(V", e, ") — Pu(V7, €%, 6%, (97)

where the discrete total momentum is defined by

N
n o_n pn E n n n
k=1 @
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Figure 2: Weibel test-case : time evolution of (left) the energy conservation relative error (95))
and (right) the electric Gauss’s law absolute error .
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Figure 3: Weibel test-case : (left) time evolution of | — 1|, where X is the global rescaling
factor of ChECSIM, (right) errors on the momentum conservation (97) in arbitrary units.

In Table[I] we show the execution times of the schemes relative to the CCLF
one.

On Figure[l] the exponential growth of the magnetic energy is clearly visible,
and it is comparable for the three schemes. Since this energy depends on the
square of the norm of B, its growth rate is twice that of the field. A linear fit of
the ChECSIM curve between ¢ = 250 and 310 yields a growth rate of v ~ 0.024,
in good agreement with the analytical value.

On the left of ﬁgure we observe that the relative energy conservation is
close to machine accuracy for ECSIM and ChECSIM (a slight increase is visible
for ChECSIM, but still on the order of roundoff errors). With CCLF the energy
is also rather stable, but the conservation error is higher by about 6 orders of
magnitude. On the right of the same figure, we observe that both ChECSIM and
CCLF preserve Gauss’s law with very high accuracy. For ECSIM, we observe
that the error on the electric Gauss law is significantly larger, again by about 5
orders of magnitude.

On Figure [3] left, we observe that throughout the simulation, the rescal-
ing factor A stays very close to one, deviating by an order of 10~7 maximum.
On the right, one sees that all methods behave similarly regarding momentum
conservation errors.

In Table[T] we notice that ECSIM is more than two times faster than ChEC-
SIM. Our new scheme is also 140% slower than CCLF. This is not unexpected,
since each two-stepped iteration in ChECSIM loops twice on all the particles,
and computes time averages on the trajectories, which is by far the most time-
consuming process. Nevertheless, we shall see in the next numerical experiment
that ChECSIM has other advantages that might temper this drawback, allowing
quicker runtime.

This provides us with a first numerical validation of the basic properties of
the ChECSIM scheme, namely the conservation of energy and charge for an
isolated system.
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6.2. FElectron beam in a simple diode

To assess the properties of the different schemes in a more realistic setting
where the system is no longer isolated, we now consider a second test-case
consisting of an electron beam in a simple, academic diode.

Following [45], we consider a diode modeled by a square domain § of dimen-
sions L, = L, = 0.1 m. In this domain, electrons are emitted at a cathode lying
in the face of abscissa x = 0, and accelerated towards the anode, lying in the face
of abscissa = 0.1, by a constant exterior electric field Eoxy = —(Uext/Lz)&
with an operating voltage Uey, = 10° V (see for the modeling of
exterior fields in the ECSIM and ChECSIM schemes). More precisely, the elec-
trons are injected in the domain through a portion of the cathode : a strip
centered at y = 0.05 and of fixed width Li,; = 0.03786 m. The current den-
sity at the emission surface is I = —5536 A.m ™2, corresponding to 75% of the
space-charge limiting current density.

The electron beam is approximated by numerical macro-particles emitted at
rate 7 = 9000 ns—'. In this 2D model, each numerical particle carries a linear
density w of electrons in the z dimension. Thus, the the total charge injected
during a time At reads Qinj(At) := IL,LinjAt = rAtwg.L, where L, is the
height of the 3D diode, g, is the charge of an electron and w is the uniform
weight of the 2D macro-particles, which has the physical dimension of a linear
density. We then obtain w ~ 1.45 - 103 m~!.

The domain is discretized by an unstructured conforming triangular mesh 7y,
composed of 2158 elements, the typical diameter of a cell being h = 0.005 m.
The electromagnetic fields are approached by the structure-preserving finite
element complex , with a precision order p = 2.

We simulate the flow of electrons within the diode during a time of T = 50 ns,
using the three schemes presented in this article : the charge-conserving leap-
frog scheme (CCLF), ECSIM and ChECSIM. We note that for this test-case
the energy is not expected to remain constant, as the system is not isolated.
Up to Tyat = 2 ns approximately, the system is in a transitory regime : the
electronic current sets up in the initially empty diode. Then, from T, to T', the
phase-space density of particles and the electromagnetic fields are approximately
constant, and the system is in a stationary regime. These two phases are clearly
visible on the left panel of Figure 4, where we plot the time evolution of the
total energy in the diode.

Specifically, Figure [4] displays two sets of energy curves: on the left panel
the runs are obtained using a constant time-step Atcpr, = 1.25 - 1073 ns, cor-
responding to 80% of the CFL time-step of the leap-frog Maxwell solver. This
constraint is needed for the stability of the CCLF scheme. On the right panel,

CCLF | ECSIM | ChECSIM
/ CCLF 1 0.6637 1.3977

Table 1: Weibel test-case : comparison of the execution times, relative to CCLF’s.
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the curves correspond to ECSIM and ChECSIM runs using a larger time step.
Indeed these methods are not constrained by an explicit CFL condition, so it
is interesting to compare their results when the time step is increased. In order
to have a similar accuracy for the transitory regime, we have kept the time-step
Atcpr, up to time Tytat, and then switched to a longer Atgay for the stationary
phase.

Then, on Figures 5] and [§] we plot the profiles of the numerical electron beam
and of the E, field at an itermediate time ¢t = 16 ns. Again, several values are
used for the time-step Atgtat, as described above.

On the left of Figure [7] we represent the time evolution of A, the global ve-
locity rescaling factor of ChECSIM. Once more, different values are used for the
time-step Atgias starting from time Tyiat, SO we plot the three corresponding val-
ues for A\. On the right of the same figure, we plot the momentum conservation
error of all three schemes with the smallest time-step.

On Figure |8, we investigate the local correction factor A defined by 7
. At the position of each particle k, the value of |1 — \g| is represented with
a color scale. On the left is the state of the beam in the diode as we described
it above, with a uniform exterior electric field. On the right is a similar diode
in which we introduce a slight modification : the accelerating electric field E oy
is not uniform in space, but rather reads as follows,

—(Uext/Ly), y < 0.050 m,
Eexi(2,y) = { —[1 4 20(y — 0.050)] (Uex¢ /Ly )&, 0.050 m < y < 0.055 m,
—2(Uext/ L2, y > 0.055 m.

(99)
That is, the accelerating field is continuous, has constant magnitude in the lower
part of the diode, then an affine growth in magnitude from the center towards
the upper part, where it is constant again, at twice the previous amplitude. The
aim of such localized variation of the field is to artificially amplify the prediction
errors on the current, to verify that the local correction is indeed preeminent in
that region.

Lastly, in Table [2] we compare the execution time for the different schemes.
For ECSIM and ChECSIM, when longer time-steps are used, we also present
the corresponding runtime.

On the left of Figure [4] we observe a stationary total energy from ¢ = Tyiat
to T with all three schemes. On the right, one notices that for the longest
choosen time-step Atgiay = 10AtcrL, a significant fraction of the energy is lost
by ECSIM. Although this may seem surprising, we emphasize that it does not
contradict the theoretical properties of the energy conserving scheme, since they
are only guaranteed for an isolated system. Here we are not in this situation :
particles enter and leave the domain, they gain energy from the external field,
and absorbing boundary conditions on the horizontal boundaries allow some
of the field energy to be dissipated. For the intermediate time-step Atgiay =
2Atcrr, (not shown here) the energy profile is similar for ECSIM and ChECSIM,
but we have observed that the total energy also decreases significantly with
ECSIM in longer simulations with 7" = 50 ns. For ChECSIM we observe that
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Figure 4: Diode test-case : time evolution of the total energy for two values of Atstat.
Here t is expressed in nanoseconds while the energy is normalized. On the right panel the
colored zone starting at t = 2 ns emphasizes the change of time-step during the second part
of the simulation, as described in the text.

the energy is well preserved during the stationary phase, even when longer
time-steps are used. We should point out that this behaviour is not a direct
consequence of the sole energy conservation properties of the scheme since the
system is not isolated, but rather an indication of the improved stability of the
ChECSIM algorithm.

We now turn to the profiles of the particle beam and the electric field on
Figures [f] and [6] For the smallest time-step Atgiay = Atcpr, the CCLF profiles
on panels and [6a] show a good qualitative behavior, very similar to those
obtained with ChECSIM (not shown here). Here we note that the moiré patterns
on the beams are due to the pseudo-random sampling of particles in the injection
zone. The profiles for the ECSIM run in panels [5b| and [6D] are close, despite
some subtle filamentation developping in the upper half of the particle beam (a
typical result of small space-charge errors due to the lack of charge-conservation,
see e.g. [3]), and a slightly stronger electric field at the cathode.

For the time-step Atgiar = 2AtcrL, the ChECSIM profiles in panels [5c| and
are virtually identical, but in the ECSIM run the numerical artifacts grow
stronger: the filamentation of the beam is more pronounced in panel [5d} and
the corresponding field in panel [6d] is now higher at the cathode by around
15%. With the longest time-step Atgay = 10Atcrr, the profiles obtained with
ChECSIM on panels [5¢| and [6€] remain very close to the previous ones, despite
a higher level of noise visible in the field. This is by far not the case with the
ECSIM run, where the accumulation of charge errors leads to significant errors:
on panel [5f] we see that the particle beam is badly scattered, and on panel [6]]
the field takes clearly unphysical values at the cathode, and is also disrupted by
strong spurious oscillations close to the anode.

Turning to Figure[7] we notice that the global rescaling parameter A remains
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Figure 5: Diode test-case: positions of the numerical particles showing the beam profile at
t = 16 ns for various schemes and time-steps. The values on the x and y axes are in meters.
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Figure 8: Diode test-case with local velocity rescaling: particle beam at ¢ = 5 ns in a diode
where (left) the exterior electric field is uniform and (right) where it is non-uniform, see .
The colors represent the values of |1 — Ag| at the particle positions, where A\ is the local
correction factor 7 of the particles. In both cases, the timestep is Atstat = 10AtcRL.

close to one, even when using longer time-steps. In these latter cases, the
rescaling factor is bigger, with a deviation from unity attaining an order 10=°
while it remains below 107 for short time-step. This is expected since a longer
time-step comes with a bigger discrepancy between pointwise current and time-
averaged current, hence a bigger correction is needed to catch this up. On the
left of the same figure, one verifies that all three schemes behave similarly on
the momentum conservation : once the stationnary regime is attained, the total
momentum stays roughly constant.

Now, when the local correction factor A; defined by f is used, we
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see on the left pannel of Figure [8] that the values of the local factors are quite
uniformly distributed in the beam, around an average value which seems to be
close to that of the global factor. On the right panel where the case of the non-
uniform accelerating electric field is presented, we observe that the less regular
the electric field is, the more important the local correction is, which legitimates
this method as a finer strategy than the global correction. Finally, although the
sufficient criterion of Proposition no longer applies to the local factor, it was
never necessary in the expermient to dynamically adapt the time-step for all
factors i to be well-defined.

To finish with our observations, we compare the runtimes. For similar time-
steps, ChECSIM is slower, as expected. Nevertheless, its good stability proper-
ties allow to take longer time-steps, where it becomes the quickest method.

As a result, we find that this test-case completes the numerical evidence
of Section and confirms that the combined energy and charge-conserving
properties of the ChECSIM algorithm lead to an improved numerical stability
for long-time simulations.

CCLF ECSIM ChECSIM

Atgear = | Atcrr | Atcrr | 2AtcrL | 10Atcrn | Atorn | 2Atcrn | 10ALcrL

/ CCLF 1 0.7397 | 0.4673 0.1868 1.086 | 0.6679 0.3193

Table 2: Diode test-case : comparison of the execution times, relative to CCLF’s.

7. Conclusion

In this article, we have reformulated the ECSIM algorithm in a structure-
preserving finite element setting and we have used the properties of this general
discrete framework to complement the original energy-conserving method with
an explicit, local charge-conserving correction step based on FEM-PIC conser-
vative current deposition techniques. The resulting ChECSIM scheme is still
linearly implicit in the fields and explicit in the particles, and it now preserves
exactly the total energy and the discrete charge in a sense that is compatible
with the structure-preserving finite element framework. A condition for our
correction step to be well-defined is that the kinetic energy is higher than the
field correction energy, and we have provided a rigorous criterion on the time
step, under which this condition is always fulfilled. In practice one may need
to dynamically adapt the time-step to meet this criterion, but this was not the
case in the numerical experiments performed in this article. Furthermore, we
proposed to adapt locally the particle correction, to avoid situations where ve-
locities are rescaled in parts of the domain where there is little error on the
current in the guess step. The numerical experiments conducted in this paper
have allowed us to exhibit a clear improvement of the stability properties of the
new scheme, in particular for configurations involving large time steps and a
model system that is not isolated from exterior energy sources.
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Appendix A. Well-posedness of the Maxwell implicit linear system

Here we detail the invertibility of Maxwell linear system The matrix on
the left-hand side has a block structure

Mo <M1 g L —(MHQ(C)T) (A1)

where we have removed scalar parameters such as ¢ or At for the sake of sim-
plicity, since they do not play any role in the argument below. This matrix is
invertible if and only if there exists matrices P, Q, R, S such that

G et )

Q =P(M,C)",
SC = —R(M; + L"),
P (M; +L" + CTM,C) =1,
—R (M; +L" + C"M,C) = C.

which is equivalent to
(A.3)

Hence, the invertiblity of M is equivalent to the invertibility of the matrices
U:=M; +L" and  V:i=M; +L"+C'M,C.

Here the mass matrix My is obviously positive definite, since for any function
wy, # 0 of V;! with coeficient vector denoted by w, one has

w!Myw = (wp, wy) = ||w||? > 0. (A.4)
Similarly, C"M,C is positive semi-definite, since
w! C"M,yCw = {(curly, wy, curly, wy,) = || curly, wy||? > 0. (A.5)

Finally, using (55)) and (52]) we write
2
n q n n n n n n
w' L w = Z m*i(Akwk) Cwy = Zak(lwk|2 +18% - wi?) > 0
k k

with ag == —— B> 0, wl = w (w"+%) and By = B"(a:m_%) This
k= e (A+HBE?) » Wy h\Ej k= MeBp(Zy 7))

shows that the Lapenta matrix L™ is also positive semi-definite, so that both
U and V are positive definite. They are therefore invertible, which proves that
the corresponding implicit Maxwell system is well-posed.

Note that all the arguments in this proof apply to the slightly modified
system used in ChECSIM.
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Appendix B. Proof of the well-posedness of the rescaling factor A

Here we give a proof of Proposition stating that there exist a time-step
At small enough for the definition of A\ to be well-posed.

From we compute

lo™ 17, = 2" M5, = Atzmm o+ vp)

1.
S EAE e i

< A ([ o + 0" ) < o

where we have used and Young’s inequality in the last equation. This gives
a bound for the guess velocities

[ =

> Lo 2

(B.1)

m — m*

Integrating next the field correction in against E and using the definition
of the respective current terms yields then

n+1 At
[ 2K e VoA

— Iyt -7, ,E)

€0

At . _ o
T 2 oyt ((BYr T —{EYT)

< *Z%I”“IIJ" E)|

where we have set 0} (E) := {E}"" —{E}}"". By definition of the time averages
and we next compute that

At gl tn+%

A suB) - /+1 E(:ck(t))dt—/ E(a(t)) dt
t‘n 2 tTL
! tn+%

= [, Bty - Balars [ B - Bl

tn

Assuming that the finite element field E is Lipschitz, the first term is bounded
by

tn+1

[ By B ha= [ B b

/n+2 /n+2 oy VE(zy(r)) dr dt,

s |
2

tntt
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and similarly for the second one,

1
tn+§ 2

— n+i — At n _
[ B~ Blew) di < S0l |V
t?b
The net electric energy variation induced by the correction reads then :

2
1 ~n+1 At - 1 - 1 —
1B 2 = 1B 1P < == (3 a2+ (57 [0) IV Bl oo
k

€0
At? q . . -
< — 0" (19"l + 10" [1n) [ VE 1,00
€ m
N _
< — o 51+ VE)IVE| 100
€0 M

where we have used (B.1]). This shows and ends the proof.

Appendix C. Modelling of absorbing boundary conditions

Absorbing boundaries may be modelled by decomposing the boundary I" :=
0N into a part I'p; with metallic boundary conditions and an part 'y with
absorbing Silver-Miiller conditions [4], so that is replaced by

nxE=1{" on L'y (C.1)
—nx(nxcB) only.

Using this boundary condition in the integration by parts, the weak Ampeére
equation becomes

(O,E(t),¢") — (B(t),curl ¢') + c(n x E;n x ¢")p, = —(J(t),¢") (C.2)

for all ¢* € V!, with an electric field now sought for in the space C*([0,T]; V')
with

VI=Hgr,, (curl,Q) = {u € H(curl,Q) :n xu =0 on Iy}

Accordingly, the finite element space V! should have non-homogeneous bound-
ary conditions on I'4, and the time-continous matrix Ampere equation

becomes d
M —e - (MC)"'b + ¢Tr e = —j (C.3)

where T4 is a boundary mass-matrix involving the tangential traces on the
absorbing boundary I 4,

TI‘ z(nxAlnxAl-p) .
A < v 30 1<i,j<N;
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Note that if Ty = (§, then Tr, = 0 and we recover Equation . Using
an semi-implicit time-stepping for the absorbing boundary terms, the Maxwell
solver in the leap-frog scheme then becomes

At
btE bt = —=_Ce”
2
n+1 n 1
M; (e"*! — ") = At(CQ(MbC)Tb"*% — Ty, (%) - —j”Jr%).
€0
bn+1 _ bn-i—% — _g(cenJrl

(C.4)
Similarly, the fully implicit Maxwell solver in the ECSIM scheme takes the
form

1
Ml(en+1 B en) _ At(c2(M2C)Tb”+% _ CTFA€n+% o 7]n+%)

€0 (C.5)
bt — b = —AtCe 2
and the corresponding linearly implicit formulation becomes
(Ml + 5T, + A%y _(im(MmT) (eZii)
arc I b
_ (M= BT, — SELT SR MLO)T (e At (R
_%C I b" €0 0
(C.6)

The same applies for the ChECSIM guess step, where the linearly implicit
formulation becomes

(Mh + BT, + AR A (MQ(C)T> (é”“)

4deg
At n+1
5C I b

_ M; — c%tTFA _ %tj]l:n c22At (M2c)T en 3 g jgxp
_g(c ]I bn 60 0 ’
(C.7)

Finally in order to obtain an electric field e satisfying the Ampere matrix

equation

1
Ml(en+1 _ en) _ At(CQ(MQ(C)TanF% _ CTFAen-i-% . 7‘7n+%)
€0

[N

with the charge-conserving current term j""2 = %(j”’_ + j"’+), the field cor-

rection step rewrites as

(M + STy, ) (e —emth) = —— ("t =7"). (C.8)

2 26()
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Appendix D. Influence of applied exterior fields

In the case where an exterior field (Eext, Bext) is applied, we point out that
the linearly-implicit formulation of the ECSIM scheme needs to be modified
in a non-trivial way. Indeed, the velocity kick in becomes

qAt
2m

+3 1(

n n n nJrl n n+
v, ) vy +vk+1) vy + ((Eh 2 +Eext)( ) IB% )

with a matrix I@Z such that @Z’U =vx (B + Bext)(wz+2) Therefore we need
to modify the matrix A} accordingly,

o= (- pBy) !

and to decompose the fully implicit current into
nt 1 . . +1
.]nJrz :ngp +Jﬁnp[EZ : +E6Xt]

with an explicit part jgxp defined similarly as in , and an implicit part which
now involves the exterior field. Namely, we have

+1

Jexp (quAZ’UZ ))1§1§N1’
. " At n+i n+g 1
n B 4B, ( ANETE 4 B, ). Al )
Fimpl + Eoxt] = 5 Zk: mk( (B, + Eox)(x), 7)) - Aj (2" L<i<N,

At~ n n+1

= —Ln<% + eext)'
(D.1)

where the matrix L" is defined as in 7 with the proper correction on the
magnetic matrices. In particular, the linearly-implicit Maxwell system
becomes

ACLn  _EALNMLC)T [ent!
Azt(c I bn+1

_ (M- 30T SROOTY (o) A (n, + S e
(C I b €0 0

(D.2)
where we see that the exterior electric field also appears as an additional source
term. In the ChECSIM guess step, the modification is exactly the same.

Appendix E. Dynamic adaptation of the time-step

In the ChECSIM algorithm, the velocity correction step is only well-
defined when the kinetic energy is larger than the variation of the field energy
due to the charge-conserving current correction. Although this was always the

37



case in the numerical experiments conducted for this article, it may no longer
be true when the particles have a low velocity or when the field correction
is important. Since Proposition guarantees that the correction step is well-
posed for a time-step small enough, in practice one may use a dynamic recursive
splitting of the time-step, such as the following one.

Algorithm 1 ChECSIM with dynamic time-step splitting

for n =0, -, #(iterations) — 1 do
T=At
s=20
while s < At do
7 = min(7, At — s)
Perform guess step —— with time-step 7
Push the particles and correct the electric field with time-step 7
if \ is well-defined by then
Perform velocity correction step in
Ss=S+T
if s + 27 < At then
T =27
end if
else
Rollback particles and fields to nAt + s
T=17/2
end if
end while
end for
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