DISCONTINUOUS GALERKIN METHODS FOR THE VLASOV-MAXWELL
EQUATIONS
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Abstract. Discontinuous Galerkin methods are developed for solving the Vlasov-Maxwell system, methods that are
designed to be systematically as accurate as one wants with provable conservation of mass and possibly total energy. Such
properties in general are hard to achieve within other numerical method frameworks for simulating the Vlasov-Maxwell system.
The proposed scheme employs discontinuous Galerkin discretizations for both the Vlasov and the Maxwell equations, resulting
in a consistent description of the distribution function and electromagnetic fields. It is proven, up to some boundary effects, that
charge is conserved and the total energy can be preserved with suitable choices of the numerical flux for the Maxwell equations
and the underlying approximation spaces. Error estimates are established for several flux choices. The scheme is tested on the
streaming Weibel instability: the order of accuracy and conservation properties of the proposed method are verified.
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1. Introduction. In this paper, we consider the Vlasov-Maxwell (VM) system, the most important
equation for the modeling of collisionless magnetized plasmas. In particular, we study the evolution of a
single species of nonrelativistic electrons under the self-consistent electromagnetic field while the ions are
treated as uniform fixed background. Under the scaling of the characteristic time by the inverse of the plasma
frequency w,; !, length by the Debye length Ap, and electric and magnetic fields by —mcw, /e (with m the
electron mass, ¢ the speed of light, and e the electron charge), the dimensionless form of the VM system is

Of+E&-Vxf+(E+EXxB)-Vef =0, (1.1a)

OE oB

E—VXXB—J, E——VXXE, (1.1b)
Vx-E=p—p, V«-B=0, (1.1c)

with
p(x,t) = [ f(x&8)dS,  J(xt)= [ f(x&1)EdS,
Qe Qe

where the equations are defined on 2 = Q, x ¢, x € €, denotes position in physical space, and § € )¢
in velocity space. Here f(x,£,t) > 0 is the distribution function of electrons at position x with velocity
¢ at time ¢, E(x,t) is the electric field, B(x,t) is the magnetic field, p(x,t) is the electron charge density,
and J(x,t) is the current density. The charge density of background ions is denoted by p;, which is chosen
to satisfy total charge neutrality, fﬂx (p(x,t) — p;) dx = 0. Periodic boundary conditions in x-space are
assumed and the initial conditions are denoted by fo = f(x,£,0), Eg = E(x,0) and By = B(x,0). We also
assume that the initial distribution function fo(x,&) € H™(2) N L(Q), i.e., is in a Sobolev space of order
m and is integrable with finite energy in &-space, where L? (Q¢) = {4 : st [WP(1+ [€]>)™/2 d¢ < oo}, The
initial fields Eq(x) and Bo(x) are also assumed to be in H™(€,).

The VM system has wide importance in plasma physics for describing space and laboratory plasmas,
with application to fusion devices, high-power microwave generators, and large scale particle accelerators.
The computation of the initial boundary value problem associated to the VM system is quite challenging,
due to the high-dimensionality (6D+time) of the Vlasov equation, multiple temporal and spatial scales
associated with various physical phenomena, nonlinearity, and the conservation of physical quantities due
to the Hamiltonian structure [44, 45] of the system. Particle-in-cell (PIC) methods [6, 36] have long been
very popular numerical tools, in which the particles are advanced in a Lagrangian framework, while the field
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equations are solved on a mesh. This remains an active area of research [23]. In recent years, there has been
growing interest in computing the Vlasov equation in a deterministic framework. In the context of the Vlasov-
Poisson system, semi-Lagrangian methods [12, 56], finite volume (flux balance) methods [7, 24, 25|, Fourier-
Fourier spectral methods [40, 41], and continuous finite element methods [60, 61] have been proposed, among
many others. In the context of VM simulations, Califano et al. have used a semi-Lagrangian approach to
compute the streaming Weibel (SW) instability [10], current filamentation instability [43], magnetic vortices
[9], magnetic reconnection [8]. Also, various methods have been proposed for the relativistic VM system
[55, 5, 57, 37].

In this paper, we propose the use of discontinuous Galerkin (DG) methods for solving the VM system.
What motivates us to choose DG methods, besides their many widely recognized desirable properties, is that
they can be designed systematically to be as accurate as one wants, meanwhile with provable conservation
of mass and possibly also the total energy. This is in general hard to achieve within other numerical method
frameworks for simulating the VM system. The proposed scheme employs DG discretizations for both
the Vlasov and the Maxwell equations, resulting in a consistent description of the distribution function
and electromagnetic fields. We will show that up to some boundary effects, depending on the size of the
computational domain, the total charge (mass) is conserved and the total energy can be preserved with a
suitable choice of the numerical flux for the Maxwell equations and underlying approximation spaces. Error
estimates are further established for several flux choices. The DG scheme can be implemented on both
structured and unstructured meshes with provable accuracy and stability for many linear and nonlinear
problems, it is advantageous in long time wave-like simulations because it has low dispersive and dissipative
errors [1], and it is very suitable for adaptive and parallel implementations. The original DG method was
introduced by Reed and Hill [52] for a neutron transport equation. Lesaint and Raviart [42] performed
the first error estimates for the original DG method, while Cockburn and Shu in a series of papers [19, 18,
17, 16, 20] developed the Runge-Kutta DG (RKDG) methods for hyperbolic equations. RKDG methods
have been used to simulate the Vlasov-Poisson system in plasmas [35, 34, 14] and for a gravitational infinite
homogeneous stellar system [13]. Some theoretical aspects about stability, accuracy and conservation of
these methods in their semi-discrete form are discussed in [34, 3, 2]. Recently, semi-Lagrangian DG methods
[53, 51] were proposed for the Vlasov-Poisson system. In [38, 39], DG discretizations for Maxwell’s equations
were coupled with PIC methods to solve the VM system. In a recent work [59], error estimates of fully
discrete RKDG methods are studied for the VM system.

The rest of the paper is organized as follows: in Section 2, we describe the numerical algorithm. In
Section 3, conservation and the stability are established for the method. In Section 4, we provide the error
estimates of the scheme. Section 5 is devoted to discussion of simulation results. We conclude with a few
remarks in Section 6.

2. Numerical Methods. In this section, we will introduce the DG algorithm for the VM system. We
consider an infinite, homogeneous plasma, where all boundary conditions in x are periodic, and f(x,&,t) is
assumed to be compactly supported in €. This assumption is consistent with the fact that the solution of
the VM system is expected to decay at infinity in £-space, preserving integrability and its kinetic energy.

Without loss of generality, we assume 2, = (=L, L;|% and Q¢ = [~ Lg¢, L¢]%, where the velocity space
domain €)¢ is chosen large enough so that f = 0 at and near the phase space boundaries. We take d, = d¢ = 3
in the following sections, although the method and its analysis can be extended directly to the cases when
d, and d¢ take any values from {1,2, 3}.

In our analysis, the assumption that f(x,&,t) remain compactly support in &, given that it is initially
S0, is an open question in the general setting. The answer to this question is important for proving the
existence of a globally defined classical solution, and its failure could indicate the formation of shock-like
solutions of the VM system. Whether or not the three-dimensional VM system is globally well-posed as a
Cauchy problem is a major open problem. The limited results of global existence without uniqueness of weak
solutions and well-posedness and regularity of solutions assuming either some symmetry or near neutrality
constitute the present extent of knowledge [30, 31, 26, 22, 27, 29, 28].

2.1. Notations. Throughout the paper, standard notations will be used for the Sobolev spaces. Given
a bounded domain D € R* (with x = d,,d¢, or d; + d¢) and any nonnegative integer m, H™ (D) denotes
the L2-Sobolev space of order m with the standard Sobolev norm || - ||;n.p, and W™°(D) denotes the L°°-
Sobolev space of order m with the standard Sobolev norm || - ||;m,c0,p and the semi-norm | - |, 00,0. When
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m =0, we also use H°(D) = L?(D) and W% (D) = L>=(D).

Let 7,7 = {K,} and 775 = {K¢} be partitions of 2, and ¢, respectively, with K, and K¢ being (rotated)
Cartesian elements or simplices; then 7, = {K : K = K, x K¢,VK, € T;* VK, € 775} defines a partition
of Q. Let &, be the set of the edges of 7;” and & be the set of the edges of 7;5; then the edges of T; will
be & = {K, x e¢ : VK, € T, Vee € &} U {e, x K¢ : Ve, € £,VKe € TF}. Here we take into account
the periodic boundary condition in the x-direction when defining £, and €. Furthermore, & = Eé U Sé’
with 52 and Eg being the set of interior and boundary edges of 775, respectively. In addition, we denote
the mesh size of 7j, as h = max(hy, he) = maxge7, hi, where hy, = maxg,e7e i, with hg, = diam(K,),
he = Max oz hg, with hg, = diam(K¢), and hx = max(hg,, hk,) for K = K, x K¢. When the mesh is

hy he
z n
h&,min a d hm,min

by min = ming, e hi, and hg min = min KeeTé hr,. It is further assumed that {7,*}, is shape-regular with
g h

refined, we assume both

are uniformly bounded from above by a positive constant og. Here

*=x or {. That is, if pg, denotes the diameter of the largest sphere included in K, there is

hi,
PK,

< o4, VK, € 7;:

for a positive constant o, independent of h,.
Next we define the discrete spaces

Gk = {9 € L2() : glimieonr € PHK x Ko), VK, € T VK € TE (2.1a)
={g € L*(Q): g|x € P*(K),VK € T1,} ,
Uy ={U € [L*(Q)]" : Ulg, € [P"(K,)|* VK, € T{} (2.1b)

where P"(D) denotes the set of polynomials of total degree at most r on D, and k and r are nonnegative
integers. Note the space g’,ff, which we use to approximate f, is called P-type, and it can be replaced by the
tensor product of P-type spaces in x and &,

{g € L2(Q) : glk—x. xx. € PF(K,) x P*(Ke), VK, € T7 VK, € 7;5} , (2.2)
or by the tensor product space in each variable, which is called Q-type
{9€ 12(9) s glimic. e, € QK x QF(Ke), YK, € T, VEe € T} (2.3)

Here Q" (D) denotes the set of polynomials of degree at most r in each variable on D. The numerical methods
formulated in this paper, as well as the conservation, stability, and error estimates, hold when any of the
spaces above is used to approximate f. In our simulations of Section 5, we use the P-type of (2.1a) as it is
the smallest and therefore renders the most cost efficient algorithm. In fact, the ratios of these three spaces
defined in (2.1a), (2.2) and (2.3) are ZZ:O (Mt (Zi:o ("FITN2 1 (k + 1)% with d, = d¢ = d.

For piecewise functions defined with respect to 7, or 775, we further introduce the jumps and averages
as follows. For any edge e = {K}f N K} € &,, with n¥ as the outward unit normal to KF, g* = g|KJEi7

and U* = U| K the jumps across e are defined as
[9l. =¢"n7 +97n;, [U,=U"-n7+U 'n;, [U,=U"xnj+U xn;

and the averages are

{ghe = 3l +47), (U= 5(UF +U7),

By replacing the subscript « with &, one can define [g]¢, [Ul¢, {g}¢, and {U}¢ for an interior edge of 775
in 82. For a boundary edge e € 52 with n¢ being the outward unit normal, we use

fe=gme,  {oke=g0 (U= U. (2.9
3



This is consistent with the fact that the exact solution f is compactly supported in &.

For convenience, we introduce some shorthand notations, [, = fT,; =Y k. T Jx.s Jo = fTh =

S ket Jieo Je. = Xece, J. » where again x is z or £. In addition, ||g||o,e = (||9||§,gl,x7f+H9”3»Tix5s)u2
) 1/2 1/2 1/2
withlglly e e = (Je, Jreg?dedss) o llollomexee = (fr Je, dscax) " and llglloe, = (Jo. 9%ds.) "

There are several equalities that will be used later, which can be easily verified using the definitions of av-
erages and jumps.

S19°) = {gulgl, withx = or € (2.50)
[Ux V], +{V} - U, — {U}, - [V]; =0, (2.5D)
UxV], +VT.[U, —U -[V], =0, [UxV],+V~.[U], —U*"-[V], =0. (2.5¢)

We end this subsection by summarizing some standard approximation properties of the above discrete
spaces, as well as some inverse inequalities [15]. For any nonnegative integer m, let II"™ be the L? projection
onto Gj*, and I} be the L? projection onto Uy, then

LEMMA 2.1 (Approximation properties). There exists a constant C' > 0, such that for any g € H™1(£2)
and U € [H™(Q,)]%, the following hold:

1/2
llg — 1 gllo.x + hy2llg — T gllo.ox < CHE gl lmsr,x, VK €T,
U~ IOl i, + b2 (U = I2Ulloox, < CHE Ui, VK, €T,
HU - HZLUHO,Oo,Kz < OhTKnjluUHM-&-l,oo,Kma VK, € }? ,

where the constant C is independent of the mesh sizes hx and hi,, but depends on m and the shape reqularity
parameters o, and o¢ of the mesh.

LEMMA 2.2 (Inverse inequality). There exists a constant C' > 0, such that for any g € P™(K) or
P™(K,) x P™(K¢) with K = (K, x K¢) € Th, and for any U € [P™(K,)]%, the following hold:

1Vsxgllo.x < Chitlgllo,x IVegllo.x < Chictllgllo,ze,

—dg/2 —1/2
100,00, < Ch™?||Ullo.xc.,  I[Ullo.ox. < Chi"*||UlJo.x

x

where the constant C' is independent of the mesh sizes hi, hk,, but depends on m and the shape regularity
parameters o, and o¢ of the mesh.

2.2. The Semi-Discrete DG Methods. On the PDE level, the two equations in (1.1¢) involving the
divergence of the magnetic and electric fields can be derived from the remaining part of the VM system;
therefore, the numerical methods proposed in this section are formulated for the VM system without (1.1c).
We want to stress that even though in principle the initial satisfaction of these constraints is sufficient for
their satisfaction for all time, in certain circumstance one may need to consider explicitly such divergence
conditions in order to produce physically relevant numerical simulations [47, 4].

Given k,r > 0, the semi-discrete DG methods for the VM system are defined by the following procedure:
for any K = K, x K¢ € Ty, look for f, € Gk, Ej,, By, € Uj, such that for any g € GF, U,V e U},

/ Oy fgdxde — / Jnt - Vigdxde — / Ju(Bn + € x By) - Vegdxde
K K K

wf [ A mgdsdsr [ [ (@0 ExB) moadseds =0, (260
K¢ JOK, K. JOK;
/ OBy, - Udx :/ BV x de+/ n, x By, - Uds, —/ J, - Udx , (2.6b)
K, K, 0K, K,
/ 9By, - Vdx = —/ E, -V x Vdx — / n, x B - Vds, , (2.6¢)
K. K 0K,
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with
Jn(x,t) = /TE fn(x, & 1)EdE (2.7)

Here n, and n¢ are outward unit normals of 0K, and K¢, respectively. All ‘hat’ functions are numerical
fluxes that are determined by upwinding, i.e.,

€= figmo = (16 + S50 ) m (280
Su(Er+ €% By) ng: = fu(By +€ x By) - ng
= (U + e x B+ EEBI 1) e )
0% By =, x By = ({81 + 5B, ) | (2:80)
ny < By =n, x By =, x ({Bh}m - ;[EM | (2.84)

where these relations define the meaning of ‘tilde’.

For the Maxwell part, we also consider two other numerical fluxes: central flux and alternating flux,
which are defined by

Central flux: ],E\;L ={E}, ]i);l ={B.p}, (2.9a)
Alternating flux: E, = E;lr, B, = B, , or E, = E,, B, = BZ . (2.9b)

Upon summing up (2.6a) with respect to K € Tp, and similarly summing (2.6b) and (2.6¢) with respect
to K, € T;%, the numerical method becomes the following: look for f; € GF, Ej,, Bj, € U, such that

ah(fhaEhvBh;g) =0 5 (2103,)
bn(En, Bp; U, V) = 1,(J5; U) (2.10b)
for any g € Q,’j, U,V e U, where
an(fn,En,Brig) =an1(fn;9) + an2(frn, En, B g) , In(Jn;U) = —/ Jn - Udx
7
bu(En, Br; U, V) = [ 0,En - Udx — Bh-VXUdX—/ By, - [U],ds,
T T &
+ 8tBh~de+/ Eh-VdeX—I—/ ],5)71~[V]Tds$,
T T ‘.

and

onr(fnio) = | oufrgasie— [ pe-Vagaxae+ [ [ FE- foldside

Th

an2(frn,En,Brig) = — | [o(Ep+ & x By) - Vegdxdf +/ fr(En + & x By) - [gledsedx .
Th Ty /e

Note, ap, is linear with respect to f and g, yet it is in general nonlinear with respect to E; and By due to
(2.8b). Recall, the exact solution f has compact support in &; therefore, the numerical fluxes of (2.8a)-(2.8d)
and (2.9a) and (2.9b) are consistent and, consequently, so is the proposed numerical method. That is, the
exact solution (f, E, B) satisfies

an(f.E,B;g) =0, Vgegp,
bw(E,B;U, V) =1,(J;U), VYU, Vel .
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2.3. Temporal Discretizations. We use total variation diminishing (TVD) high-order Runge-Kutta
methods to solve the method of lines ODE resulting from the semi-discrete DG scheme, %Gh = R(G},). Such
time stepping methods are convex combinations of the Euler forward time discretization. The commonly
used third-order TVD Runge-Kutta method is given by

G = Gp + ALR(GY)

3 1 1
Gy = San + 16 + S ARG

1 2 2
it = 3Gh+ 3G + ARG, (2.11)

where G} represents a numerical approximation of the solution at discrete time ¢,,. A detailed description
of the TVD Runge-Kutta method can be found in [54]; see also [32] and [33] for strong-stability-perserving
methods.

3. Conservation and Stability. In this section, we will establish conservation and stability properties
of the semi-discrete DG methods. In particular, we prove that subject to boundary effects, the total charge
(mass) is always conserved. As for the total energy of the system, conservation depends on the choice of
numerical fluxes for the Maxwell equations. We also show that f; is L? stable, which facilitates the error
analysis of Section 4.

LeEMMA 3.1 (Mass conservation). The numerical solution f, € GF with k > 0 satisfies

d
— fhdxd§ + @h,l(t) =0, (31)
dt Jr,

where

@h,l(t) = / fn max((Eh + & x Bh) . n§70)d85dx .
T Je
Equivalently, with pn(x,t) = [1< fn(x,&,t)dE, for any T > 0, the following holds:
h
T
/ o (3, T)dx + / O (t)dt = / o (5, 0)dx . (3.2)
T 0 U

Proof. Let g(x,&) = 1. Note that g € GF, for any k > 0, is continuous and Vyxg = 0. Taking this g as
the test function in (2.10a), one has

d
D pdxde + / / Fo(Bn 1€ x By) - [gledscdx = 0 .

With the numerical flux of (2.8b) and the average and jump across Eg of (2.4), the second term above
becomes

/ fh(Eh + & x Bh) . IlgngdX (33)

T JE

:[r” gb];h((Eh-i-f><Bh)-1’15-‘1-|(Eh+§XBh)-ngl)dSEdX:@h,l(t) R (34)
n Ve

and this gives (3.1). Integrating in time from 0 to T gives (3.2). O
LEMMA 3.2 (Energy conservation 1). For k > 2, r > 0, the numerical solution f, € GF, E,, By, € U]
with the upwind numerical fluzes (2.8a)-(2.8d) satisfies

d
T (/T fh|‘f|2dxd§+/7_h (|Enl® + |Bh|2)dx> +Oh2(t) +Ons(t) =0, (3.5)

T
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with

Ona(t) = / (I[En]-* + [Bh]-?) dso On3(t) = /rz /gb frl€]? max((Ep, + € x Bp,) - ng, 0)dsedx .

x

Proof. Step 1: Let g(x,£) = [£]%. Note that g € GF for k > 2 and it is continuous. In addition,
Vxg =0, Veg =2¢, and £ x U - Vg = 0 for any function U. Taking this g as the test function in (2.10a),
one has

d
@t Jr. Snl€)Pdxd€ = 2/Th frEp - {dxd€ — /T,f /82 fo(En + & xBy) - [[€°]edsedx

1 E B,) -
:2/7;” o </T;f fh£d§> dx—/hm /gg (2(Eh+£ X Ba)fn + ! h+€>; ) nE'fhng) - (|€°ne)dsedx

2 [ Byduix— [ [ D€ xBa) e (Bt €x Ba) ) I dsedx
. T Je

h h

h

= 2/ E; - Jpdx — / fh|£‘2 max((Eh + & % Bh) . ng,O)d35dX
T T Jep

Step 2: With U = E;, and V = B, (2.10b) becomes

1d —~
—/ J, -Epdx = 5%/ |Eh\2dx—/ Bh-Vthdx—/ By, - [Ep),dss
U Ty T 2

1d —~

+ - ‘Bh‘ZdX—F/ E; -V x Bhdx—l-/ E; - [Bh]Tde ,
1d —~ —~

= 5@/ (|Ep* + IBp|?) dx — / ([Eh X Bply + By - [Eplr — Ep, - [Bh]r) dsy

T &

_1ld 2 2 1 2 2

= (|Eh‘ + ‘Bh‘ )dX-‘r (|[Eh]7—| + |[Bh]7| )dS:C .
2dt )7 2 Je.

The last equality uses the formulas of the upwind fluxes (2.8¢)-(2.8d) as well as (2.5b).
Combining the results in previous two steps, one concludes (3.5). O

COROLLARY 3.3 (Energy conservation 2). For k > 2, r > 0 and the numerical solution f, € G,
E;, By, € Uf with the upwind numerical fluz (2.8a)-(2.8b) for the Viasov part, and with either the central or
alternating fluz of (2.9a)-(2.9b) for the Mazwell part, the following holds:

d
dt ( /T Ful€ldxde + [r (Bl + |Bh|2>dx> +0n3() =0

Proof. The proof proceeds the same way as for Lemma 3.2. The only difference is that here the equalities
(2.5b)-(2.5¢) give

[Eh X Bh]x + ﬁ;L ' [Eh]T - :E/]\}/L . [BIL]T =0 )

which holds for ]:Dvh and ]f371 defined in the central or alternating flux in the Maxwell solver. [

With either the central or alternating flux for the Maxwell solver, the energy does not change due to
the tangential jump of the magnetic and electric fields as in Lemma 3.2. This, on the other hand, may have
some effect on the accuracy of the methods (See Sections 4 and 5 and also [1]).

REMARK 3.4. In Lemma 3.2, the conservation error term satisfies ©p 2 > 0 with equality depending
on the choice of numerical fluzes for the Maxwell discretization. In addition, the error conservation terms
Op,1 in Lemma 3.1 and O 3 in Lemmas 3.2 and Corollary 3.3 both depend on the numerical solution f5, on
the outflow portion of the computational boundary in &-space, which is determined by the numerical electric
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and magnetic fields. Hence, for the case of periodic boundary conditions in x-space for both the Vlasov and
Mazwell’s equations, it can be easily shown that these error terms Oy, ; = 0, for i =1 and 3, by choosing the
computational domain in &-space sufficiently large.

REMARK 3.5. Energy conservation holds as long as |£|? € GE. Indeed, for k < 2, the energy conservation
results of Lemma 3.2 and Corollary 3.3 can be obtained if one replaces GF with GF = GF & {|¢*} = {g +
cl¢]?, Vg € GF Ve € R}.

Finally, we can obtain the L2-stability result for f, a result that is independent of choice of numerical
flux in the Maxwell solver. This result will be used in the error analysis of Section 4.
LEMMA 3.6 (L2-stability of f5). For k >0, the numerical solution f), € G¥ satisfies

d
dt </7—h |fh|2dXd§> + /T;f /&s € nszh]z‘zdszdg (3.6)

Jr/ [(Ep, + & x Bp) - ng||[fale|*dsedx = 0 .

Proof. Taking g = f;, in (2.10a), one gets
1d )
- — |[frl?dxd§ ) + Ri+ R =0, (3.7)
2dt \ )7,
with
Ry = - / Fé - Ve fudxdt + / / Fo€ - [filedsede,  Ro=ana(fu By Bii fi) -
T T Jéa
Observe

S [ evi (B )axacr [ [ F s

Rli*/
3
Ty K,eT? 5

:_LSKZT B g-nw<fh>ds$d§+/ /fhg [Frledsade |

_/T/ ;[ﬁfﬁ]xdsxd§+/T€ /gﬁg.[%dsxdf’

/TE/ ( ~[Efa +{fh£}z~[fh]m+;g.nm[fh}x.[fh]m> ds,de |

= [ [ (51 )€ e mllL ) s

- 3 . 2
=3 /T /g 1€ -1 | [l 2ds,d |

where the fourth equality uses the definition of the numerical flux (2.8a) and the last one is due to (2.5a).
Similarly,

Ry= - / DY /K (B By vg<f )d&dx+ / . Sn(Bn + € x By - [fuledsedx

h Ke 7—5

[ (= 510n + € x BudfZle + Ln(Bn -+ € x Bk e + 51(Bn -+ x Ba) mel[fe - [l ) dsedx.

[ (31020 + (e o) (B +-€x Bu) + 1B+ x B - nel k) dscex
TE JEe

1
/ (B + € x By) - || [fue[2dsedx
€T Ef

o \



where the second equality is due to V¢ - (Ej, +& x Bj) = 0 and the definition of the numerical flux in (2.8b),
and the third equality uses (2.5a) and Ej + ¢ x By, being continuous in £&. With (3.7), we conclude L?
stability (3.6). O

4. Error Estimates. In this section, we establish error estimates at any given time T° > 0 for our
semi-discrete DG methods described in Section 2.2. It is assumed that the discrete spaces have the same
degree, i.e., k = 7, and that the exact solution satisfies f € C1([0,T]; H**1(Q) N WH><(Q)) and E, B €
CO([0, T); [HF1(Q2,)]% N [W1>°(Q,)]%). Also, periodic boundary conditions in x and compact support for
f in & are assumed. To prevent the proliferation of constants, we use A < B to represent the inequality
A < (constant)B, where the positive constant is independent of the mesh size h, hy, and he, but it can
depend on the polynomial degree k, mesh parameters og, 0, and o¢, and domain parameters L, and L.

Defining ¢, = II* f — f and &), = IT* f — fy,, it follows that f— f, = e, — (. Analogously, if (¥ = II*E—E,
(P =TI'B-B,ef =TI'E —Ej, and e’ =TI*B — By, then E —E;, = eF — ¢ and B- B, = &P — (7.
With the approximation results of Lemma 2.1, we have

Cnllo.e S PF I Fllkt1,0, 1K lo.2, S BETYIBlks1,0,, 1¢H 0.2, S PETYIE|it10, 5 (4.1)

therefore, we only need to estimate ¢, Ef and ef. The remainder of this section is organized as follows:
we first state Lemmas 4.1 and 4.2, with which the main error estimate is established in Theorem 4.3 for the
proposed semi-discrete DG method with the upwind numerical fluxes. Then, the proofs of Lemmas 4.1 and
4.2 will be given in subsections 4.1 and 4.2. Lastly, for the proposed method using the central or alternating
flux of (2.9a)-(2.9b) for the Maxwell solver, error estimates are given in Theorem 4.6.

LEMMA 4.1 (Estimate of €3,). Based on the semi-discrete DG discretization for the Viasov equation of
(2.10a) with the upwind fluz (2.8a)-(2.8b), we have

d 2 2 2
& ([ reasac) b e malenkPasaa + [ (€ B mebllenlased

S (WA + 1Sl 1.a(leF oo, + e llosen.) + i ocallef los, + lefllon.)) lenllos

1
+ B .0 (Ilef116 L2

1/2
o2 a0, TIEEIG2 o, + 1B

1/2
0% a, + B 0,

1/2
X (/ [(Ep 4+ € xBy) - n§|[5h]2d85dx>
T /€

1/2
Gand V[ [Se ( | |f~nx||[sh]x|2dsxd§> , (+2)

with

A=110ufllk+1.0 + 1+ Ell100.0, +1IBll100.02.) [[fllk+1.0
+ (|[Ellkt 1.0, +1IBlle+1,0,) [fl100.0 -

LEMMA 4.2 (Estimate of €Z and €P). Based on the semi-discrete DG discretization for the Mazwell
equations of (2.10b) with the upwind flux (2.8¢)-(2.8d), we have

d

gt | (b i) [ (eE) P + 1081, dss (4.3)

Ex
bt 1/2
< (lenllo.e + 2 I fllerroller oo, +ha* (Bllks1.g, +|Bll+re,) (/5 lex)-I* + |[€f]rl2d8x)

THEOREM 4.3 (Error estimate 1). For k > 2, the semi-discrete DG method of (2.10a)-(2.10b), for the
Viasov-Mazwell equations with the upwind fluzes of (2.8a)-(2.8d), has the following error estimate

10 = )OI + (B = E)®F o, + 1B =Bu)@)ll§o, < CH* ™, Vtel0,T]. (4.4)
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Here the constant C' depends on the upper bounds of ||0: f||k+1.9, || fllk+1,09: |f1,00,0, [1El1,00,0.5 |1Bll1,00,0.
NE||k+1,0., [|Blls+1,0, over the time interval [0,T], and it also depends on the polynomial degree k, mesh
parameters 0g, 0, and o¢, and domain parameters L, and L.

Proof. With several applications of Cauchy-Schwarz inequality and

R =028+ fllerre (1+1BIGS o, + 1Bl 20, ) -

Eq. (4.2) becomes

d
i (o)

<c <h2k+1/~\2 + (W[ Fllksr.0(ller o,00.0. + l€F l0,00,0,) + [ Fl1,00.0(lek llo.0. + [1€x [l0.0.))
+h2 Y f112 1 (€8] lo.00.0. + €8] l0,00,0.)) + llenllZq
<c (BRI 101 1B o, + 168 B ocn,) + 11 ceF B o, +11eF1E0,))
+llenll.q -

Here and below, the constant ¢ > 0 only depends on k, mesh parameters og,0, and o¢, and domain

parameters L, and L¢. Moreover, with the inverse inequality of Lemma 2.2, and ; hs, being uniformly
bounded by oy when the mesh is refined, we have '
R (1eR 113 oo, + 1€ 13.00,02,) < B (e 1., +ler[13.0,) (4.5)

and this leads to

% ( /T h |€h2dxd§> (4.6)

k+1x k—dy
<c (AR 4 (B (L4 ) IR 10+ 1B e )RR o, + 1R 1B.0,)) + llenliB -

Recall d, = 3, then for £ > 2, there is 2k — d, > 0 and therefore h%¢~% < . Similarly, with the
Cauchy-Schwarz inequality, (4.3) becomes

4

k k
<c(llenllfo + W 2 fl[7 1.0 + h2 T UIBIR 10, + 1Bl 110,) +ller 1 q. -

(ler|? + ler’[*) dx (4.7)

Now, summing up (4.6) and (4.7), we get

d
- (/ enfPaxds + ef2+|sf|2dx> < AR 40 (/ enfPaxds + |ef2+|s£|2dx>
7 i 7 T

Here A depends on (f, E,B) in their Sobolev norms [|0; f||x+1,0, || flk+1,0, [fl1,00.0 [1Ell1,00,02. 5 |IB]]1,00,2. >
NE||k+1,0.5 [|Blle+1,0, at time ¢, and © depends on || f||x+1,0 and |f|1,00,0 at time t. Both A and © depend
on the polynomial degree k, mesh parameters g, 0, and o¢, and domain parameters L, and L¢. Now with
a standard application of Gronwall’s inequality, a triangle inequality, and the approximation results of (4.1),
we conclude the error estimate (4.4). O

REMARK 4.4. Theorem 4.3 shows that the proposed methods are (k + %)-th order accurate, which is
standard for upwind DG methods applied to hyperbolic problems on general meshes. The assumption on the
polynomial degree k > 2 is due to the lack of the L™ error estimate for the DG solutions to the Mazwell
solver and the use of an inverse inequality in handling the nonlinear coupling (see (4.5)-(4.7) in the proof of
Theorem 4.3). If the computational domain in x is one- or two-dimensional (d, = 1 or 2), then Theorem
4.8 holds for k > 1.

10



If the upwind numerical flux for the Maxwell solver (2.10b) is replaced by either the central or alternating
flux (2.9a)-(2.9b), we will have the estimates for € and €? in Lemma 4.5 instead, provided an additional
assumption is made for the mesh when it is refined. That is, we need to assume there is a positive constant
0 < 1 such that for any K, € T;",

hg,

0 <
= Ik,

< (4.8)

SO

where K,' is any element in 7,% satisfying K,' N K, # 0.

LeEMMA 4.5 (Estimate of eZ and €2 with the non-upwinding flux). Based on the semi-discrete DG
discretization for the Mazwell equations of (2.10b), with either the central or alternating flux of (2.9a)-
(2.9b), we have

d

7 /T (I * + le1?) dx <(llenlloo + H* I fllkr1.0) ey o, (4.9)
h

£d

h

1/2
+ () (|[Ellkt1,0, + |IBlk+1,0.) </ (lex > + Ieflz)dX> :

The proof of this Lemma is given in Subsection 4.3. With Lemma 4.5 and a proof similar to that of
Theorem 4.3, the following error estimates can be established, but the proof is omitted.
THEOREM 4.6 (Error estimate 2). For k > 2, the semi-discrete DG method of (2.10a)-(2.10b) for
Viasov-Mazwell equations with the upwind numerical flur (2.8a)-(2.8b) for the Viasov solver and either the
central or alternating fluzes of (2.9a)-(2.9b) for the Mazwell solver, has the following error estimate:

10 = )OI + (B =E) O o, +IB=Bu))l[§o, <Ch*,  Vte0,T]. (4.10)

Besides the dependence as in Theorem 4.3, the constant C' also depends on § of (4.8).

Theorem 4.6 indicates that with either the central or alternating numerical flux for the Maxwell solver,
the proposed method will be k-th order accurate. Also, one can see easily that the accuracy can be improved
to (k+ %)—th order as in Theorem 4.3 if the discrete space for Maxwell solver is one degree higher than that
for the Vlasov equation, namely, » = k 4+ 1. This improvement will require higher regularity for the exact
solution E and B.

In [2], optimal error estimates were established for some DG methods solving the multi-dimensional
Vlasov-Poisson problem on Cartesian meshes with tensor-structure discrete space, defined in (2.3), and
k > 1. Some of the techniques in [2] are used in our analysis. In the present work, we focus on the P-type
space GF in (2.1a) in the numerical section, as it renders better cost efficiency and can be used on more
general meshes. Our analysis is established only for k£ > 2 due to the lack of the L™ error estimate of the
DG solver for the Maxwell part which is of hyperbolic nature, as pointed out in Remark 4.4.

In the next three subsections, we will provide the proofs of Lemmas 4.1, 4.2 and 4.5.

4.1. Proof of Lemma 4.1. Since the proposed method is consistent, the error equation is related to
the Vlasov solver,

an(f, E,B;gn) — an(fn, En, Brign) =0, Vgn € G . (4.11)
Note, e, € GF; by taking gj, = €5, in (4.11), one has
an(en, En,Bpien) = an(I* £, Ep, Brier) — an(f. E, Biey) (4.12)

Following the same lines as in the proof of Lemma 3.6, we get

</Th |5h|2dxd§> + ;/T,f /81 1€ -0, ||[en]).|Pds,dE (4.13)

[ [ 1®a+ e x B nellenlePasedx
n V€

1
an(en, En,Bpien) =3

+

| = &‘Q'

11



Next we will estimate the remaining terms in (4.12). Note
an(I* £, By, Brsen) — an(f, B, Bien) =Ty + T
where

Ty = an 1 (" fien) — ana(fien) = ana(Cuien)
Ty = apo(IT" f,Ep, By en) — ana2(f, E,B;ep) .

Step 1: estimate of T7. We start with

T, = / (OeCh)endxdé — Cn& - Vxepdxdf +/ / Ch/vf lenledsydé = Ti1 +Tio + Ths .
Th Th TS JEs

It is easy to verify that 0;I1¥ = I1*9;, and therefore 9;¢;, = I1*(0; f) — (0:f). With the approximation result
of Lemma 2.1, we have

lenllo.e S W0 f|lk+1,0llen]

T | = ’/ (8t<h)5thd§’ < 119:Cullo.0 0.0 - (4.14)
772

Next, let & be the L? projection of the function & onto the piecewise constant space with respect to '7;;5,
then

T2 = — - Ch(& = &o) - Vxendxd§ — - Créo - Vxepdxd§ . (4.15)

Since & - Vxep, € GF and ¢, = I* f — f with II* being the L? projection onto GF, the second term in (4.15)
vanishes. Hence

Tl < /T 1Ch(€ — €0) - Ven|dxd |

< 1€ = ollo,00,0 > (hgMICullo.x) (h, I Vxenllox)
KmXngKEﬁL

SHE=Sollosose D, PEThEMIAlerrxllenllox
Ko xKe=KeT,

< hell€llr00.0hF | fllk+1,0llenlog
S B fllksvellenlloq - (4.16)

The third inequality above uses the approximating result of Lemma 2.1 and the inverse inequality of Lemma
2.2. The fourth inequality uses an approximation result similar to the last one of Lemma 2.1, and he

hm,min

being uniformly bounded by oy when the mesh is refined.
Next,

o= [ (0 B3 ) Euladsaac.

- /T f A (Gt i+ S0, ) - Ealudsaas

12




where 1, is the unit normal vector of an edge in &, with either orientation, that is n, = n,, or —n,. Then,

il < [ (6 melttGd+ D ) e

1/2 1/2
2 (lChlel 2y , )
=< (/Tg /5 2({Gh}al” + (F5)7)IE nz|dsmd§> (/TE /5 € - ng|[en).] dsxd§>
1/2 1/2
_ . 2 ) 2
- ( [r f /g 2% nz|{<h}x|dsxd§> ( /T f /g 1€ mallenls dsmdxs)
1/2
S H§||é,/o20,§25||<h”077'h§><gz </T5/5 |§-nw||[8h}$|2dswd§>

1/2
S| a0 ( | | nzush}mﬁdszds) . (4.17)
7 e,

The approximation results of Lemma 2.1 are used for the last inequality.

Step 2: estimate of T5. Note,

Ts = apo(I1* f, By, Bpsen) — ana(f, E, Bjey)
= an2(Ch, En, Bnien) + ana(f, En, Brien) — ana(f, E,B;ep) = Toy + Too + Tz

with

Tor=— | Cu(Ep+E& %X By) - Veepdxdg, Toy = / Ch(Ep +& x By,) - [ep]edsed,
Th Ty J &

Toz = an2(fEn, Brien) —ana(f, E, Bjey) .

For T51, we proceed as for the estimate of T15. Let Eg = HgE, By = HgB be the L? projection of E, B,
respectively, onto the piecewise constant vector space with respect to 7;", then

Ch(En +& X Bp) - Veepdxd{ = | (n(Ep — Eo + & x (B, — Bo)) - Veepdxd§
Th Th

+ Ch(EO —|—£ X Bo) . V§5hdxd§ y
Th

and the second term above vanishes due to (Eq + & x By) - Veep, € GF, and therefore

| | Cu(Ep+E&xBy) - Vegpdxdf| < |Ch(En — Eo + & x (B, — Byg)) - Veep|dxdf
Th Th

< (|[Er, — Eo + & x (B — Bo)llo,00,2) > (BitllGullor) (hice| [ Veenllore)
szngKe'Th

0000.) O BRI fllerkllenllox
K, ><K5:K€Th

SB[ fllerre(lleflloso., + 11eF] 0,000, + [TIEE — Eqllo.00,0, + |TIZB — Bol[o,00.0,)llenllo -

S (IEn — Eollo,00,0, + [|(Br — Bo)

Note that II*E — Eq = IT*(E — Eo), and IT¥ is bounded in any LP-norm (1 < p < c0) [21, 2], then

ITZE — Eollo.cc., S |IE = Eollo.co.0, S hal[Ell1,00,0
13
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and similarly [|[TI*B — Bol|0.c0.0, < ha||Bll1.00.0, - Hence

’ Ch(Eh —|—§ X Bh) . V&&hdxdf (4.18)
Th

SEFNIfllksr.e(ler lo.so.s, + €7 llo.oo., + ha(([Blls., + Bll10.0.))lenllog -

For T55, we follow the estimate of T73. Note that E; and By, only depends on x, and £ is continuous,

| ) Ch(En +& x Bp) - [en]edsedz]

e
— |/1/g ({Ch(Eh +&x Bp)}e + |(Ep, + & x Bp) - n¢ [Ch]g) - [enledsedz| |

2
= |/ / <{Ch}€((Eh +& % By) - fig)he + [(En +& X Br) - nel [ghk) [en)edsedz| , e =ng or —ng
n /€ 2

S[r/‘g <I(Eh+€th>~ngl(l{<h,}g|+|Kg]E)> llenleldseda |

1/2 1/2
< (/ / 2|(Ep +& x By) - n§||{Cf21}|d8£d$> </ |(En +& x By) - n§||[€h]|2d8£d$>
=) w €
In addition,
1/2
</ / 2|(Eh+£th)~ngI{Cﬁ}ld%dz)
T JEe
SIER + € x Bully'2 ollChllo7s xee
1/2 1/2
< Chllo 7z xee (ERllyZ o, + Ballgm o)
1 1/2 1/2 1/2 1/2

< HR | fllerra(lle oo, + IR ll6% 0, + Bl o, + 1Bl 0,) -

and therefore
1 1/2 1/2 1/2 1/2
Too S W75 fllerna(€l 162 o, +1eb 1162 a0, + Bl o, + B2 ) (4.19)

1/2
(/ i |(En + & x By) - n§||[€h]|2d8£d$> -
n €

Finally, we estimate Th3. Since f is continuous in &, and V¢ - (Ep —E+ & x (B, —B)) =0,
To3 = ap2(f, En,Bpien) —ana2(f, E,B;ep)

= — - f(Eh —E +§ X (Bh — B)) . VEEthdf —‘r/ ; f(Eh —E +§ X (Bh — B)) . [E}JgngdiC R
h Iy £

= Vef - (Ep —E+§ x (Bp, — B))epdxde ;
Th

therefore,
T3] < |[Ep — E+& x (Br, — B)lo,alfl1,00.0llenllo,
S (En — Ello,0, + [[(Br — B)llo,.)|fl1,0,0llenllo,g »
E B
S (lerllo.g. + llefllo., + 1<k o0, + 1€ lo.0.)1f11.00.0llenllog
< (lew llo., + ek llo., + A5 (Ellk1.0, + IIBllet1.0.)]f1.00.0llenlo.0 - (4.20)

Now we combine the estimates of (4.14) and (4.16)-(4.20), and get the result of Lemma 4.1.
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4.2. Proof of Lemma 4.2. Since the proposed method is consistent, the error equation is related to
the Maxwell solver,

bh(E—-E;,,B—-B,; U V)=0J-J,,U), VYUVecUut. (4.21)
Taking the test functions in (4.21) to be U = ¥ and V = €2 gives

bu(ew e e €h) = bu(Cr SR el ) + In(I — Tn. ) . (4.22)
Following the same lines of Step 2 in the proof of Lemma 3.2,

1d
bh(EE,Ef,EIE,Ef) th

[ (eEr iRy g [ bl leflof) s (129

It remains to estimate the two terms on the right side of (4.22),

bh(cf7 }1137 55,65)

= 0P ePdx— cf-vXefdx—/ ¢P - [eF) ds,
ThT TT

+ 6tCh eBax + Ch V X €y, dx+/ ¢F €8, ds, (4.24)

/ Ch [er]rdss + / Ch e ] dsa
—~ —~ 1/2 1/2
< ([ e ichras) ([ Vel + eflopas,)

1/2
<y <||<E|o,aKx+||<E||o,aK1>( / |[e517|2+|[sm2dsw) ,

KL eTy

1/2
k+3
<nt 2<|E|k+1,m+||B||k+1,m>( / [sﬂTPH[eE]ﬂdsz) |

All of the volume integrals of (4.24) vanish due to atnj; = Hi@t and ef eB V x el V x el e uf. And,
for the last two inequalities, the definition of the numerical fluxes are used together with the approximation
results of Lemma 2.1. Finally,

= JuieP) =1 | (3= 31)-efax].
Ty

Néx )

§||J—Jh||om|€f|o,ﬂw=||/T(f—fh)
£

|f = falloellélloocllen o.. -

<|
< (lenllog + lIGlloo)ller lloe. < (llenlloq + A [ fllk+1.0) (4.25)

Combining (4.23)-(4.25), we conclude Lemma 4.2.

4.3. Proof of Lemma 4.5. The proof proceeds in a manner similar to that of Lemma 4.2 of Subsection
4.2. Based on the error equation (4.21), related to the Maxwell solver with some specific test functions, we
get (4.22). With either the central or alternating flux of (2.9a)-(2.9b), we have

1d
ek efief el = gy [ (FP 4 IR ) ax.
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The same estimate as that of (4.25) can be obtained for the second term on the right of (4.22). To estimate
the first one,

bu(Cr Chser ef)

= O¢E - elax — (P -V x efdx—/ ¢B . [eF),ds,
Ty Ty

+ (’9tCh el dx + Ch szhdx+/ Cf [eP],ds, (4.26)

/ Ch €h dsx / Ch : Eh dsm

1/2
|Ch |2+|C )dsm> ( hi, (I€f)- 1> + |[eB]-] )dsx> (4.27)
< [ > [ llefh e

ecé,
1/2 1/2
<) [ / LGB + |CE2)ds, > / 2 4 [eB[2)ds, (4.28)
K. eT? K. eT7?
1/2 1/2
<e@ [ 3 B (EIELx + IBI2sx) S (BB, + €8I 1) (4.29)
Ko €T Ko €Ty

fis

1/2
(PP + &P 2>dx) |

As before, all volume integrals of (4.26) vanish due to &,I1% = I1"9, and el eB V x el V x el e U}
In (4.27), K, is any element containing an edge e. To get (4.28), we use the definitions of the numerical
fluxes, jumps, as well as the assumption (4.8) on the ratio of the neighboring mesh elements. Here ¢(d) is a
positive constant depending on §. We obtain (4.29) by applying an approximation result of Lemma 2.1 and
an inverse inequality of Lemma 2.2. From all the above, we conclude Lemma 4.5.

< Ot Blesne, + Blesne,) ( |

5. Numerical results. In this section, we perform a detailed numerical study of the proposed scheme
in the context of the streaming Weibel (SW) instability first analyzed in [49]. The SW instability is closely
related to the Weibel instability of [58], but derives its free energy from transverse counter-streaming as
opposed to temperature anisotropy. The SW instability and its Weibel counterpart have been considered
both analytically and numerically in several papers (e.g. [49, 10, 9, 8, 48]) — here we focus on comparison
with the numerical results of Califano et al. in [10].

We consider a reduced version of the Vlasov-Maxwell equations with one spatial variable, 2, and two
velocity variables, & and &, The dependent variables under consideration are the distribution function
f(za,&1,&,1), a 2D electric field E = (Eq(x2,t), E2(z2,t),0) and a 1D magnetic field B = (0,0, B3(x2,1t)),
and the reduced Vlasov-Maxwell system is

fo + & fu, + (B + &2Bs) fe, + (B2 — &1 B3) fe, =0, (5.1)
OB, OB, OB, _0By . OB _ 52)
ot o’ ot ow Y Tar T 7% '
where
it 2/ / f(z2,81,82,t)81 d61dE, o 2/ / f(z2,81,82,t)82 d61dEs (5.3)
The initial conditions are given by
f(x2,61,62,0) = iﬂe‘ﬁ/ Plse™Er—r0)"/8 4 (1 — g)e(Ertroa)/o), (5.4)
T
E1($2,£1,§270) = EQ(£27£17€270) = 07 B3(x27€17€270) = bSin(kO.’Eg) 9 (55)
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which for b = 0 is an equilibrium state composed of counter-streaming beams propagating perpendicular to
the direction of inhomogeneity. Following [10], we trigger the instability by taking 8 = 0.01, b = 0.001 (the
amplitude of the initial perturbation to the magnetic field). Here, Q, = [0, L,], where L, = 27 /kq, and we
set Q¢ = [—1.2,1.2]%. Two different sets of parameters will be considered,

choice 1: § =0.5,v9,1 = v92 =0.3,kp = 0.2
choice 2: § =1/6,v91 =0.5,v92 =0.1,ky = 0.2 .

For comparison, these are chosen to correspond to runs of [10].

Accuracy test: The VM system is time reversible, and this provides a way to test the accuracy of
our scheme. In particular, let f(x,¢,0), E(x,0),B(x,0) denote the initial conditions for the VM system and
fx,¢,T1),E(x,T),B(x,T) the solution at ¢t = T If we choose f(x,—¢,T),E(x,T),—B(x,T) as the initial
condition at t = 0, then at ¢ = T we theoretically must recover f(x,—¢,0), E(x,0), —B(x,0). In Tables 5.1,
5.2, we show the L? errors and orders of the numerical solutions with three flux _choices for the Maxwell’s
equations: the upwind flux, the central flux, and one of the alternating fluxes E; = E:{ and B, = B, .
The parameters are those of choice 1, with symmetric counter-streaming. In the numerical simulations,
the third order TVD Runge Kutta time discretization is used, with the CFL number C.q = 0.19 for the
upwind and central fluxes, and C.y = 0.12 for the alternating flux in P! and P? cases. For P2, we take
At = O(Az*/3) to ensure that the spatial and temporal accuracy is of the same order. From Tables 5.1,
5.2, we observe that the schemes with the upwind and alternating fluxes achieve optimal (k + 1)-th order
accuracy in approximating the solution, while for odd k, the central flux gives suboptimal approximation of
some of the solution components.

TABLE 5.1
Upwind flux for Mazwell’s equations, L? errors and orders. Run to T=5 and back to T = 10.

Mesh=20° Mesh=40> Mesh=80°

Space
error error order error order
f | 0.18E+00 | 0.50E-01 | 1.82 | 0.13E-01 | 1.96
gl u Bs | 0.26E-05 | 0.66E-06 | 2.01 | 0.16E-06 | 2.01
hoPh TR 0.21E-05 | 0.68E-06 | 1.61 | 0.19E-06 | 1.81
E> | 0.10E-05 | 0.22E-06 | 2.23 | 0.22E-07 | 3.29
f 0.56E-01 | 0.77E-02 | 2.87 | 0.10E-02 | 2.92
o uP Bs | 0.23E-06 | 0.26E-07 | 3.12 | 0.32E-08 | 3.06
h™h T 0.16E-06 | 0.16E-07 | 3.32 | 0.14E-08 | 3.54
E> | 0.16E-06 | 0.22E-07 | 2.90 | 0.15E-08 | 3.91
f 0.12E-01 | 0.10E-02 | 3.56 | 0.70E-04 | 3.90
o up Bs | 0.97E-07 | 0.23E-08 | 5.37 | 0.12E-09 | 4.34
k2R ET T 0.19E-07 | 0.27E-09 | 6.16 | 0.57E-11 | 5.54
E, | 0.14E-07 | 0.79E-09 | 4.11 | 0.16E-10 | 5.64

Conservation properties: The purpose here is to validate our theoretical result about conservation
through two numerical examples, the symmetric case and the non-symmetric case. We first use parameter
choice 1 as in the Califano et al. [10], the symmetric case with three different fluxes for Maxwell’s equations.
The results are illustrated in Figure 5.1 . In all the plots, we have rescaled the macroscopic quantities by the
physical domain size. For all three fluxes, the mass (charge) is well conserved. The largest relative error for
the charge for all three fluxes is smaller than 4 x 10719, As for the total energy, we could observe relatively
larger decay in the total energy from the simulation with the upwind flux compared to the one with the other
two fluxes. This is expected from the analysis in Section 3. In fact, the largest relative error for the total
energy is bounded by 1 x 10~# for the upwind flux, and bounded by 1 times10~7 for central and alternating
fluxes.

As for momentum conservation, it is well known that the two species VM system conserves the following
expression for the total linear momentum:

P:/gfdgdx—&—/Edex, (5.6)
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TABLE 5.2
Central and alternating fluzes for Mazwell’s equations, L? errors and orders. Run to T=5 and back to T = 10.

Central Alternating
Mesh=20° Mesh=40° Mesh=80° Mesh=20° Mesh=40° Mesh=80°
error error order error order error error order error order

Gl f 0.18E+00 | 0.50E-01 | 1.82 | 0.13E-01 | 1.96 | 0.18E400 | 0.50E-01 | 1.82 | 0.13E-01 | 1.96

h ["Bs; | 0.13E-04 | 0.85E-05 | 0.66 | 0.50E-05 | 0.75 0.29E-05 | 0.78E-06 | 1.90 | 0.22E-06 | 1.83

By 0.19E-05 | 0.13E-05 | 0.51 | 0.58E-06 | 1.17 0.24E-06 | 0.35E-07 | 2.74 | 0.22E-08 | 3.99

Es 0.92E-06 | 0.19E-06 | 2.26 | 0.20E-07 | 3.24 0.10E-05 | 0.22E-06 | 2.23 | 0.22E-07 | 3.29

2 f 0.56E-01 | 0.77E-02 | 2.87 | 0.10E-02 | 2.92 0.56E-01 | 0.77E-02 | 2.87 | 0.10E-02 | 2.92

G B3 0.28E-06 | 0.28E-07 | 3.34 | 0.32E-08 | 3.15 0.28E-06 | 0.22E-07 | 3.70 | 0.18E-08 | 3.63
Uz Ey 0.18E-07 | 0.56E-09 | 5.00 | 0.88E-11 | 5.99 0.32E-07 | 0.30E-09 | 6.72 | 0.11E-10 | 4.84
h 7 Ey 0.16E-06 | 0.22E-07 | 2.90 | 0.15E-08 | 3.91 0.16E-06 | 0.22E-07 | 2.90 | 0.15E-08 | 3.91
g3 f 0.12E-01 | 0.10E-02 | 3.56 | 0.70E-04 | 3.90 0.12E-01 | 0.10E-02 | 3.56 | 0.70E-04 | 3.90
h 1"Bs 0.10E-06 | 0.44E-08 | 4.57 | 0.16E-09 | 4.81 0.10E-06 | 0.24E-08 | 5.42 | 0.12E-09 | 4.36
u? £y 0.46E-07 | 0.82E-10 | 9.12 | 0.30E-10 | 1.45 0.98E-08 | 0.10E-09 | 6.60 | 0.90E-12 | 6.80

E> 0.14E-07 | 0.79E-09 | 4.12 | 0.16E-10 | 5.65 0.14E-07 | 0.79E-09 | 4.11 | 0.16E-10 | 5.64

where the first term represents the momentum in the particles while the second that of the electromagnetic
field. In fact, this is true for the full energy-momentum and angular momentum tensors [50]. Each component
of the spatial integrand of (5.6), the components of the momentum density, satisfies a conservation law, a
result that relies on both species being dynamic and one that relies on the constraint equations (1.1c)
being satisfied. However, in this paper we have fixed the constant ion background by charge neutrality
and, consequently, momentum is not conserved in general. This lack of conservation does not appear to be
widely known, but it is known that the enforcement of constraints may or may not results in the loss of
conservation [46]. For example, the single species Vlasov-Poisson system with a fixed constant ion background
does indeed conserve momentum. However, for the streaming Weibel application, it is not difficult to show
that the following component is conserved:

P = /flf d§1d§adxs +/E233 dzs (5.7)

while the component P, is not. Since conservation of P; relies on the constraint equations and since our
computational algorithm does not enforce these constraints, conservation of P; serves as a measure of the
goodness of our method in maintaining the initial satisfaction of the constraints. From Figure 5.1, we see
that all three flux formulations conserve P; relatively well, but, as expected, there is a large accumulating
error in P, particularly for the alternating flux case.

Similarly, for a general VM system without constraints, the following expression for the total angular
momentum is conserved:

L:/xx{fdfdx—k/xx(ExB)dx. (5.8)

However, because the SW application breaks symmetry, there is no relevant component of the angular
momentum that is conserved for this problem, but for a more general application one may want to track its
conservation.

Comparison and interpretation: In Figure 5.3, we plot the time evolution of the kinetic, electric,
and magnetic energies. In particular, we plot the separate components defined by K; = % f fE3dE déads,
Ky =1 [ f&dé1désdny, Ey = § [ E3das, and Eo = 1 [ E3dx,. Figure (a) shows for choice 1 the transference
of kinetic energy from one component to the other with a deficit converted into field energy. This deficit is
consistent with energy conservation, as evidenced by Figure 5.1. Observe the magnetic and inductive electric
fields grow initially at a linear growth rate (comparable to that of Table I of [10]). Saturation occurs when
the electric and magnetic energies simultaneously peak at around ¢ = 70 in agreement with [10]; however,
in our case we achieve equipartition at the peak, which may be due to better resolution. Here we have also
shown the longitudinal component Es, not shown in [10], which in Figure (b) is seen to grow at twice the
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growth rate. This behavior was anticipated in [11] in the context of a two-fluid model and seen in kinetic VM
computations of the usual Weibel instability [48]. It is due to wave coupling and a modulation of the electron
density induced by the spatial modulation of B3. The growth at twice the growth rate of the magnetic field
Bs is seen in Figure (b), and the density modulation, including the expected spikes, is seen in Figure 5.4.
We have also calculated the first four Log Fourier modes of the fields E;, E5, B3, and these are shown in
Figure 5.5. Here, the n-th Log Fourier mode for a function W (x,t) [35] is defined as

2

L 2 L
logF M, (t) = log;, % / W (z,t) sin(knz) dz| + / W (z,t) cos(knz) dx
0 0

In Figures 5.6 we plot the 2D contours of f at selected locations zo and time ¢, when the upwind flux is
used in the Maxwell solver. The times chosen correspond to those for the density of Figure 5.4, and we see
that at late times considerable fine structure is present, which is consistent with the Log Fourier plots. For
completeness, we also include in Figure 5.2 plots of the electric and magnetic fields at the final time for our
three fluxes.

For choice 2, with the nonsymmetric parameter set, the results are included in Figures 5.2, 5.3, 5.4,
5.5, and 5.6, juxtaposed with those for parameter choice 1. Insofar as we can make comparison with [10],
our results are in reasonable agreement. Similar energy transfers take place, but the equipartition of the
magnetic and electric energies at the peak is not achieved. All modes saturate now at nearly the same values,
evidently resulting from the broken symmetry. Also, at long times, contours of the distribution function are
displayed. Here the wrapping of the distribution function as two intertwined distorted cylinders is observed
as in [10], although for late times there is a loss of localization.

6. Concluding Remarks. In summary, we have developed discontinuous Galerkin methods for solving
the Vlasov-Maxwell system. We have proven that the method is arbitrarily accurate, conserves charge, can
conserve energy, and is stable. Error estimates were established for several flux choices. The scheme was
tested on the streaming Weibel instability, where the order of accuracy and conservation properties were
verified. In the future, we will explore other time stepping methods to improve the efficiency of the overall
algorithm. In our development, the constraint equations of (1.1c) were not considered; in the future, we
plan to investigate them together with some correction techniques for the continuity equation. The proposed
method has been clearly established as sufficient for investigating the streaming Weibel instability, and the
long time nonlinear physics of this system can be further investigated and modeled. In the future, we will also
apply the method to study other important plasma physics problems, especially those of higher dimension.
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FIG. 5.5. Streaming Weibel instability. The mesh is 100% with piecewise quadratic polynomials. The first four Log Fourier
modes of E1, E2, By computed by the alternating flux for the Mazwell’s equations.
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(b) Parameter Choice 2. x2 = 0.057, ¢ = 55.
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(c) Parameter Choice 1. z2 = 0.057, t = 82. (d) Parameter Choice 2. x2 = 0.057, ¢ = 82.
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(e) Parameter Choice 1. z2 = 0.057, ¢ = 125. (f) Parameter Choice 2. zo = 0.057, t = 125.

Fic. 5.6. 2D contour plots of the computed distribution function f;, for the streaming Weibel instability. The mesh is
1003 with piecewise quadratic polynomials. The upwind fluz is applied.
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