
Particle-in-Fourier: A Promising Paradigm for
Extreme-Scale Plasma Simulations and Beyond
Go20 2026 conference, Gozo, Malta
18 May 2026 Sriramkrishnan Muralikrishnan Jülich Supercomputing Centre, Germany

Member of the Helmholtz Association



Unified Particle-Field Framework for Dynamical Systems

ℒ(fl) = h(fr)
 is a (possibly 

nonlinear) PDE or DAE 
operator

ℒ

dp
dt

= g(fl, p)
ODEs for the particles 

Interpolate particle 
attributes to 

fields ( ) using 
interpolation operator 

fr
P

Interpolate fields ( )  to 
particle locations using 


operator 

fl

PT

Unified Particle–Field Representation 
General structure: particles evolve via ODEs; fields evolve via PDEs; coupled through interpolation

▶ Convection/Deformation operators: Treated in a Lagrangian way by tracking ODEs for particles
▶ Other operators: Treated in an Eulerian way by solving PDEs or DAEs for fields
▶ Two-way coupled through interpolation operators
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Examples of Particle-Field Systemsbe presented in a separate work. Fig. 6 presents the details
of a reconnection region. In particular, one can observe the

interaction of unequal strength tubes and the generation of
fine scales, both at the reconnection and along the loops.

These observations are confirmed in frequency space.
Fig. 7 shows the evolution of longitudinal energy modes

EðkxÞ ¼
Z

û $ û% dy dz; ð20Þ

where û denotes the Fourier transform in the x-direction.
The initial condition imposes that all modes start from a
similar energy level. The high kx modes undergo an slight
decay before the expected exponential growth. The mode
kx ¼ 11ð2p=LxÞ is the fastest growing one and corresponds
to as many initiations of X-loops (Fig. 5). The initial vis-
cous decay affects less the Crow mode kx ¼ ð2p=LxÞ which
eventually catches up with the medium wavelength
instability.

Conversely, in physical space, the kinetic energy of
the two-dimensional flow in a cross-flow slice does not
necessarily decay monotonically like the total energy,
as shown in Fig. 8. This feature is clearly more pro-
nounced in the present work than in the LES results
of [12] and matches the behavior of the experimental
results of [28].
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Fig. 4. Counter-rotating vortices in ambient noise: relative error in the
effective kinematic viscosity.

Fig. 5. Counter-rotating vortices, initiation by ambient noise: visualization of the vorticity structures by volume rendering. High vorticity norm regions
correspond to red and opaque; low vorticity are blue and transparent. (a) t=t0 ¼ 0:21, (b) t=t0 ¼ 0:25, (c) t=t0 ¼ 0:27 and (d) t=t0 ¼ 0:34. (For interpretation
of the references in colour in this figure legend, the reader is referred to the web version of this article.)
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rather than from numerical constrains, a loose–coupling strategy has shown to provide stability and computational440

time savings of the order of 50-–70% while giving the same results as the strong coupling.441

Accordingly, for all results shown in this paper, a loose–coupling approach has been employed and a dynamic time442

step with a constant Courant number CFL = 0.2 has yielded a ↵t ⇡ 2µs throughout the simulations.443

Before showing the results, it is worthwhile to summarize some details about the computational cost of the model444

since, given the huge undertaking, without an e�cient implementation it would be impossible to run the simulation445

campaigns needed for parametric studies. In fact, the model was originally parallelized using MPI directives and run on446

standard CPU clusters: the reference configuration with a grid of 211 Mnodes could use a maximum of 144 CPUs before447

the parallel performance was too degraded and, on the Cartesius cluster of SURFsara (https://www.surfsara.nl/), it448

required ⇡ 2 s of wallclock time per time step thus, with a time step ↵t ⇡ 2µs, the integration of a heartbeat could449

be completed in not less than 12 days. It must be mentioned that for each case the first heartbeat is discarded since450

it accommodates the initial transient and the pretensioning of all tissues while an order of 5 additional statistically451

steady heartbeats are computed in order to obtain phase–averaged statistics of the pulsatile flow. With the above452

numbers, each simulation needed about 2 months to be completed and these numbers were clearly incompatible both,453

with the clinical practice and extensive parametric studies.454

An important breakthrough for this model has been its porting to GPUs whose architecture turned out particularly455

beneficial for the present software: using 8 NVIDIA A100 GPUs, the same above simulation could be run in ⇡ 0.07 s456

per time step and ⇡ 10 hours per heartbeat [27] thus allowing a complete simulation in 2.5 days.457

This impressive speedup has allowed the use of the present model for large simulation campaigns in which input458

data and configurations are systematically varied to reproduce a cohort of virtual patients as would be done in clinical459

trials. In the next section, we will show first the results obtained for a healthy configuration and then some pathologic460

cases with myocardial infarction in which, by changing the position of the necrotic scar, the e�ect of the disorder on461

the overall pumping function is discussed.462

IV. RESULTS AND DISCUSSIONS463

FIG. 7. Perspective views, for the healthy configuration, of instantaneous distributions of activation potential (a) and (d),
internal tissue stress (b) and (e) and blood velocity magnitude on a plane cutting the left ventricle (c) and (f). a), b) and c)
are for late diastole, d) e) and f) for peak systole.Heart simulations using Immersed Boundary  

Method (Viola et. al., 2023)
Laser Wakefield acceleration simulation using  

PIC schemes (OSIRIS code)
Aircraft wake simulation using  

VIC schemes (Chatelain et. al., 2007)

System p fl fr ODE: dp
dt = g(fl, p) PDE/DAE: L(fl) = h(fr)

Vlasov–Poisson (x, u) E ρ dx/dt = u, du/dt = q/m (E + u × Bext ) −∆ϕ = ρ(x), E = −∇ϕ

Vlasov–Maxwell (x, u) (E, B) (J, ρ) dx/dt = u, du/dt = q/m (E + u × B) Maxwell’s eqn. with source ρ, J
Fluid-structure x u f (force from structure) dx/dt = u Navier–Stokes with forcing f
Vorticity-velocity (x, ω) u ω dx/dt = u, ω constant or evolved ∆u = −∇ × ω

Navier-Stokes x u u∗ (from semi-Lagrangian) dx/dt = u (backward/forward tracking) ϱ du
dt + ∇p = µ∆u,∇ · u = 0

Instantiations of the unified particle–field framework across common plasma and fluid systems. The fluid-structure system uses immersed boundary formulation,
whereas the Navier-Stokes in primitive variables uses semi-Lagrangian formulation.
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Particle-Mesh Methods for Particle-Field Sytems

Scatter to Mesh:
frk =

∑
j pjS(xk − xj)

Solve on Mesh:
L(fl) = h(fr)

Gather from Mesh:
fl j =

∑
k flk S(xk−xj)

Push particles:
dp
dt = g(fl,p)

Initialization:
Initialize particle

positions and relevant
attributes (e.g. charge,

velocity, vorticity)
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Particle-Mesh Methods for Particle-Field Sytems

▶ Particle-in-Cell (PIC) for kinetic plasma simulations, Vortex-in-Cell (VIC) for vortex dynamics, Immersed
Boundary Methods (IBM) for fluid-structure interaction

▶ Semi-Lagrangian schemes: Special case of this framework where the (virtual) particle and field grids
coincide leading to only one interpolation

▶ Advantages:
1. Treatment of convection operators in a Lagrangian way get rid of mesh-based CFL constraints
2. Can take advantage of fast and scalable mesh-based PDE solvers
3. Interpolation to a grid with compact stencil is local (good for parallel computing)

▶ Disdavantages:
1. Interpolation to a grid can cause aliasing which leads to loss of conservation in invariants (e.g. energy)
2. Order limited by the shape function used for interpolation
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Particle-Fourier Methods for Particle-Field Sytems

Scatter to Fourier:
frk = Sk

∑
j pj exp (−ikk · xj)

Solve in Fourier :
L(fl) = h(fr)

Gather from Fourier:
fl j =

∑
k flk Sk exp (ikk · xj)

Push particles:
dp
dt = g(fl,p)

Initialization:
Initialize particle

positions and relevant
attributes (e.g. charge,

velocity, vorticity)
▶ Advantages:

▶ No aliasing, excellent
conservation of invariants

▶ Spectral accuracy
▶ Disadvantages:

▶ High computational cost
O (NpNm) and global
nature

▶ Periodic boundary
conditions
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History of Particle-Fourier Methods

▶ As ideal schemes to analyze particle-mesh methods: Langdon and Birdsall 1970; Huang et al. 2016;
Peskin 2002; Cottet and P. D. Koumoutsakos 2000

▶ Mitchell et al. 2019: Use of Nonuniform FFTs (NUFFT) for scatter and gather to reduce the cost of PIF
schemes to O (Np + Nm logNm) for electrostatic kinetic plasma simulations

▶ Chen and Peskin 2023: Use of similar idea in the context of immersed boundary methods

▶ NUFFTs bring the complexity of PIF schemes to the same order as PIC schemes (although with a higher
constant)

▶ What about boundary conditions, scalability and time to solution? (focus of this talk)
▶ From now onwards we will consider the electrostatic kinetic plasma (Vlasov-Poisson) system

∂f
∂t

+ v · ∇x f +
q
m
(E + v × b) · ∇v f = 0,

−∇2ϕ =
ρ

ϵ0
, E = −∇ϕ.

▶ Nonlinear, high-dimensional, coupled system with multiple statial and temporal scales



PIF for open boundary conditions

Free space Poisson problem

▶ Poisson’s equation
∆φ = −ρ,

in Rd with open (free space) boundary conditions.
▶ Integral solution to Poisson’s equation

φ(x) =
∫
Ω

g(x − y)ρ(y)dy,

where g(r) = 1
4πr for d = 3 and g(r) = −1

2π log(r) for d = 2.
▶ Green’s function has a slow decay and singular at origin
▶ FFT-based free space Poisson solvers:

▶ Convolution in real space becomes point-wise product of Fourier transforms in Fourier space
▶ Zero pad ρ to perform aperiodic convolution
▶ Regularize Green’s function at origin
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Spectral grid-based free space Poisson solver
Vico-Greengard-Ferrando scheme (Vico et. al., 2016)

▶ Key idea: We are interested in φ only inside Ω. Subsitute g with truncated Green’s function gL

gL(r) =


1

4πr rect
( r

2L

)
if d = 3

−1
2π log(r)rect

( r
2L

)
if d = 2

,

where rect(x) is the characteristic function on the unit interval:

rect(x) =


1 for |x | < 1/2

0 otherwise
.

If we set L >
√

d , then the solution φ in Ω is exactly

φ(x) =
∫
Ω

gL(x − y)ρ(y)dy
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Spectral grid-based free space Poisson solver

Vico-Greengard-Ferrando scheme

▶ Advantages of gL: Removes singularity at origin and its Fourier transforms are known analytically

F(gL) = ĝL =


2
(

sin(Ls/2)
s

)2
if d = 3

1−J0(Ls)
s2 − L log(L)J1(Ls)

s if d = 2

.

▶ These are smooth functions but have some oscillatory nature
▶ To resolve them properly without aliasing need an extended grid of size (4Ng)

d whereas the minimum
zero padding needed is (2Ng)

d . Ng is the number of grid points in each dimension in the original domain
we want to solve
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PIF + spectral free space Poisson solver
Algorithm pseudo-code

Require: Construct convolutional kernels gL ∗ S and ∇(gL ∗ S ∗ S) in Fourier space
Require: Initialize particle positions, velocities and charges;

1: for n = 0 to Nt − 1 do
2: Type 1 NUFFT to transform particle positions into an upscaled 4Ng Fourier grid

x̂(k) =
Np∑
j=1

exp(−ik · xj);

3: Find the Fourier modes of the free space potential φ and acceleration a:

φ̂(k) = qĝL(k)Ŝ(k)x̂(k),

â(k) = − ik
m

q2ĝL(k)Ŝ2(k)x̂(k);

4: Find the free space acceleration of each particle using Type 2 NUFFT:

aj =
∑

k

â(k) exp(ik · xj) +
q
m

vj × B0.

5: Push the particles exactly as in standard PIC / PIF
6: end for



Energy, Momentum and Charge conservation
Theorem
The free space PIF scheme with a second-order leap frog time integrator satisfies the following energy,
momentum and charge conservation properties:

Un+1
K + Un+1

E = Un
K + Un

E + O(∆t2),

pn+1/2 − pn−1/2 = 0,∥∥Qn − Q
∥∥ ≤ ε,

where UK and UE are the kinetic and potential energies, p denotes the momentum, Q the (exact) total charge
and n the time step index. ε is the tolerance selected for the NUFFTs.

▶ Momentum: exactly satisified
▶ Energy: Satisfied upto the time step size and order of the time integator
▶ Charge: Satisifed upto the chosen tolerance of the NUFFTs

In contrast energy conservation in the standard PIC scheme also depends on the total number of
particles and grid points because of aliasing
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Numerical results: Convergence
Free space Poisson problem with analytic solution

Analytical solution Convergence of gridless Poisson solver
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2D cyclotron test case

Energy error PIF Vs PIC Convergence of energy conservation error
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Long time integration: 2D cyclotron
16000 time steps, PIF scheme 12× faster than PIC scheme for comparable accuracy on 1 CPU

PIC, 642 grid PIF, 642 modes PIC, 5122 grid



Long time integration: 2D cyclotron
100000 time steps, Beam size and phase space much larger in PIC due to grid heating. Important for particle
accelerator applications

PIC, 642 grid PIF, 642 modes



Distributed parallelization strategies for PIF schemes

x

t

(a) Domain decomposition

x

t

(b) Particle decomposition

x

t

(c) Space-time decomposition

Fig. 1 Schematic of the three parallelization strategies for particle-in-Fourier schemes. Colors denote
space-time MPI ranks, which is 4→1 for domain and particle decompositions and 2→2 for space-time
decomposition. Horizontal cuts indicate time decomposition; vertical cuts indicate spatial decompo-
sition. The colored bars denote Fourier modes which are distributed for domain decomposition and
duplicated for particle and space-time decompositions.

kernels. Hence, we can apply domain decomposition to distribute them, similiarly to
PIC schemes. In this approach, the spatial domain is divided between multiple MPI
ranks1 and each rank holds a small portion of that domain. It also stores the particles
which are spatially contained within that local domain. Each local domain also con-
tains a certain number of halo or ghost layers, depending on the width of the shape
functions used for the spreading and interpolation operations. The particles within
that local domain scatter to it, and the halo layers are then exchanged with neighbor-
ing MPI ranks to add contributions from them. The Poisson equation is solved in a
distributed manner. After computing the electric field, the halo layers are exchanged
once again to get the correct field quantities from neighboring subdomains. Finally,
interpolation from the grid to the particles is performed locally using data from the
domain of the rank along with its halo layers. Once the particle positions and veloc-
ities are updated, the particles leaving the current subdomain are sent to the MPI
rank owning the corresponding neighbouring subdomain. The field and particle oper-
ations are fully distributed in this parallelization, and it works well for uniform and
mildly nonuniform particle distributions. However, for highly nonuniform and clus-
tered particle distributions, particle load balancing strategies are crucial to distribute
the particles more or less equally to the processors. These particle load balancing
strategies typically lead to load imbalance in the fields and adversely a!ect the strong
and weak scaling [21]. Hence, load balancing remains a very active research topic
in domain decomposition [21, 30]. A pseudo-code for the PIF scheme with domain
decomposition is given in Algorithm 1.

1Throughout this discussion, whenever we refer to MPI ranks, the discussion applies equally to CPU
nodes as well and accelerators such as GPUs, as we consider a one-to-one mapping between them. In the
case of CPU nodes, in addition to distributed parallelism we use shared memory parallelism within the node.

5
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Communication patterns and suitable parameter regimes

“Collective” refers to global reductions or Alltoall operations, while “P2P” denotes point-to-point communication
between neighboring ranks.

Particles Fields (Fourier modes)
Strategy Space Time Space Time
Domain decomposition P2P none P2P, Collective (Alltoall) none
Particle decomposition none none Collective (Allreduce) none
Space–time decomposition none P2P Collective (Allreduce) none

▶ Domain decomposition: Only option when both high number of Fourier modes and particles are required.
Needs load balancing strategies for clustered distributions

▶ Particle decomposition: Load balanced by design. Good strategy when Np >> Nm. Limited by the
memory of a single rank to hold all the Fourier modes

▶ Space-time decomposition: Works best when a lot of time steps are needed. Speedup depends on the
effectiveness of the coarse propagator for the problem under consideration
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Strong scaling study: In the best parameter regimes

52.4 million  
particles

419.2 million 
particles

1.26 billion 
particles

2.93 billion 
particles

 modes, 768 time steps, x  643 Δt = 3.125 10−3

Max. push rate = 1.25x particles/s 
Weak scaling efficiency  91% 

Strong scaling efficiency  83.5%

1011
≥
≥

Particle decomposition, JUWELS Booster

100 101 102 103

No. of GPUs

10!3

10!2

10!1

100

101

ti
m
e/
ti
m
e
st
ep

(s
)

Space only parallel
Space only parallel
Space-time parallel, Landau damping
Space-time parallel, Two-stream instability
Space-time parallel, Penning trap
Space-time parallel, Landau damping

2.7-3.7X speedup 

 modes, 42 million particles 1283

 modes, 1.3 billion particles 2563

4.9X speedup 

6144 GPUs, 

Perlmutter 100% 

Space-time decomposition, Perlmutter

At 8192 GPUs 
Strong scaling efficiency = 99.4% 
Weak scaling efficiency = 91.5% 
Push rate = 1.05x particles/s 1011

Domain decomposition, LUMI

▶ All the parallel implementations are done in our open-source, performance portable (through Kokkos),
C++ library Independent Parallel Particle Layer (IPPL) https://github.com/IPPL-framework/ippl
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Strong scaling study: comparison
2563 Fourier modes, 168 million particles

Alps JUWELS Booster

▶ Landau damping: Homogeneous distribution of particles. Domain decomposition best strategy.
Space-time decomposition competitive at 512 GPUs.

▶ Penning trap: Clustered distribution of particles. Domain decomposition suffers from load balancing.
Space-time decomposition offers 2.5× and 2× speedups compared to domain decomposition and
particle decomposition at 512 GPUs.
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Comparison with PIC schemes: Strong scaling
Landau damping: 10243 grid/Fourier modes, 8 billion particles
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Comparison with PIC schemes: Weak scaling
Landau damping: 2563 grid/Fourier modes, 134 million particles to 10243 grid/Fourier modes, 8 billion
particles (8 particles per grid/mode)
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Surrogate models for particle-field methods
▶ Kinetic plasma simulations: Nuclear fusion, Particle accelerators

Source: iter.org

Nature Photonics | Volume 17 | February 2023 | 150–156 152

Article https://doi.org/10.1038/s41566-022-01104-w

trace shown in Fig. 2a(iv) evidences seeded FEL operation, following 
the prediction of ref. 58.

The fundamental mechanism leading to this redshift is illus-
trated in Fig. 3. In a seeded configuration (Fig. 3a), the first step of 
the FEL process is energy exchange between the seed and electron 
beam at the resonance wavelength. As both the seed wavelength and 
the electron-beam energy are time-dependent, the resonant con-
dition λseed(t) = λR(t) can only be met at one longitudinal position, t0  
(Fig. 3b and Methods). This local energy exchange at t0 leads to an energy 

and further density modulation of the electrons at λseed(t0) (or λR(t0)), 
expected to be followed by a coherent emission at the same wavelength. 
However, if, at the scale of one modulation period, the electrons’ energy 
varies substantially, which is the case due to the strong electron-beam 
chirp, the initial density modulation period is stretched by the disper-
sion experienced along the undulator. This leads to a lengthening 
of the coherent emission wavelength (Fig. 3c), that is, a redshift58. 
According to this model, the final seeded FEL wavelength is expected  
to behave as

~30 µm

LPA
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spectrometer
Steerer

Chicane Quadrupoles
Undulator

Beam
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Imaging
doublet UV

spectrometer

UV imaging
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Streak camera
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Spatial
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generation

QUAPEVA
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ICT
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2
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2 mm
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b
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c d

Fig. 1 | Experimental layout. The LPA is driven by the DRACO laser (for more 
details on the DRACO footprint, see ref. 55). The electron beam generated in the 
LPA is first characterized using a removable electron spectrometer and then sent 
through a triplet of quadrupoles (QUAPEVAs) for beam transport to the undulator 
and FEL radiation generation. ICTs, integrated current transformers. Non-labelled 
elements: dipoles, red blocks; optical lenses, blue disks; mirrors, grey circled 

black disks. a, Particle-in-cell simulation rendering of the accelerating structure 
driven by the laser pulse (red); the electron cavity sheet formed from the plasma 
medium (light blue) is in purple and the accelerated electron bunch in green. b–d, 
Electron-beam transverse distribution measured at the LPA exit (b), the undulator 
entrance (c) and the undulator exit (d).
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Fig. 2 | Spatio-spectral distributions of the radiation at the undulator exit. 
a,b, Spatio-spectral distributions for an undulator gap of 4.3 mm (Ku = 2.35) and 
an optimum delay of +0.1 ps: experimental measurements (a) and simulation (b) 
of SR only (i), seed only (ii), SR with seed (iii) and the difference between the (iii) 
and (ii) images (iv). c, On-axis spectral intensity I extracted along the red line in a 
and blue line in b with integration over ∆y = 0.3 mm and median filtering of the 
simulated profile. In a,b,c(i–iii), distributions are normalized to their maximum 

intensity and displayed in logarithmic (dB) scale. In a,b,c(iv), the distributions 
are displayed in a linear scale. Simulation parameters (electron-beam parameters 
given at the source point): Ee = 188.8 MeV, charge = 150 pC, σz = 2 µm (r.m.s.), 
normalized emittance #x, y = (1.5; 1.0) mm mrad, divergence σ

x

′

, y

′

 = (1.5; 1.0) mrad 
(r.m.s.), σe = 5% (r.m.s.), R56 = −1.8 mm, QUAPEVA 2 strength detuned by −2%, 
Eseed = 0.5 µJ, λseed = 269 nm, ∆λseed = 3.9 nm (FWHM) and ∆Tseed = 1.0 ps (FWHM).

Source: M. Labat et al., Nature Photonics, 2023

▶ Issues:
▶ Computational cost: large number of grid points/Fourier modes (O

(
1011)), particles (O

(
1012)) and time steps

(O
(
105)) for high-fidelity simulations

▶ Many-query scenarios: Still unreachable with exascale supercomputers
▶ Need cheap surrogate models which still capture essential physics
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NEOPIC: A Neural Operator Framework for
particle-based methods

Neural Operator:
Infer electric and

magnetic fields from
the particles positions

and velocities

PUSH:
Update particles po-
sitions and velocities

INITIALIZATION:
Initialize particles
positions, veloci-
ties, and charges

Steps:
▶ Particle pusher: Same as in particle-based methods
▶ Electric and magnetic fields: Obtain from a neural operator instead of

mesh-based or tree-based (mesh-free) field solvers by approximating
the map PTL−1P : (x, v) → (E,B)

Advantages:
▶ Not constrained by Debye length and Courant-Friedrichs-Lewy time

stepping restrictions
▶ Can use data from a variety of particle-based methods (discretization

invariance)
▶ Can be trained and tested with different numbers of particles

(resolution invariance)
▶ Can be interfaced with any particle-based production/community code
▶ Can use implicit time stepping with Jacobians from autograd
▶ Utilizes the strengths of both particle methods and AI
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A Nonuniform Fourier Neural Operator

▶ Nonuniform Discrete Fourier Transform (NUDFT) or NUFFT is used for the forward and inverse Fourier
transforms

▶ Each Fourier block (without the skip connection) resembles a learnable data-driven PIF scheme
▶ But this operates on the lifted latent space
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Training Data Generation

▶ Using PIF or PIC scheme
▶ Miniapps:

1. Weak and strong Landau: collisionless damping of plasma waves
2. Two-stream instability: two interpenetrating electron beams
3. Bump-on-tail instability: small amount of high-velocity particles
4. Cyclotron: external magnetic field

▶ 600 time steps with 500,000 particles for each mini-app
▶ Input: [batchsize or timesteps, dimension, particle positions]
▶ Output: [batchsize or timesteps, dimension, electricfield at particle positions]
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Inference: Two-stream instability

Field energy Conservation

Inference still does not deterioriate much after the training horizon of T = 30
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Inference: Cyclotron

PIF, T=10

NEOPIC, T=10

▶ Energy conservation error steadily increases after
the training time horizon (T = 6)

Results are still preliminary and work is ongoing
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Summary, Ongoing and Future works
Summary

▶ Particle-in-Fourier are a class of spectral particle methods and offers benefits from the Lagrangian nature
of particles and spectral accuracy of Fourier space

▶ Presented our works to address their concerns with respect to boundary conditions, scalability and time
to solution

▶ PIF is available through our open-source, performance portable, C++ library IPPL
https://github.com/IPPL-framework/ippl

Ongoing work

▶ Particle-in-Fourier for fluid/vortex dynamics (Spectral Semi-Lagrangian and Vortex methods) Y. Mostafa
Master’s thesis

▶ Multigrid Reduction in Time (MGRIT) for time parallelization of PIF with J. Schroder
▶ Foundational model for fields in particle-based methods C. John PhD thesis

Future work

▶ Time integration for PIF: So far only second order explicit leap frog/Boris is only used. Implicit time
integration with PIF (preferably higher order to match its spectral nature) for stiff plasma systems.
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