University of Nebraska - Lincoln

Digital Commons@University of Nebraska - Lincoln

Faculty Publications, Department of Physics and
actty FUblications, Lepartment o Fhysics an Research Papers in Physics and Astronomy
Astronomy

2014

Variational formulation of macro-particle plasma
simulation algorithms

Bradley Allan Shadwick
University of Nebraska-Lincoln, shadwick@unl.edu

Alexander B. Stamm
University of Nebraska-Lincoln, alexstamm@gmail.com

Evstati Georgiev Evstatiev
FAR-TECH, Inc., San Diego, CA, evstati@physics.utexas.edu

Follow this and additional works at: http://digitalcommons.unl.edu/physicsfacpub
b Part of the Plasma and Beam Physics Commons

Shadwick, Bradley Allan; Stamm, Alexander B.; and Evstatiev, Evstati Georgiev, "Variational formulation of macro-particle plasma
simulation algorithms" (2014). Faculty Publications, Department of Physics and Astronomy. 14S.
http://digitalcommons.unl.edu/physicsfacpub/145

This Article is brought to you for free and open access by the Research Papers in Physics and Astronomy at Digital Commons@ University of Nebraska -
Lincoln. It has been accepted for inclusion in Faculty Publications, Department of Physics and Astronomy by an authorized administrator of

Digital Commons@University of Nebraska - Lincoln.


http://digitalcommons.unl.edu?utm_source=digitalcommons.unl.edu%2Fphysicsfacpub%2F145&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.unl.edu/physicsfacpub?utm_source=digitalcommons.unl.edu%2Fphysicsfacpub%2F145&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.unl.edu/physicsfacpub?utm_source=digitalcommons.unl.edu%2Fphysicsfacpub%2F145&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.unl.edu/physicsresearch?utm_source=digitalcommons.unl.edu%2Fphysicsfacpub%2F145&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.unl.edu/physicsfacpub?utm_source=digitalcommons.unl.edu%2Fphysicsfacpub%2F145&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/205?utm_source=digitalcommons.unl.edu%2Fphysicsfacpub%2F145&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.unl.edu/physicsfacpub/145?utm_source=digitalcommons.unl.edu%2Fphysicsfacpub%2F145&utm_medium=PDF&utm_campaign=PDFCoverPages

PHYSICS OF PLASMAS 21, 055708 (2014)

@ CrossMark
& click for update

Variational formulation of macro-particle plasma simulation algorithms®
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(Received 5 December 2013; accepted 28 February 2014; published online 14 May 2014)

A variation formulation of macro-particle kinetic plasma models is discussed. In the electrostatic
case, the use of symplectic integrators is investigated and found to offer advantages over typical
generic methods. For the electromagnetic case, gauge invariance and momentum conservation are
considered in detail. It is shown that, while the symmetries responsible for these conservation laws
are broken in the presence of a spatial grid, the conservation laws hold in an average sense. The
requirements for exact invariance are explored and it is shown that one viable option is to represent
the potentials with a truncated Fourier basis. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4874338]

. INTRODUCTION

Often a complete microscopic physical description of a
large dynamical system simply contains too much informa-
tion. This unwanted information can arise from a variety of
sources. For example, many of the degrees-of-freedom may
be devoted to describing small departures from a common
behavior; the system may contain time-scales that are not of
interest; or a complete description results in an unrealistic
computational burden. Variational methods are well suited
to removing information while retaining key structural
aspects of the system (such as conservation laws). Plasma
systems, with their diverse range of phenomena, can possess
any combination of these characteristics. Here, we are con-
cerned primarily with the case of the full description being
computationally infeasible. In particular, we focus on the
Vlasov—Maxwell system, which, on the full six-dimensional
phase space, is computationally intractable.

Macro-particle methods are widely used for modeling
kinetic plasmas with a manageable (in most cases) computa-
tional cost. In the main, these algorithms are formulated
by approximating the continuous equations of motion. For
systems governed by a variational principle (such as colli-
sionless plasmas), approximations of the equations of motion
are known to introduce anomalous behavior especially in
system invariants. Recently, a variational formulation of
macro-particle plasma models, based on a reduction of the
distribution function, has been developed.' As in the usual
Particle-In-Cell (PIC) formulation,”™ these macro-particles
have a definite momentum and are spatially extended. The
primary advantage of this approach is the preservation of the
link between symmetries and conservation laws. Further,
the variational formulation allows for constructing models of
arbitrary spatial and temporal order. In contrast, the overall
accuracy of the usual PIC algorithm is at most second due to
the nature of the force interpolation between the gridded field
quantities and the (continuous) particle position. The
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variational algorithm has essentially the same computational
cost per particle update as the usual PIC method. However,
the variational method uses the potentials directly to evaluate
forces (as opposed to using the fields) and, empirically,’
appears to have much reduced levels of numerical noise.
Moreover, since the equations of motion are derived from a
finite degree-of-freedom Lagrangian, it is possible to con-
struct a canonical Hamiltonian system, allowing the use of
symplectic integration algorithms. In Sec. III, we demon-
strate the advantages of symplectic integrators for a simple
test case of weak Landau damping.

The extension of the techniques of Ref. 1 to the electro-
magnetic case is relatively straightforward.” In Sec. IV, we
examine in detail the requirements for gauge invariance and
momentum conservation in the discrete system and show the
connection to the discrete continuity equation. For reductions
representing the potentials on a spatial grid, we show that, in
general, the discrete version of the continuity equation is
only satisfied in an average sense. The continuity equation is
embodied in the reduction of the distribution function and
not obtained from the variational principle; as a result, it typ-
ically suffers truncation errors when a discrete spatial repre-
sentation is introduced. We develop requirements for an
exact discrete representation of the continuity equation and
show that a truncated Fourier expansion of the potentials sat-
isfies these requirements, leading to exact gauge invariance
and momentum conservation.

Il. APHASE SPACE REDUCTION

We begin with a review of the reduction procedure devel-
oped by Evstatiev and Shadwick.' For simplicity, we consider
a single mobile plasma species and restrict our discussion to
the electrostatic case. We will consider an electromagnetic
extension in Sec. IV below. The central idea is to replace the
phase-space distribution function f with N, spatially extended
macro-particles, each having a definite momentum

NI7
f(x,u,t) :ZWxS[x_éx(t)]é[U_gaO)L (1)
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where ¢, is the macro-particle location, S is the macro-
particle spatial distribution, normalized by [dxS(x —¢&,)
= 1, w, is the macro-particle weight (the number of real par-
ticles represented by the corresponding macro-particle) with
the total number of particles given by Zgi, wy, and J(v) is
the Dirac o-function. For a plasma species with charge ¢,
we define the charge and current densities N and 7, respec-
tively, as

NI’
N = %Jdvf =g,y _ Wy Slx = &,(0)] (2a)
a=1
and
N, .
J = C[stU vf = quwa &, S[x = &,(0)]. (2b)
a=1
Now

N _ 5D
o = ngwu Ca %S[x — &(1)]

M9 0T
= _qx;W“ irx as[x - éa(t)} = _a; (3)

hence this representation exactly preserves the continuity
equation. The continuity equation is a consequence of
0S/0x = —0S/0¢&,, which trivially follows from the macro-
particle spatial density S[x — &,(¢)]. It is straightforward to
show that existence of an exact continuity equation guaran-
tees both gauge invariance and, in an unbounded system,
exact momentum conservation. We will return to this point
in Sec. IV.
Substituting (1) into Low’s Lagrangian® yields

N, N,
L= %ZW“ fi — qSZwadeS(x = &) o)
a=1 a=1
1 2
JF@J‘ZX(V(P) ) 4)

where m; is the species mass and ¢(x) is the electrostatic
potential (the reader is directed to Ref. 1 for the details of
this calculation). It is desirable to introduce a grid to aid in
computing the potential but this necessarily requires con-
structing the potential between the grid points to evaluate the
coupling term [ dxS(x — &,) ¢(x). This can be done to any
desired accuracy using finite-elements. We take a uniform
spatial grid x; with i € [1, N,] and grid spacing Ax and
denote the numerical approximation of ¢(x;) by ¢;. Let
Y(x), i=1,...,N, be a finite-element basis of some order.
With this basis, we approximate ¢ as

N,
o0 =) _o¥il). ®)

By construction, the basis vectors are only non-zero at a sin-
gle grid-point, W,(x;) = J;;, and thus this representation of ¢
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preserves the values at the grid-points, i.e., ¢ (xz) = @;.
With this approximation, the coupling term in £ becomes

deS(x —&) o) = i:(pinXS(x M 4169

Ng
= eipi(&), 6)
i=1
where
pi(E) = jde(x )W) @)

is the projected shape of the macro-particle. For a given
choice of basis and particle shape S, the expression for p; can
be computed analytically.

It remains to approximate the field energy term in (4).
Here, we may either use the same finite element representa-
tion used to compute the coupling’ or we can employ finite
differences. In either case, we can write

N);‘
Jabc(qu))2 ~ —sz ®; Kij ¢; - (8)

ij=1

When this term is approximated using finite elements, KC;; is
naturally symmetric. When using finite differences, it is rea-
sonable to first integrate by parts; one must then introduce a
finite difference representation for the second derivative.
There is no particular reason to use central differencing to
approximate this derivative; however, from the structure of
(8), we see that only the symmetric part of /C contributes to
the Lagrangian. Thus regardless of the nature of the finite
difference approximation, the effective differencing operator
in the Lagrangian always corresponds to some central differ-
ence approximation. Thus the discrete equations retain the
self-adjoint property of the continuous system. This observa-
tion holds even if one chooses not to integrate-by-parts.” To
avoid ambiguity, henceforth we assume that K corresponds
to a central difference.

We now arrive at the finite degree-of-freedom Lagrangian

e Ny, N,
L= TYZW“ ég{ - %Z wyp;(Ey) @
o=1 o=1 i=1
N,
Ax 8
- ICii @ 9
87[;40, j 0 9)

The equations of motion are obtained in the usual way by
demanding the action be stationary, viz.

s _&iapf@“)

n 2 oz @ (10a)
and
Ny 47[5]3 N,
> Ky == wapil&). (10b)
j=1 a=1
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From Poisson’s equation, we see that w, p,(&,) represents the
density on the grid due to each macro-particle. If the ¥;(x)

used in the mterpolatlon are constructed from Lagrange pol-
ynomials, then Z = Wi(x) = 1 and

Zp, £) —ZdeS(X—fa) )

i=1

:deS(x—Ca) =1. (11)

That is, at any instant, the total system charge (represent by
the N, macro-particles) is fully deposited onto the grid.
Since our discrete Lagrangian is time independent, this sys-
tem has a conserved energy that takes the form'

my ol 2 Ax Ne
WL:?ZW“é S—Z(ﬂilczj(/’j- (12)
= i

In the electrostatic approximation, ¢ is not dynamical,
i.e., ¢; does not appear in the Lagrangian; and hence, ¢; is
completely determined by the instantaneous charge density.
Thus, we may view ¢; as a known function of ¢, defined by
(10b). As a result, we can perform the Legendre transform to
obtain a canonical Hamiltonian system. The macro-particle
momentum is defined as n, = 9L/ 8&0( = mswaéa leading to
the Hamiltonian

N,
H = Zn“&“ - L
l ‘
MDY p Tt

901 87 Zq)l Uq)/
o=l i=

~m, ZW_‘_Z% Kij ¢js (13)

L=

where in the last step we have used (10b). This Hamiltonian
is equivalent to the energy expression in (12) (of course, H
is a function of &, and 7, while W; depends on &, and &,).
From the Hamiltonian, we find

¢, == (142)
MWy
Ax Ny 8(Pj
_TEZ(PI' Kij a—ga
_g & ( 4ng, ap:
a 4n 4 851
» Opi(Z,)
=—qW.)_¢; ég“ (14b)

i=1

One can readily see that (14a) and (14b) are equivalent
to (10a).

Evstatiev and Shadwick! also derive a noncanonical
Hamiltonian formulation in terms of the electric field, result-
ing in the equations of motion
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E=2 (15a)
mgw,
Ny
fry = qsway _ Eipi(&), (15b)
i=1
. 47qy
Bi= -1 Z pi(Ea), (15¢)

oc*l

where E; is the numerical approximation to the electric field
at x;. In this case, the conserved energy (the non-canonical
Hamiltonian) is

LN e
Wy = 24— N R 16
" 2my ;wa + Sn; ! (16)

lll. TIME INTEGRATION

The above formulation treats time as a continuous vari-
able. Of course, performing numerical computations with
these models naturally requires discretization in time. By
keeping time continuous in the variational principle (as
opposed, say, to fully discretizing the action®), the flexibility
to tailor the time-integration to the problem at hand is
retained. This is particularly important in the electromagnetic
case,” where stability considerations’ typically dictate the
temporal integration order depending on the spatial approxi-
mation. Here, we consider various integration schemes, pro-
viding numerical examples for two explicit methods and
exploring properties of an implicit method. We assume a
fixed time-step At and denote the numerical approximation to
the macro-particle trajectory at #, = nAr by &,.

A. Time-explicit methods

The most straightforward approach to integrating (10) is
to use some Runge—Kutta method; here, we will consider a
second-order method. The full update involves two steps:
7 Zn 1 n
é = Q“ —+ E At Uw

1 q N
b=t =5 A S ) 012),
s 5 (17)

el = &+ Ay,

N
ntl o Alﬁ ! ¥
vt = o= Ar - ;p,@a) ¢il¢]

where v, = &,, pi = 0p;/O&, and the notation ¢,[¢] denotes
the potential, obtained from (10b), based on a particular set
of macro-particle coordinates. Assuming the potential is cor-
rect at the beginning of the update, (17) requires two force-
interpolations, two charge-depositions, and two field solves
per step. (The last field solve necessary so that the potential
is correct at the beginning of the next time-step.) This
method does not exactly conserve energy, but as was shown
in Ref. 1, the energy error is a function only of time-step
(since the continuous-time equations are exactly
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conservative). Empirically, one finds that with small enough
At, the energy growth is approximately linear in time.

Since we can construct a canonical Hamiltonian system, it
is also possible to use a symplectic integrator'® for the time-
advance. For example, applying the velocity-Verlet method'"'?
to (14), we have the following second-order time-advance:

N
PIES DVK L e
Uy = U, —5 At % ZP:(éx) (Pi[é ]’
s =1

1 g Ng
nil o~ s ¢ zn+l n+1
=By =5 A (ST g

S =1

Assuming the potential is correct at the beginning of the
update, (18) requires two force-interpolations, one charge-
deposition, and one field solve per step. This is more efficient
than the Runge—Kutta method of the same order by saving a
charge-deposition and field-solve. In addition, no intermedi-
ate storage is needed for the macro-particle phase-space,
which leads to a significant reduction in memory usage. This
method does not exactly conserve energy, but the energy
error oscillates about the correct value (as is typical of sym-
plectic integrators). We have verified that the amplitude of
the energy oscillation scales, as expected, with Ar*.,

To illustrate the advantages of the symplectic integrator
over the generic method, we consider the problem of weak
(linear) Landau damping'? where the wave-particle reso-
nance occurs at velocities much greater than the thermal
velocity. This is a particularly hard problem for a macro-
particle method as only macro-particles in the tail of the
distribution participate in the wave-particle resonance; the
majority of the macro-particles are consigned to representing
the thermal state and are not resonant. Since all macro-
particles represent the same number of electrons,'* when
only a small number of macro-particles are involved in the
resonance, it is challenging to correctly capture the energy
transfer from fields to particles (and thus the correct damping
rate). Initially, the plasma has a uniform density ng and is
in thermal equilibrium with temperature 7, satisfying
kg To/msc* = 1/5, where kg is Boltzmann’s constant. We
take periodic boundary conditions in space, a domain size of
L = 4nc/w, spanning 1024 cells, where w, = \/4ngng/m
is the plasma frequency. These parameters were chosen
to allow only a single weakly damped mode. The
macro-particles are loaded in the center of the cell while the
velocities are chosen randomly from a Gaussian distribution
with variance kgTy/myc?. At each spatial location, the
macro-particle velocity distribution is shifted and scaled to
have zero mean and variance exactly corresponding to 7.
The macro-particle spatial distribution S is taken to be a
two-cell wide tent-function, giving cubic p, (see Table A.l
of Ref. 1 for the corresponding expressions for p;). Initially,
we excite the n =2 spatial mode of the electric field with ini-
tial amplitude Ey given by ¢,Eo/(msc w,) = 0.05 by perturb-
ing the macro-particle positions.

We provide an independent (and presumably more
accurate) solution to this problem using an Eulerian
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Vlasov—Poisson solver known to have excellent conservation
properties.'> We take identical initial conditions and spatial
grid, a velocity grid spanning —2 < v/c < 2 with 401 grid-
points with the distribution function vanishing at the limits
of the velocity domain, and time-step w,Ar=0.1. With these
parameters, the Vlasov—Poisson solution was sufficiently
well converged that further refinements led to much smaller
changes in this solution than the differences between this so-
lution and any of the macro-particle solutions considered.
Figure 1 shows the amplitude of the n=2 spatial
Fourier mode of the electric field, |E2|, in units of myc*/g,
obtained from three methods [Vlasov—Poisson solver,
(black); symplectic integrator, (18), (red); and the
Runge—Kautta integrator, (17), (blue)], where the number of
macro-particles is varied. Each panel is labeled with the
number of macro-particles used at each point in space, n,, to
represent the velocity distribution. While the cases with
n,=400 and n,=800 show disagreement between the
Runge—Kutta and symplectic integrator solution, the discrep-
ancies are not significant as they are smaller than the overall
disagreement with the Vlasov solution. For n,= 1600 (bot-
tom), the macro-particle results closely track each other and
the full kinetic solution through w,t=30 and give good
qualitative agreement over the remainder of the evolution.
Not only is this more macro-particles per cell than velocity
grid-points used in the Eulerian method, the computational
cost of the macro-particle solution is approximately 4 times
greater than that of the fully kinetic solution. (In all cases,

ny, = 1600
102 -
™
R 109-3
10—4
T T I T I 1
0 10 20 30 40 50 60
wpt
— Vlasov — Runge—Kutta — Symplectic

FIG. 1. Amplitude of the n =2 spatial Fourier mode of the electric field in
the weak Landau damping problem, computed with all three methods:
Vlasov—Poisson solver, (black); symplectic integrator, (18), (red); and the
Runge—Kutta integrator, (17), (blue). Each panel is labeled with the number
of macro-particles, n,, used at each point in space to represent the velocity
distribution. The Vlasov—Poisson solution (black) is identical in all panels.
In 22111 cases, ®,At=0.1 and the mode amplitude is plotted in units of
mgc /s qs-
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the codes have been carefully optimized, so we believe this
ratio reflects the intrinsic costs of the algorithms and is not
significantly influenced by implementation details.) By fur-
ther increasing n,, it is reasonable to expect that the
macro-particle solutions will exhibit better agreement with
the Vlasov solution for w,t > 30.

Figure 2 shows |E,| in units of m,*/q, obtained from the
three methods [Vlasov—Poisson solver, (black); symplectic in-
tegrator, (18), (red); and the Runge—Kutta integrator, (17),
(blue)], where n,= 1600 and the value of At used in the
macro-particle integrators is varied. As the time-step is
increased, the disparity between the symplectic integrator
solution and the Vlasov solution increases only slightly,
whereas the Runge—Kutta integrator shows marked disagree-
ment for w,Ar > 0.4. This significant disagreement between
the macro-particle methods is rather surprising since symplec-
tic integrators are commonly held to be only strictly necessary
when following a very large number of orbits; here we con-
sider less than 10 plasma periods. It is likely that the energy
behavior of the symplectic method (i.e., oscillation versus sec-
ular growth), more than its phase-space preserving properties,
is responsible for the method’s superior performance. Taking
into account the relative sizes of Af needed by each method to
give accurate solutions and the effort per time-step, the

wpAt =0.1

wpAt =0.8
T T T T T T 1
0 10 20 30 40 50 60
wpt
— Vlasov e e Symplectic v v Runge—Kutta

FIG. 2. Amplitude of the n =2 spatial Fourier mode of the electric field in the
weak Landau damping problem, computed with all three methods:
Vlasov—Poisson solver, (black); symplectic integrator, (18), (red); and the
Runge—Kutta integrator, (17), (blue). Each panel is labeled with the value of Ar
used by the macro-particle integrators in the computation. The Vlasov—Poisson
solution (black) is identical in all panels and was computed with ¢, Ar=0.1.
In all cases, n, = 1600 and the mode amplitude is plotted in units of m_rcz/qy
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symplectic method is approximately 5—10 times more compu-
tationally efficient than the generic Runge—Kutta method.

B. Time-implicit methods

Time-implicit methods for macro-particle simulations
are of interest due to the prospect of exact energy conserva-
tion even with discrete time.'®'” Applying the mid-point rule
to (15), we obtain the following second-order time-advance:

n+1 n
én+l o é” _ At Tco«. + TEO{
o o ’

19
2mwy, (192)

7At ot En+1 En
A S (E B

i=1

x [ &) + pi(E)],

7.l:nJrl _ TC”
(19b)
< (&) + piEn)], (19¢)

where E7 is the numerical approximation to E(t,, x)).
Considering the difference in energy at ¢, ; and ¢,, we find

Wit —wy,
LR )t — )
T 2my p Wy
Ax &
= n+1 n n+1 n
TEr (B +E)) (B — E)
N, N,
_ 1A ) A Sl o
72_ms1:1 " quwg_;(Ei +Ei)
N,
£ At
n+1 n n+1 n -
x [ &) + pi(E > (B + Ef)my
s &
s n+1 n n+1 n
X oy 22T ) US4 ()]
q NI7 Nﬁ
s n+1 n n n
= At Sms;(n; +na);(E L E)
q N,
n+1 ny] _ N n+1 n
x &) + &) A’ng;(E +E)
Ng
x () [ &) + ol )]
i=1
=0. (20)

That is, the mid-point rule exactly conserves the system
energy; this is an example of the well-known property of the
mid-point rule regarding quadratic invariants. With the mid-
point rule, there is some freedom in discretizing nonlinear
terms; had we written the right-hand sides of (19b) and (19c)
as Ef (&) + Erpy(&)) and mp (8 + mlpi(E),
respectively, then W;; would not have been exactly conserved.
Examining the computational performance of this method will
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be the subject of future investigations. Interestingly, in the rela-
tivistic case, with proper treatment of the nonlinear term, the
mid-point method also exactly conserves energy.

It is also possible to construct an explicit integrator
along the lines of Ref. 18 that exactly conserves Wy." It
does not appear possible to construct either implicit or
explicit integration schemes that exactly conserved energy
for either the Lagrangian, (10), or canonical Hamiltonian,
(14), equations of motion.

IV. THE ELECTROMAGNETIC CASE: GAUGE
INVARIANCE, CHARGE, AND MOMENTUM
CONSERVATION

We now consider the simplest electromagnetic exten-
sion suitable for the study of intense laser-plasma interac-
tions.” We adopt the conventions of Ref. 5: we retain a
single spatial dimension (the laser propagation direction), z,
and two particle momenta: one in the direction of the laser
polarization, x, and other in the propagation direction. Here,
we retain the longitudinal component of the vector potential
and do not otherwise impose a gauge-fixing condition.
Although we consider the relativistic case, all of our results
apply in the nonrelativistic limit. Adopting the appropriate
generalization of (1) and following Ref. 5, the Lagrangian
can be written as £ = Lp + L1 + Lg, where

(21a)

Az
+8”,le( Az Dy @+Ac KijAcj — q)iic,-j@j), (21c)

where éif and &7 are the x and z coordinates of the macro-
particle positions, respectively, A,; and A,; are numerical
approximations to A(Z;) and A.(Z;), respectively, and D;
and KC;; are central difference approximations to the first and
second derivatives in z, respectively.

Consider a gauge transformatlon on the dlSCI‘etlZGd
potential®® A.; = A’, —l—Z,\  DaAi and @; = ¢ — A;/c.
Certainly, in the contlnuous case, the action is invariant
under this transformation. However, this does not imply
invariance in the discrete case. Since the macro-particles are
not directly involved in the transformation, we need only
consider Lr and £;. From Lg, we obtain the condition
Kij = Dy Dyj; while from Ly, we have

L= Li(AL ) "SZwaZ A pi(ED)]
; o i ,kpk-f—a o éz. (22)
¢ a=1 i=1 k=1 éz
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Gauge invariance requires the last term in (22) to vanish

Ip;
8_%+Dikpk =0. (23)

This is equivalent to

o
- anéa
ON;

:T'i_plkaka (24)

Lo a i P
0 fy + 4D pir S, = Qx% + Dy (LIs fjpk)

where \V; and 7, ; are the numerical approximations at z; to A/
and 7, [defined as in (2)], respectively.21 It is straightforward
to show that p, defined by (7) cannot satisfy this condition.
(This follows almost immediately from the fact that finite ele-
ment basis functions are not everywhere differentiable.) The
lack of an exact discrete analogue of the continuity equation is
due to the fact that in the continuous case, the continuity equa-
tion is embedded within the reduction (1) and thus suffers
from errors due to truncation when converted to discrete form.

Consider the average discrepancy in (23) as the macro-
partlcle moves across a cell (ignoring the possible change

in &)

N,

Xi+Ax/2 b
Pi
+ le p
JX;AX/2 Z g

Xi+Ax/2 N,

Xi+Ax/2
+ ZkaJ dépy(8).  (25)
xi—Ax/2 k=1 xi—Ax/2

= Pi

Put £ =x; + A, then from (7),
P+ A) = de‘l’,-(x) S(e—xi — A)

ZJdH‘Pi(Xf+M)S(ﬂ—A)~ (26)

If ¥; is symmetric about x =x; (which is the case for linear
and quadratic Lagrange elements), then W(x; — p) =¥ (x;
+ w) and

pilxi+A) = Jdu‘Pf(xf — ) S(u—A4)

— |+ wseu-m). @
Further, if S(x) is symmetric about x =0, then
pil + 8) = | du il + 1) Sla-+ 8) = pi = &) @9

and the first term on the right in (25) vanishes. The basis
functions for linear and quadratic elements are simple
replications of a fixed set of shapes with period one (linear)
or period two (quadratic). As a result, W, (x; + p)
=W, (x; — ) for/=1,2,... and
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Pii(xi +A) = | duWini(xi + ) S(u — A)
= [du¥ii(xi — ) S(u— A)
= |du¥ii(xi + 1) S(—p — A)
= |dp¥ii(xi + p) S(u+ A)
= piy(xi — A), (29)
leading to
Xi+Ax/2
J d¢ pi(€)
xi—Ax/2
Ax/2 Ax/2
= J dAp;y(xi+A) = J dAp;y(xi — A)
—Ax/2 —Ax/2

Ax/2 Xi+Ax/2
= J dA pl‘*l(‘x’. + A) - J dﬁ pi*l(é) . (30)
—Ax/2 xi—Ax/2

By assumption, Dj; is some central difference approximation
to the first derivative and thus has the form

Dy = Z 0 (O g1 — i) (31)

i

Combining (30) and (31) gives

Ny Xi+Ax/2
ZDikJ dé p(&)
=1 xi—Ax/2
Xi+Ax/2 Xi+Ax/2
= ZOC/ J dépi($) — J dép;(&)| =0
i vi—Ax/2 xi—Ax/2
(32)
and thus
xi+Ax/2 9 Ng
Pi
+ Dip =0. (33)
J\x,-Ax/Z Z k

Hence, as a macro-particle traverses a cell, provided the ve-
locity is nearly constant, the discrepancy averages to zero.
Thus, it is reasonable to expect that in a time-averaged sense,
the condition for gauge invariance (also momentum and
change conservation) is satisfied. Furthermore, this result is
for a single macro-particle; as the number of macro-particles
per cell increases, we expect the discrepancy in (23), when
summed over all macro-particles in a cell (each of which is
likely to be at a distinct location), to decrease.

From the Lagrangian (21), we obtain the equations of

motion®
NL’

. s d
e = —q? 7 > Api(ED), (34a)
k=1

N,

1. N 9p.
= —Clsz lz ALipi (&) + <€Di - % Ax,i) 8—?‘] , (34b)

i=1
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N 1 4nq i
Kijp; +— Dy A; = - . i ? y 34
j—1< /(PJ+C j J) Az ;Wap(gk) (34¢)
Ne 4rggc X
.. - ;
A=Y KAy === wadop(&), (G4d)
=1 a=1
Ne 4nggc
A+ Dypy=—37-> wallpi(&) (34c)
=1 =1

where 1% = my 7y, g’j and ©¥ = myy, 5“ are the usual relativ-
istic particle momenta with y, = \/m?c? + %% + n%2 /mc.
The equation of motion for 7%, (34a), is just a statement of
conservation of the momentum conjugate to a cyclic coordi-
nate (é;). Since our Lagrangian is time-independent, there is
a conserved energy given by5

5 . Az e/ %)
W = msc Zwa Vo + Wz <Ax,i + Az,i)
o=1 i

i=1

N
Az 2
_ gld:l (%K{i(/’j +AK;A; — " A.; Dy (pj) . (35)

The remaining conservation law from the continuous system
(assuming the system is unbounded) is momentum conserva-
tion. The components of the total momentum (particle plus
fields) are

Nf’
P. = g Wy T —
a=1

Az &
mt 2y Ani D
ij=

First consider P.. A long calculation yields

Az Ne Ne
P,=— Al K= DDy | o
47—“13‘6; ) lj ; ] J

a3 32 2
Nﬁ

> [0k D)o+ A (K D)yA, . &)

Sij=1

ZDUPJ

If we take K = D? (as required for L to be gauge invariant),
then KD =D? is antis Nymmetrlc and terms of the form
Zw‘ 1al(lC D) Zw“ la,(DDD) vanish.  Using
these results, (37) becomes

= —QsZZW,{ ((Pz Ay ;) (321; + ZD’J p;

i=1 o=1

(38)
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We see that (23) is also required for momentum conserva-
tion. While this cannot be achieved exactly in the presence
of a spatial grid, we expect that on average momentum will
be well conserved by the arguments leading to (33). In the
electrostatic case, it is straightforward to show that this con-

dition is also required for exact momentum conservation.
From P, we find, with IC = D?,

Px:_*z xézA)Ll 8pl+zpljp/ ; (39)

which has the same form as (38). Thus even though we
have exact translation invariance in the x-direction, the
continuity equation is still required for momentum
conservation.

As is well known, the connection between Gauss’ and
Ampere’s Laws also involves the continuity equation.
Consider Gauss’ Law with the assumption that K = D?. In
this case, we can write (34c¢) as

Ne Ne 1. 4dng i
D;; Diop+—A | =——— (E2). (40
; ij ; Jk %JFC 2 Az Zwapz(éz) (40)

=1

Differentiating with respect to time and multiplying by
c D! gives

NS'
Asj+cY Dy
k=1

4 s o P 4 s
S TS
X iw & 8p, +ZD
xSy lkpk . (41)
o=1

Thus we see that Gauss’s Law and the z-component of
Ampere’s Law are only consistent to the extent that

ap; Ne
o5 T 2 Dikpi (42)
SR

vanishes. This is the same condition, (23), required for gauge
invariance.

As we have seen, gauge invariance and momentum
conservation all hinge on the discrete form of the continu-
ity equation, (23). Using finite elements for interpolation
(in this context, it is immaterial whether finite elements or
finite differences are used to evaluate Lg), we have seen
that this condition is only satisfied on average. Following
Ref. 1, we now consider a general discrete spatial represen-
tation using a truncated basis. Let @,,(x), m=1, 2, .... M
be the first M elements of a complete basis. Clearly, we
cannot expect to expand arbitrary functions with this col-
lection of basis elements as that would necessarily require
completeness. Instead, consider a mapping from functions

f(x) to

Phys. Plasmas 21, 055708 (2014)

M
X) =Y fu®u(x), (43)
m=1

with
o = [ s ), 1), (44)
where (I);c () is the dual to ®;(x) and satisfies

de ;(x) (I)j (x) = ;. (45)

This mapping is a projection and provides a discrete repre-
sentation, f,,, for any f{(x). (Since it is a projection, many
functions may have the same discrete representation.) Let

M
X) =0, () (46)
m=1

and
= deS(x —&,) @ﬁn (x), (47)

i.e, o(x) is the projection of S(x — &,). For g(x) to satisfy the
continuity equation, the projection must preserve OS/0x
= —0S/0¢,, thus we require do/dx = —0g/IE,. If our basis
was complete, this property would be automatic, otherwise
this condition implies a significant restriction on ®@,,(x). Now

"
95, = 2 96 Ol
:ﬁpmﬂwmﬁgmdmv
_ icbm (x)de’ o5 <an, =) @) ()
zﬁywq@mw_@ﬂiyﬁ (48)
and

Thus, our requirement on ¢ implies
M
d®,,(x) 1
d /S / _ £ (D /
> avste — e o))

:_gﬁ% s - 8 o)

which must hold for any S. This is equivalent to the condi-
tion found in Ref. 1 for the Lagrangian to be translation
invariant [see (55) therein]. Since translation invariance
implies momentum  conservation and momentum
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conservation, in turn, relies on charge conservation, it is rea-
sonable that the condition for translation invariance should
be the selfsame condition for the continuity equation to be
exactly satisfied.

Consider any f{x) and assume (50) holds. Then,

df_ A dq)m(x) / Y A
=T w0
—DD [ gy “2al)

- me(x)de’% @ (). (51)

m=1

Thus, we see that (50) implies that the spatial derivative
commutes with the projection, i.e., if g(x)=df(x)/dx, then
¢(x) = df (x)/dx. Equivalently, the basis must be such that
the derivative operation is represented exactly under the pro-
jection (43). For finite elements, this is simply not the case,
explaining the failure of (23) to hold.

Since (50) must hold for any S, in particular, it must be
true that

M
> B v, ()0, )

m=1 X
M o
= —;(Dm(x)de/(Dn(x') % . (52)

With (45), this becomes

do,, ()
Z de P, (x') ==

M Ao, (¥
= Z J m(x) %
— Dy D () (53)
where
ddj(x)
D; de(D () Rt 54)

is the discrete representation of the derivative, viz., if
g(x) =df(x)/dx, then g, = Z%:l Dymfm- Now

do M
a - ,; Em n;l Dmn Qn )ﬂ (55)
while
9o Ldg,
9z, = 92, @, (x) . (56)

m=

Our requirement on ¢ can now be expressed as

00y i”:D _
o o 0 =

0, (57)

n=1
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which is exactly the condition require for gauge invariance
and momentum conservation.

It appears that the only way to satisfy (50) is for @, to
be a truncated Fourier basis." Thus, using a Fourier represen-
tation of the fields, we expect the macro-particle model will
have exact gauge invariance as well as charge and momen-
tum conservation. Computationally, the Fourier representa-
tion appears to be sufficiently expensive compared to the
finite-difference representation such as to be unsuitable for
production work. Nonetheless, it is valuable as a benchmark-
ing tool to assess the consequences of the approximate
conservation laws in the finite-difference case.

V. CONCLUSIONS

We have reviewed a recent variational formulation of
macro-particle methods. For the one-dimensional electro-
static case, we have considered both a standard second order
integrator as well as a second-order symplectic integrator.
For the problem of weak Landau damping, the symplectic
integrator yielded acceptably accurate results with a consid-
erably larger time-step than did the standard integrator, lead-
ing to a significant advantage in computational efficiency for
the symplectic integrator. We compared the macro-particle
solutions to a well-converged solution of the Vlasov—Poisson
equation, finding surprisingly good agreement. For the prob-
lem considered, even the symplectic method requires signifi-
cantly more computational effort than does the Eulerian
solver. Ultimately, phase-space must be fully resolved and
the Eulerian method appears to have the advantage. (Of
course, this advantage fades quickly as the dimension of
phase-space increases.) Both macro-particle methods,
despite being initialized with thermal distributions, yielded
solutions low in numerical noise. We analysed an implicit
time-integrator and showed this method exactly conserved
energy in both the nonrelativistic and relativistic cases. Exact
energy conservation required the use of fields rather than
potentials and thus relies on a noncanonical Hamiltonian for-
mulation of the macro-particle model.

We have examined the simplest electromagnetic exten-
sion and considered in detail the affects of spatial discretiza-
tion on the continuity equation. We have found when using
finite elements to interpolate the potential between the grid
points, it is not possible to exactly conserve charge, resulting
in departures from exact gauge invariance and momentum
conservation. We examined these errors and showed they
average to zero as the macro-particle moves across the cell
(assuming small changes in the macro-particle velocity
during the transversal). These results also suggest that such
errors can be reduced by using sufficient macro-particles per
cell. We showed exact charge conservation is possible when
using a truncated basis for the spatial representation. We
derived conditions the basis must satisfy to ensure charge
conservation and showed these conditions amounted to the
requirement that the basis exactly represent spatial deriva-
tives. Although these results were obtained in one spatial
dimension, they readily extent to three dimensions assuming
a Cartesian product of one-dimensional finite elements are
used for interpolation. No further assumptions appear
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necessary to extent the truncated Fourier basis representation
to three dimensions. The Fourier-based method uses the
same reduction as the gridded methods and therefore offers
the opportunity to carefully assess the effects of the approxi-
mate conservation laws in the gridded case. It appears
straightforward to perform the Legendre transformation,
with either the Fourier or gridded representations, yielding a
canonical Hamiltonian system for macro-particles and fields,
which opens the possibility of using symplectic integration
on the combined macro-particle field phase-space.
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