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Abstract. The gridless Particle-In-Fourier method where particles are directly deposited onto a Fourier
basis features excellent energy and momentum conservation properties, but is computationally expensive
due to the global nature of its basis functions. In this paper, we investigate analytically and numeri-
cally how well a back-filtered spectral Particle-In-Cell method can approximate the Particle-In-Fourier
method. The study is extended to a recent variational spectral PIC method which has a discrete Hamil-
tonian structure.

1 Introduction

In a recent article [2], a general framework was proposed for spectral electromagnetic particle schemes
that preserve certain key properties such as Gauss’ laws, the total momentum, or a discrete Hamiltonian
structure. A particular feature of this framework is that it encompasses both the Particle-in-Fourier (PIF)
method [7, 1] which is based on a gridless particle-field coupling, and spectral Particle-in-Cell (PIC)
methods [5] where the coupling is done through an DFT grid.

In this article we investigate how well spectral PIC schemes may approximate gridless simulations,
provided a proper back-filtering is used in Fourier space as suggested in [6, 2]. In Section 2 we recall
the main steps of both methods and revisit a classical a priori error estimate in Section 3. This estimate
is then assessed numerically by considering errors in individual modes in Section 4, and global errors
in the electromagnetic field energy in Section 5. In Section 6 we finally study the spectral fidelity of
the different solvers in a single-mode electrostatic oscillation. This allows to verify the anti-aliasing
properties of smoothed particle shapes in spectral PIC methods, and to highlight the superior accuracy
of back-filtered PIC schemes.
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2 Particle-in-Fourier and spectral PIC methods

A common feature of spectral particle methods is to solve Maxwell’s equations in Fourier space

2ink
—gEkJr( i >><Bk=J,§,

for ke [-K,K]? 1
in_i_(Zink)XEk:O [-k.K] )
and to push the N particles along trajectory equations of the form
%Xp =V,
W= LX)+, o relbtl @

Here, the coupling current coefficients J; ;Z are obtained from the particle current

N
In(t,x) =) q,Vp(1)8(z — X, (1)), 3)
p=1
and the coupling fields ES and BS are obtained from the spectral fields
Ex(t,x):= Z Ey, (t)e% and Bg(t,x):= Z Bk(t)ew. 4)

ke[-K.K]? ke[-K K]?

The coupling also involves a shape function S of compact support and normalized integral, typically a
scaled B-spline or a Dirac mass if no smoothing is needed. How the coupling terms are precisely defined
then characterizes the numerical method at the semi-discrete level.

2.1 Particle-In-Fourier coupling

In the gridless Particle-In-Fourier method, the coupling current terms are given by the Fourier coeffi-
cients of Jy := S* Jy, namely

g 1 3 _2ink-Xp
Ji = Fu(SxJy) =orFu(JIv) =0k Y, @V <L> e L &)
p=1--N
where we have set 6y := L3 F4(S), and denoted by
1\’ _dinka
Fi(G) = = G(x)e ¢ dx (6)
L) Jourp
the k-th (continuous) Fourier coefficient of a function G. The coupling fields are then defined as
s 3 L 2ink-Xp
B3 (X,) = Ex(z)S(x—X,)de=L" Y GpEre ¢
0. kel R AT
2ink-X p (7)
B5(X,) = Bi(z)S(x— X,)de =L Y = OpBpe ¢
[0,L]? ke[—K K]

Here we note that the particle shape S essentially amounts in a specific Fourier filtering in the coupling
terms. In particular for a Dirac shape S = & we have 6, = 1 for all k € Z>.
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2.2 Particle-In-Cell coupling with smooth shapes

In spectral PIC methods, the coupling involves a grid (of M cells) where the continuous Fourier coeffi-
cients (6) are approximated by discrete ones,

1 3 ink-m L
Fuk(G) = <> Y G(mh)e_2 b with h=—. (8)
’ M
me[1,M]?
The current source terms are then given as
Ty = T w(S+ In) ©)

which amounts to first depositing this current on the grid,

T = (S Jy)(mh) = Y. q,V,S(mh—X,)  for me 1]
p=1--N

and then performing a Discrete Fourier Transform (DFT),

l 3 : ink-m
Tp = <> ) J}’,‘fe*2 i for k € [-K,K]°.
M me[1,M]?

The pushing fields are defined by a discrete convolution,

ES(X,):=h Y Ex(mh)S(mh—-X,), BX,):=K Y Bg(mh)S(mh—X,), (10)
me[l,M]? me[l,M]?

which in practice is performed by applying similar steps as for the current, but in a transposed order: first
compute the field values (4) on the grid with an inverse DFT, then gather them on the particles with the
shape function S.

In contrast to the PIF case, here it appears that the shape function S should be smooth. First because the
above coupling is only well-defined for a continuous shape S, and more importantly because of the anti-
aliasing properties of smooth shape functions. Indeed, DFT is inherently associated with aliasing errors,
due to high-frequency modes of the continuous source that get folded into the computational range. As
they amount in a low-pass filtering of the source before the DFT is applied, smooth shapes reduce these
high frequency modes and hence the aliasing errors.

A common choice is to use a (periodic) B-spline of degree k > 1 scaled to the grid,

S(x) := Z Sh(x+rL) where Sh(x) = <;>3 H Sy (%), (11)

rc7z3 oel1,3]
A R LN
with cardinal univariate B-splines defined as So(x) := 1 1 1(x) and Sy(x) === [?, Sx—1(x—y)dy for
’ 2
k > 1. Then the convolution by S amounts to a filtering in Fourier space with coefficients
3 Tk K+1 1

o =L Ti(S) = inc | —~ h inc(0) := —sin®. 12
L Fie(S) 0131 <s1nc< o >> where  sinc(0) esm (12)
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2.3 Variational Fourier-GEMPIC scheme and back-filtering techniques

In [2] the PIC coupling has been revisited and a new method has been derived from a variational prin-
ciple based on a discrete Lagrangian functional for the Vlasov—Maxwell system. In this derivation the
particle-field coupling is described by projection operators on the discrete Fourier spaces, that commute
with the differential operators involved in the de Rham sequence. As a consequence of this variational
derivation, the resulting Fourier-GEMPIC method possess a discrete Hamiltonian structure and preserves
the discrete Gauss laws associated with the de Rham commuting diagram. It may thus be seen as a spec-
tral extension to the GEMPIC scheme [4] based on spline Finite Elements and point particle shapes. The
standard PIC coupling described above can be seen as a variant which is not variational but preserves the
total momentum.

An interesting feature of the variational derivation (and its momentum-preserving variant) is that it allows
general Fourier filters in the coupling terms. For the gridless PIF method where the coupling (5)—(7) reads

p=1--N
BSY(X,) =1 Y  o3E700x,) (13)
ke[-KK]?
B(X,) =1 Y oxBu%(8x,)
ke[-KK]3

with filter coefficients oy, := L3 F4(S), this just amounts in a free choice of the shape function S. For
spectral PIC methods, this allows to use additional filter coefficients Y, leading to coupling terms of the
form

Jz’picz'yk Y, 4V Fur(Sx,)
p=1--N
ESVe(X,) =1 Z TkEkm (14)
ke[-K.K]?
Bs.,piC(Xp): L3 Z %Bkm-
ke[-K,K]?

Here the situation is quite different, because as was previously recalled, the shape functions are used
before the DFT, whereas the y-filtering is used afterwards. In particular, this opens the possibility of
using the y-filter as a back-filtering technique to compensate for the smooth shape functions S. The
motivation for such a strategy is twofold:

e First, it allows to revisit the (back-filtered) PIC coupling as a high-order approximations to the
gridless PIF coupling.

e Second, it leads to a better modelling of the high modes within the computational range, despite
the smoothing effect of the particle shapes.

In the next sections, we will validate these properties by a priori estimates and numerical experiments.
Since the antialiasing and back-filtering techniques can also be applied on the variational Fourier-GEMPIC
method, we chose to perform this study on this latter method. We note, however, that similar results were
obtained with the momentum-preserving scheme. For lack of space we do not report them here.
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3 A priori error estimate

In this section we present an a-priori error estimate for the approximation of continuous Fourier coeffi-
cients by discrete ones. This estimate essentially follows similar results established in [9], see also [8],
where this approximation procedure is described as a Nonequispaced Fast Fourier Transform. We state
it for univariate shape functions, as the generalization to tensor-product ones is straightforward.

Lemma 1 Let SP be an arbitrary shape, and let SP be a periodic B-spline (11) of degree x > 1 and
step-size h = ﬁ Then the discrete Fourier transform of S?;: (x) = SP(x — X),) with filter coefficients

gjk(Spif)
Tk(SPic)

K+1
/M )> for W<k<" (15)

L) (e

Y =

converges at order X+ 1 to the continuous Fourier transform of Splt( ) = SPi(x — X,,). Specifically,

~ : K/M \* 1-K/M
pif pic pif .
ﬁgixseu[gulﬁw ) = YTk (Sx, )| < 2/ F (SP) e <1—K/M> <1+K > (16)

holds for all K € N and all M > 2K + 1, with || F (SPT) || = = supyc | Fi (SPT)|.

Remark 1 This estimate indeed gives a K+ 1 convergence order, since we have

K/M <" 1-K/M 2K\ <! 1 M
B 1+ )< (= 1+— I K<=—
(o) (=)= () (m) o <3

however (16) is better for smaller values of K /M. We also note that it readily applies to the case of a
point-particle PIF shape SPf = §, where F(SPIf) = 7 L for all k.

Proof. We recall and adapt the core estimate of [9, Th. 4.2]. Expressing the periodic B-spline (11) as a
Fourier series

= Z cgez%gx with co:=F(S) = i <s1nc <Zj>> ) (17)

e,

we rewrite the discrete Fourier coefficients as

M—1 1M1

,{]:MJC(SXP) = % Z S(mh—xp)efm%k(mhfxp) — efzﬂkxp Z Z 6262? (0—k)(mh—xp)
m= M =it

M—1
o 2in 2im gy 2 _om
ey L 2 ce” 7 (k) 2 e (M — o= Tk (ck + E CktrmM€ T ’M"/’)

ZEZ m=0 reZ*

where we have used that Z%;(} et —hm — pMif—ke M Z., and = 0 otherwise. This formula essentially
expresses the well-known aliasing phenomenon. As for the continuous Fourier coefficients, we have

2in

Splf L/ Splf x xp dx j:k(Splf) kxp :,chkekaxp,

Xp
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which allows us to bound the error as

; _2in _2in - Ck
[ F(SE) — W Fal(Se,)| = e 7 Y e E07| < [ F(s)| E |,
reZ* reZ* k
Using that ‘C";’M = | k%ﬁr ‘KH, we then estimate as in [9, Th. 4.2],
K+1 . K+1 _
| 2 (LMY (LB 2 (KB Lo K
ek L\1-k|/M K L\1-K/M K
which ends the proof. O

4 Numerical validation of the estimate

We first perform a numerical verification of the error estimate (16) by using a set X of 10,000 particles
distributed uniformly, on which we compare the PIF and PIC modes using a Dirac shape for the PIF
coupling, SP'f = §, and a B-spline shape of degree k for the PIC coupling on a grid of size M. Thus, for
a given mode k < (M — 1) /2, we compute the error

error(M, K, k) := )I(Ilg§\f/<(5xp) —kaM,k(ngi:)’v (18)
4

with back-filtering coefficients given by (15), namely

O N2 N
T = (S0 — L (57) — (smc <M>> ) (19)

Figure 1a shows the error in the first mode, error(M, k, 1), as a function of the grid size M ranging from
23 to 24, for shape degrees k ranging from 1 to 7. It can be seen that the predicted convergence rates
(in dashed lines) are nicely reproduced by the numerical results. Figures 1b and 1c show the errors in
the second and third mode, i.e. error(M,x,2) and error(M,x, 3), respectively. For comparison, the errors
in the mode k = 1 are shown in Figure 1d for Y, = 1, that is when no back-filtering is used. It can be
seen that in this case the convergence with respect to M is of order two, independent of the degree for the
shape function.

5 Global convergence in the time evolution

As Lemma 1 indicates that the PIC coupling (14) with proper back-filtering can be seen as a high or-
der approximation of the PIF coupling (13), in this section we perform a numerical validation of this
global convergence property. Specifically, we compare the results obtained with smoothed Fourier (sf)
PIC schemes corresponding to y; = 1, and back-filtered Fourier (bff) PIC schemes corresponding to
(19). Again we note that the results shown here are for the variational GEMPIC method as explained in
Section 2.3.

To do so we consider a reduced 1d2v model with the same Weibel and two-stream instablity test cases
as in [2]. In this test, we restrict ourselves to the linear phase, i.e. we simulate these test cases over 200
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Figure 1: Convergence of the approximation of the Fourier transformation of the delta function by a
discrete Fourier transform of a spline of various degree k (times the inverse of the Fourier transform of
the centered spline function for (a)-(c)).

and 30 time units, respectively. We use 10,000 particles for the Weibel test case and 100,000 particles
for the two-stream instability. In all cases, we use a Hamiltonian splitting for the time discretization with
a fourth order operator splitting and a time step of Az = 0.1.

In Figure 2 we first compare the time evolutions in the relevant energies (namely, the magnetic energy
|| B3]|3 for the Weibel test case in Panel 2a, and the electric energy || E1 |3 for the two-stream instability in
Panel 2b. There, the top curves show the time evolution of the energy as computed in a PIF simulation
with K = 4 modes, while the other curves show the errors corresponding with the various PIC simula-
tions, using a fixed grid with M = 64 points and different spline degrees and back-filtering techniques.
As previously explained we have chosen to show the errors corresponding to the variational GEMPIC
scheme, but results with the momentum-conserving PIC schemes are similar. From these curves we can
see that the error decreases when the degree of the spline is increased for the back-filtered (bff) method,
while it remains almost constant for the smoothed Fourier (sf) method, which is in line with our previous
convergence results.
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In Figure 3 we next assess some global convergence properties of the back-filtered method as the grid
resolution M increases. Panels 3a and 3b show the maximum errors in energy over time (as compared
with the PIF solution), whereas Panels 3¢ and 3d show the momentum conservation errors for the re-
spective time ranges, using B-spline shapes of degree k from 1 to 7. Overall, these results show that
the accuracy increases with the degree of the spline shape function, with convergence rates that follow a
K+ 1 trend. Some deviations can be seen however, which are likely due to the nonlinear nature of this
convergence experiment. In particular, the convergence region is clearly not reached on the coarse grids
for linear splines and there is a roundoff error problem for the finer grids with splines of degree 5 and 6.
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(a) Weibel: (Error in) time evolution of ||Bs||3. (b) TSI: (Error in) time evolution of ||E4||2.

Figure 2: Weibel instability (left panel) and two-stream instability (TSI, right panel): the top curves show
the time evolution of the relevant energies computed by a PIF scheme with K = 4 modes, and the other
curves show the time evolution of the errors for the GEMPIC methods with back-filtering (bff) or without
(sf), using a grid with M = 64 points and various degrees for the spline shapes, as indicated.

6 Finite grid instability

We end our study with a single-mode electrostatic oscillation problem used in e.g. [3] to investigate the
manifestation of finite grid instabilities in spectral PIC codes. Here the plasma consists of a uniform
ion background and kinetic electrons with a drift, that initially deviate from the equilibrium density by
a small sinusoidal perturbation. For such a problem the system should sustain a stable oscillation of
the perturbed mode, but the aliasing errors inherent to the finite grid coupling typically trigger spurious
oscillations in PIC simulations. In practice we use a deterministic sampling with particles positions
equidistantly distributed in [0,27) and perturbed with 8X, = ek~ ! cos(kX,,), and we set their velocity
to V, = 0.01(1 + &~ 'sin(kX,)), using a perturbation amplitude € = 0.01 on the mode k = 9. In all the
simulations we use N = 10,000 particles and a Fourier Maxwell solver with K = 16 modes. The time
scheme is a fourth-order Hamiltonian splitting with Az = 0.1.

In Figure 4 we show the evolution of the main modes present in the simulations. On the left the PIF
simulation exhibits a correct behavior with a regular pulsation of the single mode k =9, whereas several
spurious modes (namely k = 3, 6, 12 and 15) quickly develop in the GEMPIC simulation shown on the



Jakob Ameres, Martin Campos Pinto, Katharina Kormann

T
) 10 -4 |-
SN .
10710 1 =~ N
~ 10 <
~ ~
= <
N N e
B8 > ;; N
e N ] N
8 X g 108k N
\ N
N = N
15 < o oy
107 < S &
> N
= -10 N
spline degree 1 S 107 ¢ spline degree 1
spline degree 2 ~3 P spline degree 2
spline degree 3 NN spline degree 3
spline degree 4 S~ spline degree 4
spline degree 5 < 1012 [ spline degree 5
1020 | spline degree 6 SO spline degree 6
~

102
M

(a) Weibel: Maximum error in ||B3||3.

102
M

(b) TSI: Maximum error in ||E1 |3

B i B i
10 BN 10 BN
N X
5 i 5 .
£ e E s
10 N 10 \
1077 spline degree 1 10 spline degree 1
spline degree 2 spline degree 2
spline degree 3 spline degree 3
spline degree 4 spline degree 4
1012 [ spline degree 5 10-12 spline degree 5
spline degree 6 spline degree 6

102
M

(c) Weibel: Momentum error.

102
M

(d) TSI: Momentum error.

Figure 3: Weibel instability (left panels) and two-stream instability (right panels): errors of back-filtered
variational GEMPIC schemes. Top and bottom panels show the maximum errors in the relevant energy
and in momentum conservation respectively, over the same time range than in Figure 2. Errors are plotted
versus the number of grid points M, using spline shapes of various degrees k, as indicated. Dashed lines
indicate convergence orders of k+1 for the corresponding color.

right, where quadratic splines are used on a grid with M = 33 points. We note that these spurious modes
are mostly triggered by the aliasing of the first harmonic k = 18 which is outside of the computational
range and is folded on the k = 15 mode by the DFT. This in turn triggers secondary spurious modes by
beating with the main one.

In Figures 5 and 6 we then present the results obtained by using spline shapes of higher degrees, namely
Kk =15 or 7, and grids with M = 33 or 39 points, which corresponds to a very mild oversampling. The
runs in Figure 5 have been obtained with a standard spline smoothing, and as expected we see that higher
spline degrees reduce the spurious modes to a significantly low level, in particular when a finer grid
is used for the DFT. This confirms the well-known anti-aliasing properties of the smooth splines. The
interesting observation comes from Figure 6 where an additional Fourier back-filtering (19) has been used
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in the particle-field coupling. There we see that the anti-aliasing effect is less pronounced, in particular
for the coarse grid M = 33. With the finer grid the spurious modes are reduced but slightly less than in
Figure 5 (which is not surprising, since back-filtering amplifies the higher modes in the computational
range [—K,K]). The main difference lies in the time oscillation of the main mode k = 9: whereas it is
significantly slowed down when no back-filtering is used, as a consequence of the damping effect applied
by the spline smoothing on this mode, we see that in the back-filtered runs it matches almost perfectly
with the reference PIF run in Figure 4.

1010 | ] 10710 1

[
L:wrzo L X 1020

1

12 )

10730 - 4 109 L

" 0 50 100 150 200
time time

(a) gridless PIF with K = 16 (b) spectral GEMPIC with K = 16, M = 33 and k = 2

Figure 4: FGI: time evolution of the main electric modes using a gridless PIF method (left) and a spectral
GEMPIC method with quadratic spline shapes and a grid of size M = 33 (right). Both methods solve
Maxwell’s equations in Fourier space with K = 16 modes.
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