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AN ASYMPTOTIC PRESERVING SCHEME FOR THE
RELATIVISTIC VLASOV-MAXWELL EQUATIONS IN
THE CLASSICAL LIMIT

by

Nicolas Crouseilles, Lukas Einkemmer & Erwan Faou

Abstract. — We consider the relativistic Vlasov-Maxwell (RVM) equations
in the limit when the light velocity ¢ goes to infinity. In this regime, the RVM
system converges towards the Vlasov—Poisson system and the aim of this paper
is to construct asymptotic preserving numerical schemes that are robust with
respect to this limit.

Our approach relies on a time splitting approach for the RVM system em-
ploying an implicit time integrator for Maxwell’s equations in order to damp
the higher and higher frequencies present in the numerical solution.

A number of numerical simulations are conducted in order to investigate
the performances of our numerical scheme both in the relativistic as well as in
the classical limit regime. In addition, we derive the dispersion relation of the
Weibel instability for the continuous and the discretized problem.

Contents
1. Introduction. ......coouii i 2
2. Relativistic Vlasov-Maxwell system & Asymptotic behavior
4
3. Description of the numerical method ..................... 6
4. Numerical results . ... 16
5. ConclusSion . ...ooviii 22
References. . ... 24

2000 Mathematics Subject Classification. — 65M22, 82D10.

This work is supported by the Fonds zur Férderung der Wissenschaften (FWF) — project id:
P25346.

This work was partly supported by the ERC Starting Grant Project GEOPARDI No 279389
and by the ANR project Moonrise ANR-14-CE23-0007-01.

The computational results presented have been achieved in part using the Vienna Scientific
Cluster (VSC).



2 NICOLAS CROUSEILLES, LUKAS EINKEMMER & ERWAN FAOU

Appendix: Dispersion relation and linear analysis ........... 28

1. Introduction

In a wide range of plasma processes, interactions between relativistic parti-
cles and electromagnetic fields play a very important role. For instance, it is
possible to accelerate particles to relativistic speed (see [24] for a discussion
of recent experiments in laser-plasma interaction). In this context, the full
relativistic Vlasov—-Maxwell (RVM) system is indispensable for dealing with
the deviation from thermal equilibrium as well as to describe magnetic ef-
fects. Nevertheless, if the speed of light is large compared to the characteristic
thermal speed of the plasma (a situation often encountered in practice, see
[43, 19, 20]), standard numerical methods have to take so small time steps
as to render them extremely inefficient when applied to such problems. More-
over, using the Vlasov—Poisson equation is not an option in this case as this
model completely neglects all magnetic effects. Certainly a code that performs
well in the situation described would be useful. This enables the study of the
range of parameter values for which relativistic effects (such as encountered
in the Weibel instability) are essential and the range for which electrostatic
effects (such as Landau damping) take over.

In this work, we are interested in non relativistic limit of the relativistic
Vlasov—-Maxwell (RVM) equations. This system of nonlinear partial differ-
ential equations couples a Maxwell system with a transport equation for the
particles density and depends on a parameter ¢ which represents the speed
of light. It has been shown in [48, 1, 18] that for smooth initial data with
compact support classical solutions exist on an intervals [0, 7] independent of
¢ and converge to the solution of the Vlasov—Poisson system at a rate pro-
portional to 1/c as ¢ tends to infinity. Note that we exclusively consider this
so-called electric limit in the present work (for more details on the so-called
electric and the magnetic limits, we refer the reader to [40]).

To reproduce this behavior numerically, standard schemes usually require
very small time steps since solutions develop highly oscillatory phenomena on
a scale proportional to 1/¢. The main goal of this work is to overcome this
difficulty by deriving numerical schemes that preserve this Vlasov-Poisson limit
without requiring small time steps.

Starting with the seminal paper of Cheng & Knorr [11], a largy body of
works has been devoted to the solution of the Vlasov—Poisson system (see, for
example, [10, 8, 22, 32]). Recently, both the relativistic as well as the non-
relativistic Vlasov-Maxwell system has received some attention (see, for ex-
ample, [12, 13, 17, 41, 50, 52, 2, 49]). Regarding time integration, splitting
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methods have several advantages: They are often explicit and computation-
ally attractive as they reduce the integration of the system to a sequence of
numerical approximations of lower dimensional problems, and in general struc-
ture preserving (symplecticity, reversibility, see [3, 30] for general settings).
For example in the Vlasov—Poisson case the computational advantage lies in
the fact that splitting methods reduce the nonlinear system to a sequence of
one-dimensional explicit advections. Various space discretization methods can
then be employed to solve the resulting advections. Semi-Lagrangian methods
using interpolation with Fourier or spline basis functions as well as discontinu-
ous Galerkin type schemes are among the most commonly employed methods.

In our previous work [13] we have introduced a three-term splitting for the
Vlasov—Maxwell system that is computationally attractive, easy to implement,
and extensible to arbitrary order in time. In addition, it can be easily combined
with a range of space discretization techniques. This numerical scheme is
based on the Poisson bracket proposed in [44] which, as has been pointed
out in [47], does not satisfy the Jacobi identity, see [42]. Nevertheless, the
numerical method introduced in [13] is time reversible, and preserves the
Poisson equation as well as the divergence free condition on the magnetic field.
In addition, the numerical results given in [13] show that it is superior with
respect to energy conservation and shows better qualitative results compared
to other methods from the literature.

The method introduced in [13] can be easily extended to the fully relativistic
case. However, since the scheme relies on an explicit time stepping scheme for
Maxwell’s equations, significant difficulties appear when c is large (the CFL
condition is proportional to 1/c?).

Our goal is to design a numerical scheme that is uniformly efficient both
when c is of order one and for arbitrary large values of ¢, with a fixed set of
numerical parameters. This is the context of asymptotic preserving schemes
(see [34]). The main idea is to propose a modification of the splitting intro-
duced in [13] to capture the correct asymptotic behavior without destroying
the order of convergence on the limit system. More precisely, the linear part of
Maxwell’s equations is solved by using an implicit numerical scheme (implicit
Euler or the Radau ITA method). While this choice destroys the geometric
structure of the splitting (reversibility and symplecticity), the resulting time
integrator is unconditionally stable with respect to ¢ and introduces enough
numerical dissipation to recover the correct limit of the system when ¢ tends
to infinity. This way, our scheme enjoys the asymptotic preserving property.

Regarding space approximation, we will mainly consider an approach based
on Fourier techniques. Let us emphasize, however, that our numerical scheme
could be easily extended to various other space discretization methods.

In section 2 we will discuss the Vlasov—Maxwell system as well as its asymp-
totic behavior. The numerical method proposed in this paper is introduced in
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section 3. In section 4 we present the numerical simulations used to bench-
mark and validate our asymptotic preserving scheme. Finally, we conclude in
section 5.

2. Relativistic Vlasov—-Maxwell system & Asymptotic behavior

We consider the Vlasov—-Maxwell system that is satisfied by a electron
distribution function f = f(t,x,v) and the electromagnetic fields (E, B) =
(E(t,x), B(t,z)) € R3 x R3. Here, the spatial variable is denoted by = € X3
(X3 being a three dimensional torus), the velocity /momentum variable is de-
noted by p € R?, and the time is denoted by ¢t > 0. Using dimensionless units,
the Vlasov—Maxwell system can be written as

atf+:-vxf+<E+:xB>-fo:0,

(2.1) OE =c?V, x B — Bf(t, z,p)dp + J(t),
OB=-V;xFE, e
where
(2.2) J(t) = 1/ Bf(t,:c,p) dzdp
| X3| Jxs Jre ¥

and | X 3| denotes the volume of X3. In the relativistic case, the Lorentz factor
depends on p and the dimensionless parameter ¢, and is given by

v =V1+pl*/c.

Let us note that the splitting method considered in [13] applies to the case
v =1 and ¢ = 1, but as we will see later, it can be easily extended to the case

v =1+ p]*/c2.

In addition, two constraints on the electromagnetic field (E, B) are imposed

(2.3) V.- E=ptz):= / f(t,x,p)dp—1, V,-B=0,
R3

and we easily check that if these constraints are satisfied at the initial time,
they are satisfied for all times ¢t > 0. We moreover impose that E and B are
of zero average for all times t; that is

(2.4) E(t,z)dz = / B(t,z)dz =0,

X3 X3
which implies the presence of J in the system (2.1). Moreover, the total mass
is preserved; that is the relation

/ f(t,2,p) dedp = / £(0,2,p) dzdp = 1
X3 JR3 x3 JRr3
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holds true for all times ¢t > 0. Let us duly note, however, that the constraints
considered above are not always satisfied for a given numerical approximation.

As initial condition, we have to specify the distribution function and the
field variables:

f(t=0,z,v) = fo(z,v), B(t=0,2)= By(z),

where V- Bo(z) = 0 and E(t = 0,x) is determined by solving the Poisson
equation at t = 0 (see (2.3)).

The Hamiltonian associated with the Vlasov—Maxwell system is given by
(see [44, 42])

1 2
#om g [P S [ prasee [ potfap
2 Jxs 2 Jxs X3xR3
25) = Hp+Hp+H,

The three terms correspond to electric energy, magnetic energy, and kinetic
energy, respectively. We easily check that this total energy is conserved along
the exact solution of (2.1).

In the limit ¢ — 400, the Vlasov-Maxwell equations lead to the 3-
dimensional Vlasov-Poisson equations (see [18, 48, 1, 4]). Formally, when
¢ goes to infinity, we check from (2.1) that B goes to zero (assuming a well-
prepared initial condition; for example, B(t = 0,2) = O(1/c)). In addition, =
converges to 1, so that we obtain the so-called Vlasov—Ampere model

(2.6) Of +p-Vaf +E-Vpf =0, dE=—(J—J),
with J = [p3 pf dp. Since in the limit the electric field is curl free (i.e., V, x
E = 0), we deduce that there exists a potential ¢ such that £ = —V,¢.

Assuming that the Poisson equation —A,¢ = [p; fdp — 1 is satisfied for
t = 0, we can use the continuity equation (obtained by integrating (2.6) with
respect to p € R3)
atp + Vx -J = 0,

to verify that the Poisson equation holds true for all times ¢ > 0, even if we
only assume that E satisfies the Ampere equation ;F = —(J — J). As a
consequence, the Vlasov—Ampere equation (2.6) is equivalent to the Vlasov—
Poisson model.

Let us remark that the ”semi-relativistic” case which corresponds to setting
~v = 1in (2.1) will be also considered in this work. The limit ¢ — +o00, i.e. that
the speed of light is large compared to the characteristics velocities of the
problem, yields the Vlasov-Poisson equations (similar to the fully relativistic
case).

Let us note that Maxwell’s equations support plane wave solutions of the
form e!**=%!) for w = c|k|, k being the dual Fourier variable on the torus
X3, This is called the dispersion relation. We thus conclude that, for a fixed
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wavenumber k, the angular frequency w increases proportional to ¢. This poses
a difficult problem for a given numerical scheme as high frequency oscillations
have to be resolved. This is especially important as the nonlinear coupling to
the Vlasov equation excites modes that are not present in the initial condition.
Of course, in the latter case the dispersion relation is modified as we have to
take the full Vlasov—Maxwell system into account. This point will be further
discussed in section 5.

3. Description of the numerical method

In this section, we propose a time discretization of (2.1) enjoying the asymp-
totic preserving property in the sense that it is uniformly stable with respect
to ¢ and is consistent with the Vlasov-Poisson model (2.6) when ¢ goes to
infinity, for a fixed time step. We first focus on the time discretization of the
linear part of the Maxwell’s equations before describing the time discretization
of the rest of the RVM model. Then, a fully discretized presentation of the
numerical scheme is performed in the case of the 1+1/2 RVM model.

In the sequel, we will use a discretization of the time variable t" = nAt,
At > 0 and the classical notation Z" as approximation of Z(t") where Z can
denote the electric (or magnetic) field F' (B) as well as the distribution function
f. Finally, in the third part of this section we will denote the Fourier transform
of any space dependent quantity Z by Z and the associated frequency in
Fourier space by k.

3.1. Time discretization of Maxwell’s equations. — We split
Maxwell’s equations between the linear part

(3.1) WE =c*VyxB, B=-V,xE,

and the nonlinear part
OE =—(J—J).

The former is essentially a wave equation, which is stiff due to the presence
of ¢), while the latter is a (non stiff) nonlinear part that only mediates the
coupling to the Vlasov equation and will be considered in the next section.

In order to avoid the stability constraint imposed by ¢?, an implicit scheme
has to be used for the linear part (3.1). Let us consider an implicit Euler
scheme

(3.2) E"tl = E" 4 2AtV, x BTt Bt = B" AV, x E"TL
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such that combining the two equations gives an implicit time discretization
for the wave equation satisfied by B

n+1 _ n n—1
B 252 + B = —2V, x (Vg x B")

(3.3) = —V,(V,-B"™) 4 AAB™H

Moreover, the divergence constraint for B is propagated in time since if V -
B" = 0, then the second equation of (3.2) ensures V, - B"' = 0. As a
consequence, (3.3) reduces to the following implicit time integrator

Bn+1 —92B™ 1 anl

At?

It is well known that this scheme is stable since the amplification factor is
smaller than one. It means that this scheme damps high frequencies signif-
icantly compared to the exact flow. However, this property is essential in
our case as we rely on the fact that for large ¢ the numerical scheme damps
the high frequencies in the system to recover the correct asymptotic behavior.
With the solver described in [13] (or solving (3.3) exactly), this behavior is
not possible. Thus, we expect the present numerical integrator to compare
unfavourably to the splitting described in [13] when c is close to unity (even
though it is a consistent numerical scheme). However, for large values of ¢
it has the decisive advantage that no CFL condition is imposed for the wave
equation.

Note that several adaptations could be introduced to make the scheme sym-
plectic if ¢ is small, by changing for instance the right-hand side of (3.4) to
(1 —0)AB™! + HAB™) where 6 depends on ¢, and can be chosen close to
1 for large ¢ and close to 0 for small ¢. However, we will not consider such
modifications in the present paper.

(3.4) = 2AB™HL

3.2. Time discretization of the Vlasov equation. — Let us now focus
on the kinetic part of the RVM equation. To ensure that the Poisson equa-
tion is satisfied for all times, the numerical scheme should satisfy the charge
conservation property (see [9, 17, 50]). To accomplish this we adopt a time
splitting inspired from [13]: first, we solve the following flow

atf+§-vxf=0,

(3.5) B =~ | Lft,w,p)dptd(e),
R3 7Y
B =0.
Second, we solve

Of +E-Vpf =0,

(3.6) OE =0, 0,B=0.
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Finally, we solve

O f + (:XB) Vof =0,
&HE =0, 8B =0.

(3.7)

Note that V,, - (% X B(:r)) = 0 so that the transport term in (3.7) is conser-

vative. All of these three steps can be solved exactly in time (see [13]).

3.3. Application to the 1+1/2 RVM and phase space integration. —
Preparing for the numerical simulations conducted in section 4, we detail our
numerical scheme for the 14+1/2 RVM system (see also [52]). We consider the
phase space (21, p1,p2) € X x R?, where X is a one-dimensional torus, and the
unknown functions are f(t,x1,p1,p2), B(t,x1) and E(t,x1) = (E1, E2)(t,x1)
which are determined by solving the following system of evolution equations

1
atf+%ax1f+E.vpf+;ij-vpf:o,
8tB - —azlEQ;

8tE2 = _CQal‘lB - / %f(taxlap> dp+ j?(t)a
RQ

atElz—/ PLt(t,21,p) dp + Ju(8),
R2 7Y

(3.8)

where p = (p1,p2), v = /1 + (p} 4 p3)/c? and
- 1 Di .
Jz(t) :m  Jr2 ;f(taxlvp)dxldpv = 1)2)

with | X| the total measure of X; finally, J denotes the symplectic matrix

J—<01 é)

This reduced system corresponds to choosing an initial value of the form

El(azl) 0
E(x1,x9,23) = | Ea(x1) and B(x1,x9,x3) = 0
0 B(xl)

and a f depending on x7 and (p1,p2) only in the system (2.1). Then it can be
easily checked that this structure is preserved by the exact flow. We refer the
reader to [10, 52] for more details.

Let us now consider the splitting scheme introduced in the previous subsec-
tions in more detail in the context of the 1+1/2 RVM model. We denote by
f", EY, EY and B™ approximations of the exact solution at time ¢, = nAt.
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3.3.1. First step. — The first step of the splitting consists in advancing (3.5)
in time which, in our 1+1/2 RVM framework, can be written in Fourier space
as follows

(3.9) atf+%z'k:f:0, 3tE1:—/2mfdp+j1, atEQ:_/Zp?fdpJJQ,
R R

where ~ denotes the Fourier transform in the spatial variable only. We extend
[13] to the relativistic case: first, f can be computed exactly from f" by
integrating directly between 0 and At

VkeZ, f*=f"exp(—ipikAt/y).
Then, the equation for E; can be solved exactly in time (for k # 0)

Er = / / f(t)dtdp
R2

At
= / f"/ exp(—ip1k(t —1")/v)dtdp
R2

_ n_ P1 zp —1 o _
= B [ P (it - 1) dp

[ 1 o rn
= B g | [0 a).

The same procedure can be applied to the equation for Eo

Pk n P2 o -1 .
By = Ep— | 22 —ikp At/~) — 1)| d
p o= B [0 el - 1) dp

= EP+ ZZ/ 22 g [exp(—ikp1At/vy) — 1] dp.

Numerically, the integration with respect to p is done by standard quadrature
formulas.

3.8.2. Second step. — In the second step we approximate the linear part of
Maxwell’s equations (3.2). For the 141/2 RVM case we get (in Fourier space)

(3.10) OB = —ikEy, 0,Fy = —c%*ikB, 8,F; =0,

with the initial conditions B = B", Fy = Ef, Ey = Ej (Ef and Ej are
computed in the last step). The use of an implicit Euler scheme in time to
ensure stability with respect to ¢ yields the formula

= EY —AAtikB™!
B" = B — AtikEFT.

41
E2
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Note that Ej is unchanged and thus E{‘H = E{ These equations can be cast
into the following 2x2 matrix system

(3.11) ERFLN 1 1 — 2 Atik £}
: Bn+1 - 1+ At2¢2k2 —Atik 1 Bn :

3.8.8. Third step. — In the third step we solve (3.6). Using the electric field
En+ computed in the previous step, it becomes

(3.12) of+E" .V, f=0.

As the electric field is kept constant during this step, the solution of this
equation is explicitly given by

f**(xvp) = f*(zap - AtEn+1)‘

The evaluation of f* at the point p — AtE™*! is performed using a 2-
dimensional interpolation (using Lagrange interpolation of degree 3).

3.8.4. Fourth step. — In this last step, we solve (3.7). Using the magnetic
field B"*! computed in the second step, we have to solve

1
(3.13) ouf + ;B"ij Vpf =0.

The solution of this equation can be written as follows
(3.14) @, p) = (@, P p)),

where P(t";t"! p) is the solution at time " of the characteristics equation
taking the value p at time t"*1, i.e.

dP 1
=——_p"tgp, P =p, te[t", "]

dt V1+|P]?2/c?
This ordinary differential equation can be solved analytically since v is con-
stant on each trajectory and B"*! is independent of p. Then, a 2-dimensional
interpolation (using Lagrange interpolation of degree 3) is performed in (3.14)
in order to compute f"*1. In the non-relativistic case, this step is simpler since
a directional splitting reduces the problem to a sequence of one-dimensional
transport equations.

3.8.5. Algorithm. — We summarize the main point of the proposed algorithm,
starting from f", ET, Ey, B™:
— compute f*, B, ES from ", E}, E} by solving (3.9) with step size At,
— compute E{‘H,ESH,B”“ from EF, E5, B" by solving (3.10) using the
implicit Euler method with step size At,
— compute f** from f* by solving (3.12) with step size At,
— compute ! from f** by solving (3.13) with step size At.
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3.8.6. Asymptotic preserving property. — We are interested here in the
asymptotic behavior of the proposed numerical scheme when ¢ goes to 400,
for a fixed time step At and independently from the initial condition.

From the second step, we immediately get from (3.11) that the magnetic
field B! goes to zero when ¢ — +oo, for all n > 0. Moreover, again from
(3.11), the term ESF goes to —i/(kAt)B™ when ¢ — +oco. Hence we get
that EQH goes to zero when ¢ — +oo, for all n > 1. Note that even if the
initial condition is not consistent with the asymptotic behavior (i.e. E‘g #0
or BO # 0), the numerical scheme we propose imposes, after the first steps,
that £2 and B' become small as ¢ — +oco. This is related to the strong
asymptotic property which does not require that the initial data are well-
prepared, typically B® = O(1/c). Thus, the only field that does not vanish
when ¢ — 400 is the electric field El.

Since we have ensured that E5 goes to zero as ¢ goes to 400, the third step
reduces to a one-dimensional transport in the p; direction due to the effect of
E{”H (which has been computed in the first step). Similarly, since B goes to
zero as ¢ goes to 400, the last step leaves f unchanged.

The numerical method described is first order in time for a fixed value of c,
and satisfies the asymptotic preserving property. More precisely, as ¢ goes to
infinity and for a fixed At, the algorithm reduces to

— solve &gf —i—plikf =0 and 8tE1 = — fRQ plfdp + J; with step size At.

This gives ) )
f¥(k,p) = f" exp(—ip1kAt),
and
B0 = B0+ o | [ )~ ) o

— solve O.f + E10,, f = 0 with step size At and the E; computed in the

previous step. This gives

(@, p) = [ (x,p1 — ALETT o).

This so-obtained asymptotic numerical scheme corresponds to a two-term
splitting for the one-dimensional Vlasov—Ampere equations in the variables
(x1,p1). We emphasize that this scheme is consistent with the continuous
asymptotic one-dimensional Vlasov—Poisson model since it preserves the
charge exactly (see [13]); indeed, if the Poisson equation is satisfied initially,
it is satisfied for all time due to the fact that we solve Ampere’s equation
exactly.

3.4. Extension to second order. — In practical simulations constructing
a scheme that is at least of second order is a necessity in order to obtain
good accuracy. The previous scheme can be easily extended to second order
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Method ‘ exact Crank—Nicolson imp. Euler Radau SDIRK
. 1+% 1 1+%z 1+(v2—-1)z
Qb(z) € 1—2 1—z 17%Z+%22 (1+(§_1)2)2
TABLE 1. The stability function ¢(z) for the exact integration, the
Crank—Nicolson method, the implicit Euler method, the Radau ITA
method of order three, and the L-stable SDIRK method given in
Figure 2 are listed.

2

by using the symmetric Strang splitting. In addition, higher order splitting
methods can easily be constructed by composition (see [30]). The missing
crucial ingredient, however, is an integrator for the linear part of Maxwell’s
equations (3.1) that is of the appropriate order (so far we have only considered
the first order implicit Euler scheme).

If we consider the problem of solving the relativistic Vlasov—-Maxwell system
on a tensor product domain, it is even possible to exactly integrate the linear
part of Maxwell’s equations. This is possible since (3.1) is a linear system
with constant coefficients and therefore all the Fourier modes decouple (see
equation (3.10)). The resulting 2x2 (complex) matrix exponential can be
computed analytically. However, as is evident from Figure 1 (top-left), using
this approach we do not even converge towards the correct limit (i.e. we do
not observe the correct Landau damping rate for large values of ¢). This is
due to the fact that the exact solution does not damp high frequencies at
all. Consequently, we do not approach the electrostatic limit which the RVM
system only attains in a weak sense.

The Crank—Nicolson method is a very widely used numerical scheme that
is second order accurate and only requires the inversion of a single system of
linear equations. It thus incurs the same computational cost as the implicit
Euler method. Unfortunately, it suffers from the same shortcoming as inte-
grating the linear part of Maxwell’s equations exactly (i.e. we do not observe
the correct limit for large values of ¢). The corresponding numerical results
are shown in Figure 1 (top-right).

We can perform a linear analysis of these methods by recognizing that
equation (3.10) can be diagonalized. The corresponding eigenvalues are +ick.
Therefore, it is sufficient to only consider the stability function ¢(z) of the
numerical integrators used (these are listed in Table 1). In particular, the
exact integration and the Crank—Nicolson method give lim,_,+ ¢(z) = 1 which
means that there is no damping for ¢ — +o00. Therefore using these methods
our numerical scheme does not converge to the classical limit.
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exact integration, N=64x256x256 Crank-Nicolson, N=64x256x256
T T T T T T T T T T T T T T
1e-01 ' ‘exact integr.,c=1e3 7 le-01 CN, c=1e3 7
. exact integr., c=1e4 ] . | CN, c=1e4 _
2 1e-02 Radau llIA, c=1e3 —— ) le-02 ' Radau llA, c=1e3 ——
5 1e-03 5 1e-03 .#' i
G 5] l
o le-04 o le-04
S 1le-05 S 1le-05
Ko) K]
le-06 le-06
le-07 le-07
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
time time
Radau IIA, N=64x256x256 c=10, N=64x256x256
1le0l F " RadauliA, c=10 -~ ] 1e-01 F " Ragau lIA(dt=0.2) —— 1]
" | Radau llIA, c=1e3 — | . Euler (dt=0.01) _
5 1O s 102 L. Euler (dt=005) ——
£ 1e-03 5 1e-03 ““W’f:\'ﬁ‘m
& ] “
o le-04 P le-04 [
E 1le-05 E 1le-05
Y 1e-06 ? 1le06
le-07 le-07
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
time time

FiGURE 1. The Landau damping problem for a number of different
numerical schemes is shown. In the top row exact integration and
the Crank—Nicolson method are used. In this case we do not observe
convergence to the correct limit. At the bottom-left graph we see that
using the third order Radau ITA method results in the correct limit
behavior. The bottom-right graph compares the first order implicit
Euler method with the third order Radau ITA method for ¢ = 10.
The analytically derived decay rate for the Vlasov-Poisson system is
shown as a black line. In all simulations, if not indicated otherwise,
the time step size is chosen as At = 0.2.

Implicit Runge-Kutta methods have been constructed so as to satisfy
lim, ,oo #(2) = 0. These so-called L-stable methods)) have the property
that for ¢ — 400 the magnetic field vanishes after a single time step. This
is clearly a desirable property in the present situation. The most commonly
used member of this class are the so-called Radau ITA methods. The Radau

M A method is called L-stable if it is A-stable and satisfies lim,—co ¢(z) = 0.
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ITA method with s stages converges with order 2s — 1. In fact, the implicit
Euler method is identical to the Radau ITA method with s = 1.

The numerical results for the Strang splitting using the Radau ITA method
for the linear part of Maxwell’s equations are shown in Figure 1 (bottom-
left). In this case we do observe the correct behavior in the classical limit
(as is demonstrated by the comparison to an analytically derived result for
the Vlasov—Poisson system). Let us also note that, while the implicit Euler
method is able to recover the correct limit, it creates a numerical damping even
for relatively small values of c¢. This is a numerical artefact that vanishes as
we decrease the time step size. However, in order to obtain results comparable
to the third order Radau ITA method the implicit Euler method has to use
a time step size that is at least a factor of 20 times smaller (see Figure 1
bottom-right; in both cases we use the second order Strang splitting scheme
for the whole RVM system). Therefore, we will use the third order Radau ITA
method in all the simulations that have been conducted in this paper.

A disadvantage of the Radau ITA family of methods is that they are fully
implicit (see the Butcher Tableau in Table 2). In general, we thus have to solve
a nonlinear system of equations coupling all stages of the numerical method.
In the present case this is not a severe restriction for the following reasons.
First, once we apply the splitting scheme, the resulting Maxwell’s equations
are linear (see equation (3.1)). Thus, we apply the Radau ITA method to a
linear system and no Newton iteration is required. Second, and most impor-
tant, in Fourier space the different modes decouple. Thus, for a Fourier based
space discretization the Radau ITA method of third order yields a complex 4x4
system of linear equations for each mode. This system can be solved analyti-
cally. The resulting expression is employed in our implementation. However,
for applications where Fourier techniques are not applicable, inverting the lin-
ear system required to evaluate these implicit methods can incur a significant
computational cost. In this case we can either use the techniques described in
[31, Chapt. IV.8] to reduce the size of the linear system for the Radau ITA
family of methods or employ a single diagonally implicit (SDIRK) L-stable
method. Second order L-stable SDIRK methods with two stages have been
constructed and we have implemented one such method. The corresponding
numerical results, which show convergence to the correct limit as ¢ — +oo,
are displayed in Figure 2.

Even though this L-stable SDIRK method is a viable alternative to the
Radau ITA method discussed earlier, in the present paper we will only report
results using the latter scheme. This is due to the fact that the Radau ITA
method is accurate to third order and there is no additional computational
cost as we exclusively use Fourier techniques in order to discretize space.

Now let us proceed by describing the second order numerical scheme that
is used in all simulations in the next section:
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FI1GURE 2. The Butcher Tableau for the second order SDIRK method
with two stages is shown on the left (y = 1 — 1/4/2). The figure on
the right shows that for large ¢ we recover the classical limit when
using this method to solve the linear part of Maxwell’s equations.
The analytically derived decay rate for the Vlasov—Poisson system is
shown as a black line. In all simulations the time step size is chosen

as At = 0.2.

1/3]5/12 —1/12
1| 3/4 1/4
3/4  1/4

TABLE 2. Butcher Tableau for the Radau ITA method.

— compute f*, E* from f" E™ by solving (3.5) with step size %At,

— compute E"1/2 B"t1/2 from E*, B™ by solving (3.11) using the third

order Radau ITA method with step size %At,

— compute f** from f* by solving (3.6) with F = E"t1/2 with step size

$AL,

— compute f** from f** by solving (3.7) with B = B"+/2 with step size

At,

— compute f*** from f*** by solving (3.6) with E = E"1/2 with step size

SAL,

— compute E**, B"t! from E"t1/2, B"+1/2 by solving (3.11) using the third

order Radau ITA method with step size %At.

— compute f"t1 E"FL from f*** E** by solving (3.5) with step size %At,

15
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3.5. Extension to the general case. — In this section, we briefly discuss
how to extend the algorithm described in section 3.3 to the general case of
three spatial and three velocity directions (i.e. the general formulation stated
in equation (2.1)).

The first step can be generalized easily since we obtain (by using a Fourier
transformation with the variables k = (k1, ko, k3) in space)

J* = [ exp(—ip - kAt/v), and E* = E" + / L~ frydp.
r3 tk-p
Let us remark that, similar to the one-dimensional case, charge conservation
is ensured in this step.

The second step concerns the linear part of the Maxwell equations. In Fourier
variables, they can be written as

O F = ik x B, 8,B = —ik x F,
and as before, by introducing y(t) = (E(t), B(t))T € R, we get

dy(t . .
O _ iy, with y(t) = (1), BO)T € B,
and A is a 6x6 matrix given by
0o 0 0 0 —c®ks ko
0 0 0 621{73 0 —62]{71
0 0 0 —C2k2 C2k1 0

0
—k3 0 k1 0 0 0
ko —k1 O 0 0

Hence, one can apply Radau ITA type methods to this linear system (note
that I +iAtA is always invertible).

The third and fourth steps are unchanged since in both cases, the solution can
be given explicitly using its invariance along the characteristics.

4. Numerical results

This section is devoted to validating the numerical scheme introduced in
this paper. To do so we will present and discuss the results of a number of
numerical simulations for different values of the dimensionless parameter c. In
all the numerical simulations conducted we employ the second order scheme
that is described in section 3.4, which is based on Strang splitting for the
Vlasov equation and the third order Radau ITA method for the linear part
of Maxwell’s equations. We call it AP-VM and it will be compared in the
regime ¢ =~ 1 with the splitting proposed in [13] which we call H-split. Note
that the H-split method does not conserve energy up to machine precision
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but the numerical results in [13] show that it is superior compared to other
methods from the literature. In the sequel, two configurations are studied:
first numerical tests are conducted in the semi-relativistic case, considering
~v = 1in (3.8) but with different values for ¢ in Maxwell’s equations. Second,
the fully relativistic case is tackled with v = /1 + |p|?/¢? and different values
for ¢. For these two configurations, both Landau and Weibel type problems
are considered.

4.1. Semi-relativistic case: v =1. —

4.1.1. Landau type problem. — First, we consider a problem that converges
to a Landau damping situation as ¢ goes to infinity: We impose the following
initial value for the particle density function

1
folw.p) = 5-e 2P (Lt acos k), = €[0.L], p € [P Pma]”

In the Vlasov—Poisson case we would initialize the electric field according to
Gauss’s law. However, as our goal here is to stress the classical limit regime we
will initialize the electric and magnetic field as a plane wave where equal energy
is stored in the electric and magnetic field. Thus, we impose the following
initial condition

4.1 FEi(x) = gsink::z:, FEs(x) =0, B(z) = gsinkaz.
k k
c

It is easy to verify that Gauss’s law is satisfied for the initial value. As pa-
rameters we have chosen o« = 0.01, k = 0.4, L = 27/k, and ppax = 5.

The numerical results are shown in Figure 3 where the time evolution of the
electric and magnetic energies (given by Hg and Hp in (2.5)) are shown for
different values of ¢ (¢ = 1,10, 10?), with a fixed set of numerical parameters
At = 0.1, N, = 64, N, = Np, = 256. We also plot the results obtained by H-
split (proposed in [13]) for ¢ = 1 and At = 0.05 in order to compare with AP-
VM. It appears that AP-VM behaves very well in this regime. Moreover, when
c is large, we observe excellent agreement with the analytic results for Landau
damping rate (the theoretical damping rate of the black line is —0.0661). The
same comments apply with respect to the time evolution of the error in energy
(defined as |H(t) — H(0)|, where H is defined by (2.5)) and the error in the
relative L? norm (in = and p) of f (defined as ||f(t) — f(0)|z2): these two
quantities (which are preserved in time) are shown in Figure 4. Indeed, when
¢ =1, H-split (with At = 0.05) and AP-VM show similar behavior. Moreover,
we can observe that the L? norm of f is very well preserved when ¢ becomes
large. This might be due to the use of Fourier methods to approximate the
transport operators.

We also look at the error in L* norm of the difference between the different
unknown of the Vlasov—Maxwell system at a given ¢ (f¢, EY, ES, B¢) and the
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dt=0.1, N=64x256x256
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FIGURE 3. Semi-relativistic case (Landau problem): time evolution
of the electric and magnetic energy obtained by AP-VM (for ¢ =
1,10,10?) and H-split (c = 1).

unknown of the asymptotic Vlasov-Poisson model (>, E°, ES°® = 0, B> =
0). It is known from [48] that (in the fully relativistic case), this error is
bounded by ¢~! (with well-prepared initial data). The results we obtained
with the initial data (4.1) are given in Table 3. It appears that for Ej, the
rate is stronger (the machine precision is fastly reached so that the last two
rates are not very meaningful), for Fs, the rate is about 2, for B the rate is
about 2 (which corresponds to a rate of 1 in the scaling used in [48]), and for
f, the rate is about 2.

4.1.2. Weibel type problem. — Next we consider the so-called Weibel insta-
bility. The Weibel instability is present in plasma systems with a temperature
anisotropy. A small perturbation in such a system leads to an exponential
growth in the magnitude of the magnetic field. The growth in amplitude
eventually saturates due to nonlinear effects. The Weibel instability is con-
sidered a challenging problem for numerical simulations and is therefore often
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dt=0.1, N=64x256x256

c=1 H. split., dt=0.05
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FIGURE 4. Semi-relativistic case (Landau problem): time evolution
of the error in energy and L? norm obtained by AP-VM (for ¢ =
1,10,10?) and H-split (c = 1).

] c H F error\ rate H Es error\ rate H B error \ rate H f error \ rate ‘

1 2.55e-04 - 3e-03 - 6.05e-03 - 4.25e-04 -
2.87e-06 | -2.79 || 1.47e-02 | 1.15 || 2.49e-04 | -1.98 || 1.56e-05 | -2.05
25 || 3.78e-08 | -5.48 || 2.22e-03 | -0.02 || 2.97e-04 | -1.87 || 1.42e-06 | -3.54
125 || 5.11e-12 | -5.53 || 5.81e-07 | -5.12 || 2.42e-09 | -7.28 || 2.15e-07 | -1.17
625 || 1.53e-14 | -3.61 || 2.58e-08 | -1.93 || 5.07e-11 | -2.40 || 9.8e-09 | -1.92
3125 || 1.19e-15 | -1.59 || 2.8e-10 | -2.81 || 6.19e-13 | -2.74 || 4.87e-10 | -1.86

TABLE 3. This table shows the difference between the numerical so-
lution of the Vlasov—Maxwell system and the asymptotic Vlasov-
Poisson system as a function of c.

used as a test case for Vlasov—-Maxwell solvers (see [7, 12, 13, 45, 52]). Here
we impose the following initial conditions for the particle density
(4.2)

f0($ap) = !

Wp?h VT

o~ PR3/ TP (14 cos k), z € [0, L], p € [~Pumaxs Pmasx) s
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and the field variables

E(z) = % sin kx, Es(z) =0, B(z) = 2 coskz.
k ck
As parameters we have chosen a = 1074, k = 1.25, T, = 12, py, = 0.02,
L =27/k, and ppax = 0.3. We compare the results obtained by AP-VM and
by H-split.

We are interested in the time evolution of the most unstable Fourier mode
(namely k& = 1.25) of the electric and magnetic fields E, Fs, B, and in the time
evolution of the relative total energy H(t) — H(0). The numerical results are
shown in Figures 5 and 6. We observe that for the time step chosen At = (0.05,
H-split gives significantly better agreement with the growth rate derived in
subsection 5.3 compared to AP-VM. Note however that it is entirely expected
that preserving the Hamiltonian structure gives better qualitative agreement
with the exact solution. In addition, the diffusive nature of the Radau method
employed introduces significant errors in the case where ¢ = 1 (see the time
evolution of the total energy). Despite this, the linear phase is well reproduced.
Moreover, let us note that AP-VM is consistent since it converges (when At is
decreased sufficiently) to the correct behavior, as can be observed from Figure
6. This also enables us to check that our AP-VM scheme is second order in
time.

As we increase the dimensionless parameter ¢ we expect the Weibel instabil-
ity to cease. On physical grounds one would argue that the instability cannot
exist in the electrostatic regime as the Vlasov—Poisson system does not include
any magnetic effects. This is confirmed by the linear analysis that has been
conducted (in section 5) which shows that even for moderate values of ¢ no
unstable magnetic modes exist. The test, for AP-VM, is then to work well in
this limit. We observe from Figure 5 that the energy conservation improves
dramatically as ¢ increases. For any value of ¢ larger than 5 no instability
can be observed in the case of the asymptotic scheme, and the total energy is
well preserved. Let us note that due to the CFL restriction for the integration
of the field variables, the scheme H-split is forced to take excessively small
step sizes as ¢ increases. For small ¢ this can be alleviated to some extend
by performing substepping for Maxwell’s equations (as pointed out in [13]);
however, for medium to large ¢, H-split is computationally infeasible. On the
other hand, AP-VM is unconditionally stable so that it does not suffer from
this step size restriction.

4.2. Fully relativistic case. —

4.2.1. Landau type problem. — We consider the same initial condition as in
the semi-relativistic case, but now we set v = /1 + |p|?/¢?. The numerical
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FIGURE 5. Semi-relativistic case (Weibel problem): time evolution
of the most unstable mode (k = 1.25) of the magnetic and the two
electric fields. Top left: ¢ = 1, AP-VM. Top right: ¢ = 1, H-split.
Bottom left: ¢ = 5, AP-VM. Bottom right: time evolution of the
energy error for AP-VM (¢ = 1,5) and for H-split (¢ = 1).

parameters are At = 0.1, N, = 64,N,, = Np, = 256. As in the semi-
relativistic case, we are interested in the time evolution of the electric and
magnetic energies, in the error on the energy #H(t) — #(0) and in the error
|lf(t) — f(0)||z2 (in the L? norm in x and p), for different values of ¢ (¢ =
1,100). The results are shown in Figure 7. For the case ¢ = 1 we expect
a complex interplay between the electric and magnetic field modes as well
as with the plasma system. As we increase the dimensionless parameter c,
however, Landau damping eventually dominates the dynamic of the system.
For ¢ = 100 we in fact observe excellent agreement with the analytical decay
rate that has been derived for the Vlasov—Poisson equations (see [51]). This
shows that our scheme converges to the correct limit in this example. In
addition, we observe that the error in the total energy as well as the error in
the L? norm decreases as we increase ¢. This might be due to the fact that
the 2-dimensional interpolation in the p direction degenerates as ¢ becomes
large, so that f remains unchanged during this step and does not affect the
L? norm.
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FIGURE 6. Semi-relativistic case (Weibel problem): time evolution
of the most unstable mode of the magnetic field (and the correspond-
ing theoretical growth rate) obtained by the asymptotic preserving
scheme for different time steps At = 0.1,0.05,0.02. Bottom right:
time evolution of the energy error for different time steps.

4.2.2. Weibel type problem. — Let us also consider the Weibel instability for
the fully relativistic case (i.e., where v = /1 + |p|?/c?). The same initial
condition and diagnostics as in the semi-relativistic case are considered. The
numerical results are shown in Figure 8. The dynamic is distinct in the sense
that we also observe a significant growth in the electric field mode, which
makes this test more challenging. As for the v = 1 case the Weibel instability
eventually ceases to exist as we increase the dimensionless parameter c.

5. Conclusion

In the present work, we did propose a new time integrator for the Vlasov—
Maxwell system that is asymptotic preserving in the classical limit (i.e., when
the Vlasov—Maxwell system degenerates to the Vlasov—Poisson system). The
method is based on a splitting scheme for the Vlasov equation and an implicit
integrator for the linear part of Maxwell’s equations. The choice of the latter
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FIGURE 7. Fully relativistic case (Landau problem). Top: time evo-
lution of the electric and magnetic energy obtained by AP-VM (for
c=1,10%). Bottom: time evolution of the energy error and L? norm
(for ¢ = 1,10%). The analytic decay rate (—0.0661) for the Vlasov—
Poisson Landau damping is shown as a black line.

is in fact crucial in order to obtain a stable numerical scheme in the relevant
limit regime (i.e., for large values of the dimensionless parameter c).

Numerical simulations show that the asymptotic preserving scheme pro-
posed in this paper can be applied without severe time steps restrictions even
for very large values of ¢. This gives the scheme a decisive advantage in the
relevant regime compared to traditional time integrators. We have conducted
a number of simulations illustrating the correct limit behavior in the classical
regime. In addition, we have demonstrated that for ¢ = 1 the numerical scheme
agrees with the analytically derived growth rate for the Weibel instability for
sufficiently small time step sizes.

In summary, we have constructed a time integrator that combines the com-
putational advantages of the splitting scheme derived in [13] with the asymp-
totic preserving property for the classical limit. Such a scheme is of interest for
numerical simulations in which magnetic effects are relatively weak but where
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F1cure 8. Fully relativistic case (Weibel problem): time evolution
of the most unstable mode (k = 1.25) of the magnetic and the two
electric fields obtained by AP-VM (for ¢ = 1,2,5). Bottom right:
time evolution of the energy error for ¢ = 1,2, 5.

the dynamic goes beyond what can be simulated using the more commonly
employed Vlasov—Poisson model.
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Appendix: Dispersion relation and linear analysis

In this section we derive the dispersion relation for the Vlasov—Maxwell
equations both for the continuous and semi-discrete case (discrete in time but
continuous in space) in the semi-relativistic configuration (v = 1). The disper-
sion relation does rely on linear analysis and thus only captures phenomena
which are close to a steady state solution. However, as they give an indication
on the stability of a given mode, it is instructive to compare the dispersion rela-
tion for the exact solution with the one obtained for the asymptotic preserving
scheme proposed in this paper. It should be emphasized that the linear analy-
sis we are going to conduct has been extensively used in the physics literature
(in the continuous case) in order to determine a variety of properties of the
Vlasov-Maxwell and Vlasov—Poisson systems (see for instance [7, 51, 52]).

5.1. Continuous dispersion relation. — We linearize the Vlasov—
Maxwell system around a steady state given by fo(p), E1 = 0, E2 =0, B = 0.
For example, the well known Maxwell-Boltzmann distribution fits into this
framework as does the temperature anisotropic initial value (4.2) considered
for the Weibel instability. Introducing the first order perturbations §f, JF,
and 0B the linearized Vlasov equation can be written as

at(sf +pxax5f + 5Elapzf0 + 5E28pyf0 - p:r&Bapny +py6B8pzf0 =0.

We now perform the Fourier transform of the Vlasov—Maxwell equations in the
spatial variable x and the Laplace transform in time. For Maxwell’s equations
we obtain

(5.1)  —iwdEy = —c?ikdB — 6.Jy, —iwdB = —ikdEy, —iwdE, = —d.J].

The Vlasov equation becomes

(5.2) —iwdf +paikS f +O6E1y, fo+ Eady, fo—pabBdy, fo+py6Bdy, fo = .
Using the relation dB = (k/w)dE2, we get

—iwd f+pzikd f+0E10p, fo+0E20p, fo—pe(k/w)d E20p, fotpy(k/w)d Ea0y, fo = 0.

Neglecting the d F; term and grouping the remaining terms we get

i(~w + pok)df = 6E; [apyfof - piapzfo}
which yields after some manipulation
. i5E2 pyk
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Inserting the above expression for 0f into Maxwell’s equations (using §Jo =
[ pydfdp), we obtain

i0F p2kdy, fo
0Jy = — 2 / v dpzdpy + /pyapyfodpxdpy
(w - pmk)
(5.3)
10k
= — w2 [Ly(k,w,c) + La(c)] .
Using —iwdB = —ikdFs, we deduce from Ampere’s equation —iwdFEs =

—c?ikéB — §.Jy the following relation

i(w— k? Jw)6Fy = 6.3,
which immediately gives the dispersion relation
(5.4) 0=—w? +k*? — Li(k,w,c) — La(c).

Note that a relation between dJo,Fs and dB can be derived by integrating
(5.2) with respect to p (after multiplying by p, ). This yields

0E 0B
(5.5) 5Jy =" Lt %Lz,
where Ly and Lo are given by
0, fO pZap »fO - pa:pyap/ fO
(5.6) ! /Rzpypm—w/k‘ b2 /Rz —w/k P

We now consider the initial value of the Weibel instability

_ 1 (pe —a)®*  (py —b)?
fO(p) - thgh\/ﬁ €xp <_ Ut2h - 5thT )

to compute L

Py — b)2

Ly = /p?/exp <—(> dp
V'l vth vthr Y
(P2 — a)2>
exp | ——5— | dps
/ \/>Uth Pz — W/k) ( thh
= <,UtZTT +b2>
where I is given b
(P2 — a)2>
I / exp <— dp,
\thh w/k) v,
B [1+(w/k—a) (w/k—a)]
vth Uth Uth
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with Z(§) =1//m fog e~ du = /7 exp(—£2) (i — erfi(€)). We thus obtain for
Ly

92 2
Li(k,w,c) = <T,« + Z)

Vth

[ () o422

A simple calculation shows that Ly = —1. Thus, from (5.4), the dispersion
relation can be written as follows

(5.7) —1+w?— k22

() P e () (e (500))
=0,

In the following we consider the case where ¢ = 0 and b = 0. Thus, determining
the zeros of

D(w, k) :=

Sy ) [1 - f}ff\/%exp (— (wv/gl]jy) (Z — e <c:ff>>]

for a fixed k, vy, T, and ¢, allows us to determine the stable and unstable
perturbation. More precisely, a w with a negative imaginary part corresponds
to an unstable mode the amplitude of which grows exponentially in time (at
least in the regime of validity of the linear analysis).

5.2. Semi-discrete dispersion relation. — We repeat the linear analysis
of the previous section for our time discretization. For the first step of the
splitting, we consider for simplicity the following explicit Euler scheme

= (1 —ikpyAt),
ER vy
R2

E; = Eg—At/ py " dp.
R2

The second step, in the case of the the implicit Euler scheme, is given by

n 1 * - n n 1 - * n
E 1 m(EQ—AtCQZkB ), B +1_ m( AtZkE2+B )
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The third and fourth steps are given by the solution of the following two
equations

Ouf + E"-0,f =0, Oif +pyB 0, f _prn+18pyf =0.

Since these two steps are nonlinear, we consider in this linear analysis, the
corresponding linearization

Of + B30y, fo=0, Ouf +pyB" 0y, fo — e B 0y, fo = 0,
which can be solved exactly
= — AtES0,, fo — AtpyB"0,, fo + Atp, B0, fo.
Now, for ¢" = (f", E7, EY, B™) we consider the following Ansatz
g" = dgexp(—iwnAt).
Then the first step of the splitting becomes
5f* = dfe “nA(1 — Atikp,),
0By = O0Fge ™A — At /R 0 femwnit dp,

The second step becomes

§Fope WAl — M(Egeiwnm — AtPikiB)

= 1+A1t2c2k:2 [5E2 — At /]R ] pyOfdp — Atc%’kéB} ,
§Be WAt — W(—Atimgeiw"m + 6B)

_ M [—AtikéEz + ARk /R pOfdp+ 53] .

The final step becomes

Sfe WAl = frelmAl _ At§Ere A9, fo — AtdBe A [p,0,, fo — paOp, fo .
so that using 6 f* = § fe ™nAt(1 — Atikp,) we obtain

5 f(e A 14+ Atikp,) = —AtdEre A9, fo—AtsBe A [py 8y, fo — puOp, fo] »

which after some manipulation yields

8py f()
— ewAL(] — Atikp,)

pyapro _pzapyfo
— WAL (1 — Atikp,)

0f = ~AtSEp ~ AtSB-
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As before we are able to express the current as a function of the electric and
magnetic field perturbations

Op, fo
5fdp = —AWE — d
/RQ pyOf dp Q/RQ Pyl Gt (1~ Atikpy) ¥

pyapl-fo - pxap fo
—AtéB : Y d
/R2 Py~ Bt (1~ Atikpy) ¥

. AUE, Op,fo
R2 Y —

- Atikewdt D %:At)
A
__A®B (PyOp. fo = PaDyp, fo)
I A e
z Atik
0 —iwAt 6B —iwAt

Hence, we obtain a 3x3 linear system AU = 0 with U = (8.Jy,0E», 0 B),
where 0.J5 = [po pydf dp and

1 —%G_iWAtLIAt _%‘e—iwAtLZAt
At 1 | —wAt 1 2
AT = 1 At {e 1+At202k2] cik
9. . 1 —iwAt 1
At%ik ik At [e 1+At202k2}

The dispersion relation in the semi-discrete case is hence given by det(A%) =
0.

At the continuous level, we can, using (5.1) and (5.5), write the dispersion
relation in matrix form. The dispersion relation is given by the zeros of the
determinant of the following matrix

1 —%Ly —+L,
A=1] 1 —iw ik ,
0 ik —iw
where L; and Ly are given by (5.6). It is easy to verify that A% — A as

At — 0. This shows that the semi-discrete dispersion relation converges to
the continuous dispersion.

5.3. Dispersion relation for the Weibel instability. — The dispersion
relations that have been derived for the continuous and the semi-discrete case
are not amendable to a closed form solution. They can, however, be solved
using a numerical root finding algorithm. The results for the parameters that
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k=5/4, T_r=12, p_{th}=2/100

L] L] L] L] L] L] L] R L] L]
0.03 = continuous —@— =
semi-discrete (dt=0.005)
0.02 semi-discrete (dt=0.01) ——
) 0.01 p= -
[
ey
g ok -
o
(o)}
-0.01 = -
-0.02 = -
_003 1 1 1 1 1 1 1 1 1
1 1.5 2 2.5 3 3.5 4 4.5 5

FIGURE 9. The growth rate of the Weibel instability for the contin-
uous problem and the semi-discrete problem (for two different values
of the step size 7) are shown.

have been used in the numerical simulation of the Weibel instability conducted
in section 4 are shown in Figure 9.

We note that in order to obtain good agreement with the continuous for-
mulation a relatively small time step size has to be chosen. This is something
we already observed in the numerical simulations that have been conducted
in section 4. Let us also remark that for a value of ¢ above approximately 3
the Weibel instability ceases to exist. In this regime the linear theory predicts
a decay of the corresponding mode, which is also observed in the numerical
simulations.
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