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. . . . . TECNICO
A brief digression on plasma kinetic theory W R

Ny
Point like charged N.(x,v,1) = Zé[x — X{()]o[v — V()]
particles =1 ‘
x/v

m V(1) = g.E"[X(0.1] + = V(1) X B[X(1).1]

Equations of motion X,(7) = V(1) -

V- E"(x,t) = dmp™(x,1)

V-B"(x,t) =0 p(x,t) = Z qudVNS(X,V,I)
1 aB"(x, e
V X E"(x,1) = — ? ——*g'i)—
Inx,r) = Y ¢, f dvwN (x,v,1)
V X B"(x,t) = S J"(x,t) + 2 OE 06D Sources for
4 & ar . .
microscopic fields

Luis O.Silva | IPAM, UCLA | April 16,2026 | 3

D. Nicholson, Introduction to Plasma Theory, 1983




Klimontovich vs Vlasov / Boltzmann

W TECNICO
UNIVERSIDADE
DE LISBDA

AN (x,v,1)
ot

4+ v-V N, +

4s

s

(E”‘+%XB”‘)-V,,NS=0

Transport equation for N; is the Klimontovich equation

[s(x.v,0) = (N(x.v.7))

X/V X/V

N,(x,v,t) = fix,v,t) + 8N, (x,v,1)
E"(x,v,t) = E(x,v,7) + S6E(x,v,?)

B"(x,v,t) = B(x,v,7) + 6B(x,v,?)

afs(x,v,1) n
ot

m

ViVt e €+ o X BV,

= - & (6E + X x &B)-V,8N,)

D. Nicholson, Introduction to Plasma Theory, 1983

Luis O.Silva | IPAM, UCLA | April 16,2026 | 4




TECNICO

Particle-in-cell/particle-mesh simulations

Solving Maxwell’s equations on a grid with self-consistent
charges and currents due to charged particle dynamics

State-of-the-art
~ 10!2 particles

° 5 ~ (12000)3 cells
) @
e, °7 % | o RAM ~ | Gbyte - 100s TByte
® ° Run time: hours to months
® Y g Data/run ~ few MB - 100s TByte

®e [5) e 10’s - 100’s M cpu core hours/run
o 20| %

Sl o ® % Weibel/two stream instability in

astrophysics, relativistic shocks, 1
fast igniton/inertial fusion energy,  EEEEEEEs
low temperature plasmas, laser-
plasma interaction

Particle-in-cell (PIC) - (Dawson, Buneman, 1960’s)
Maxwell’s equation solved on simulation grid
Particles pushed with Lorentz force

Luis O.Silva | IPAM, UCLA | April 16,2026 | 5




. . . TECNICO
The most fundamental (classical) model in plasma physics W NS DAce

dp :
— =FpL+:F
it L+E RR

e

Equations of motion:

particle pusher

Fi—>u,;—>xi

\

Field interpolation:
force on particles

(E,B) — F;

o)

Current deposition
to grid points

(x,u) =]

—

Maxwell’s equations:

updating fields
j — (E,B)

/ \%

Diagram from: M.Vranic, et al. Comp. Phys. Comms. 204: 141-151 (2016)

%chXB—éhrj

oB
8_t__CVXE

/ X
N, v.0) = 3S[x — X(O)Io[v — V()]

=1

Luis O.Silva | IPAM, UCLA | April 16,2026 | 6
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Particle-in-cell simulations underpin many scientific W TECNICO

advances in plasma physics

nature

Long-distance relati
for phot

FWHM= 4.0 mm

2aue MATURE PHYSICS INSIGHT) Complarity

- o -Betatron o
= X-Rays 1

SCIENTIFIC
AMERICAN -

e Parti Su
Plasma Waves

How to Stop QV
Nuclear Terrofis

Guess Who

Owns Your Genesd

C51: Washington (George, that is)

Doubling energy in a plasma wake

TRt
oo v Feomian W e o s
e e 1 er—ry p——

Luis O.Silva | IPAM, UCLA | April 16,2026 | 7




Open-source version available

Open-access model

40+ research groups worldwide are
using OSIRIS

300+ publications in leading scientific
journals

Large developer and user community
Detailed documentation and sample
inputs files available

Using OSIRIS 4.0

The code can be used freely by
research institutions after signing an

MoU
Find out more at:

OSIRIS framework http://epp.tecnico.ulisboa.pt/osiris

Massively Parallel, Fully Relativistic
Particle-in-Cell Code

Parallel scalability to 2 M cores
Explicit SSE / AVX '/ QPX'/ Xeon Phi/ CUDA support MICHIGAN
Extended physics/simulation models

Ricardo Fonseca: ricardo.fonseca@tecnico.ulisboa.pt
Luis O.Silva | IPAM, UCLA | April 16,2026 | 8



mailto:ricardo.fonseca@ist.utl.pt?subject=

NIVERSITY OF
\l]( HIG. '{I‘

A brief history of OSIRIS UCLA Q) I

M. Jones JJ. Su K. C.-Tzeng R.Hemker R Fonseca OSIRIS Consortium 1.0 OSIRIS Consortium
LANL UCLA UCLA UCLA IST UCLA-IST
NN PEGASUS OSIRIS m
Early 1980s 1990s Late 1990s

Running on all top |0 machines + open source

Massively parallel on modern architectures,
including GPUs, dynamic load balancing, large
suite of field solvers + particle pushers +
boundary conditions + Al

Extended physics models including QED,

+50 groups worldwide general relativity, spherical grids, quasi-3D, etc.

Fully developed by universities in the US and in
the EU

Physics results covering plasma accelerators,
laser fusion, relativistic astrophysics, SF QED,
beam physics, fundamental plasma physics,
space physics, laboratory astrophysics, etc.

U.5. DEPARTMENT OF

ENERGY

Luis O.Silva | IPAM, UCLA | April 16,2026 | 9




Strong field QED Plasma Accelerators
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Fundamental plasma physics

itivistic Astrophysics
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Some questions | -

‘.
Can ML help us speed up stahdard plasma simulators? Early attempts: ML replaces
Monte Carlo modules in PIC - Badiali et al ,JPP2022; Amaro et al. JCR.2026

" A
Can we build faster ML based SImulators7 Rethmkmg architectlre of simulators to
match ML uniqueness: | D co|||S|ona| plsma. moc'ﬂ “CarvalhS €t alsLST 2024

What can we learn from data-driven a upproaches + ML?.Lkearning physics (following
pioneering work in plasma physics by Alves et al. ) e.g. callision operators Carvalho et al, to

appear PPCF (2026); idem, submitted |PP (202@)_{

Can standard plasma simulators fﬁ"r'éw shigh quality data”“for data-driven
discovery? Capturing self-consistent c&fhsmyﬁs in PIC codes: D, Carvalho et &l im Preparation

‘1-.
Can we understand qualitative modlflcamﬁ‘s of plasma behawor from ‘“Learning
what we already know”? e.g Waterbag vs Maxwelhan nonliNEaT waves Vs unstable (and
then turbulent) scenarios; nonrelativistic to relat|V|st|c frc_;m eonservaﬂon of enery/momentum
to Casimir invariants - "

¥

=== Luis O.Silva | IPAM, UCLA [ April 16,2026 | 12
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Supplementing the PIC algorithm with additional physics

—~

w TECNICO
UNIVERSIDADE
DE LISBDA

Equations of motion:

particle pusher

F;-—>u,;—>x§

Beyond PIC:
lonisation
Collisions MC based
QED (Breit-Wheeler, techniques
Compton, Bethe-Heitler,

Bremsstrahlung...)

Field interpolation:
force on particles

(E.B) — F,

o),

Diagram from: M.Vranic, et al. Comp. Phys. Comms. 204: 141-151 (2016)

—

Current deposition
to grid points

(x,u) = ]

Maxwell’s equations:

updating fields
ji— (EsB)

/

Replacing look-up tables e.g.

JE A
E—CVXB—MU
0B

E:—CVXE

for cross sections with NN
Badiali et al., JPP 2022; Amaro
et al, JCP 2026

Luis O.Silva | IPAM, UCLA | April 16,2026 | 14




. TECNICO
PIC codes (and others) can be seen from a graph perspective W O VErsioace

High-res 3D simulations

up to 19k particles
2 different simulators (MPM & SPH)

A. Sanchez-Gonzalez et al., ICML PMLR 8459-8468 (2020)
R.Lam et al, Science 382.6677 1416-1421 (2023)

D. Carvalho et al., Mach. Learn.: Sci. Technol. 5 025048 (2024)

Luis O.Silva | IPAM, UCLA | April 16,2026 | I5




Ay 5O IS ON RESERYE
BE U :Num RVE AND

The Breaking of Finite
Amplitude Plasma
Oscillations

by

Luis O.Silva | IPAM, UCLA | April 16,2026 | 16




| D Plasma Electrostatic Sheet Model

TECNICO

UNIVERSIDADE
DE LISBOA

Equilibrium

field

Neutralising lon Background

\ 4

[xt! vt’ xgq] 1
T 1
Positions R it

Resolve

Out of equi

librium

Crossings

Velocities
Eq. Positions

J. Dawson, Phys. Fluids 5.4, 445-459 (1962)
J. Dawson, Methods in Computational Physics 9,

1-28 (1970)

Particles

4re’n
&= -
me
Stater + 1
Resolve t+1 pt+1 At+1
(X775, v, Xeg ]

Boundary

Luis O.Silva | IPAM, UCLA | April 16,2026 | 17




. - TECNICO
Example of Simulation W UNNERS0RDE

t W) ——

Luis O.Silva | IPAM, UCLA | April 16,2026 | 18




| D Plasma ESM Graph Network Simulator

W TECNICO
UNIVERSIDADE
DE LISBDA

Sheet Model

Eq. of
Motion

[%t+1, 1’7t+1]‘

Graph Network Simulator

Graph

t At ait
X ,V,X .
[%°, V7, Xeq] Generation

[§t+1‘ §t+1]‘

Integrator

J. Dawson, Methods in Computational Physics 9, =28 (1970)
D. Carvalho et al., Mach. Learn.: Sci. Technol. 5 025048 (2024)

Sort Resolve 41 t+1 ot+1

s (X775, 077, Xeg
Particles Boundary

Resolve Sort [xt“ ptHl e+l

Boundary Particles ’ eq

Luis O.Silva | IPAM, UCLA | April 16,2026 | |9




TECNICO
How do we represent the plasma as a graph!? W BT

Periodic Boundaries

}

All values are normalised to the intersheet spacing o

D. Carvalho et al., Mach. Learn.: Sci. Technol. 5 025048 (2024)
Luis O. Silva | IPAM, UCLA | April 16,2026 | 20




TECNICO

D Plasma ESM Graph Network Simulator UNERSIAE

Sheet Model

Sort

Particles N‘: = N um Py

wt+l S+l
Eq. of Resoven IEAICA ]‘

Motion Crossings

Graph Network Simulator

()
Graph

Resolve
Boundary

[§t+1‘ 'ﬁt+1]‘

[xt, vt xt,] 1

Generation Integrator

Code: https://github.com/diogodcarvalho/gns-sheet-model hitpsd/github.com/google/jax
https://github.com/deepmind/jraph

J. Dawson, Methods in Computational Physics 9, =28 (1970)
D. Carvalho et al., Mach. Learn.: Sci. Technol. 5 025048 (2024)

Luis O.Silva | IPAM, UCLA | April 16,2026 | 21



https://github.com/deepmind/jraph
https://github.com/google/jax
https://github.com/diogodcarvalho/gns-sheet-model

TECNICO

GNS generalizes to different number of sheets and boundary conditionsw UNIVERSIDADE

DE LISBOA

Trained on subsampled high temporal resolution data (Ato =10"* wp‘1> of 10 sheets

moving inside a periodic box <tsim =10 wp‘1>

rig

Initial positions and velocities are randomly sampled from a uniform distribution

0oL : _
10 A= 107w
_ ' AL =10"%w, !
=,
8107k -
= i
E }
S 1074 .
: --o-- Reflecting
h train —a— Periodic
10—6 L ......il Lol R |
10° 10! 102 10°
Nsheets

D. Carvalho et al., Mach. Learn.: Sci. Technol. 5 025048 (2024)

Luis O. Silva | IPAM, UCLA | April 16,2026 | 22




TECNICO
GNS rollout errors are very small w UNERS0RDE

Ar=10"% w,! Rollout MAE = 5.6 x 107* &

i _ _ GNS ]
0.8 / Ground Truth

=T

~
)
Ce

Example shown corresponds to the worst rollout error observed in the test set Luis O. Silva | IPAM, UCLA | April 16,2026 | 23




GNS recovers a broad range of kinetic plasma processes

TECNICO

UNIVERSIDADE
DE LISBOA

1.0

Debye Shielding

0.9F

n/ngy

0.8

0.7,

0.0

— Theory

4+ Ap=156
-+ Ap=256
+ Ap =496

0.5 1.0 1.5 2.0 2.5
Distance to test particle [Ap]

Plasma Thermalization

Electrostatic Fluctuations

100 t=200w," -
g ——t € (13,200 w, !
51072+ —— Theory h
§
~
= 1074_
)
1079 .
—8 n IR S S S S IS S SR S R S S
10755 50 100 150 200
kAp

PG

~10 0
v [d-w,)

D. Carvalho et al., Mach. Learn.: Sci. Technol. 5 025048 (2024)

10

Drag on a Fast Sheet

L S s e B
3.5\ v>0 A
I 5

[vl/vin

Landau Damping

Mode = 250 (kAp = 0.30)

Mode = 300 (kA = 0.47)

Mode = 350 (kAp = 0.55)
A I S B B
[ [ ® Average |
1_' 7 r b r P o Theory ]
7 .:..“.'- PREA00 . ‘ / / 7 ,'-'.‘w-..\.“- \\‘
= o 1 [ {5 . 1 [ .
= L ‘\ j
: \\\ ._" post™ 2 ,.,7’ :/7
1k 4 L TEREEe 4 L i
r Trajectories
L L L I [ I L
—1 0 1 -1 0 1 -1 1
Am Am

Luis O. Silva | IPAM, UCLA | April 16,2026 | 24




. ope TECNICO
GNS recovers the two stream instability W RS Ase

Parameters: Ny, = 10,000 (vs N4 =10) Vo~ 5008w, (vsvpin=206-w),)

sheets

Sheet Model @ A7 = 1072 ;! GNS @ Ar =107 ;" GNS @ Ar= 107" ;!
. ; i . T . . 4 y . . 2 A I . K y . 7 § . 2 T ; . ¥ :
2,_ — = — - —
Lof 1R i ]
o o5 10 T os T T10 T o T
/L z/L z/L

D. Carvalho et al., Mach. Learn.: Sci. Technol. 5 025048 (2024)
Luis O. Silva | IPAM, UCLA | April 16,2026 | 25




GNS recovers the two stream instability

TECNICO

UNIVERSIDADE
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sheets

Sheet Model @ At = 1072 a)p‘1

Parameters: Ny, = 10,000 (vs N4 =10) v~ 5008w, (

GNS @ Ar =107 ;"

vs yrain =920 § . a)p)

max

GNS @ Ar= 107" ;!

2'_ — -

T

o 05 10 05
z/L ol b

D. Carvalho et al., Mach. Learn.: Sci. Technol. 5 025048 (2024)

05 1
z/L

Luis O. Silva | IPAM, UCLA | April 16,2026 | 26




GNS recovers the two stream instability

TECNICO

UNIVERSIDADE
DE LISBOA

Sheet Model @ At = 1072 a)p‘1

Parameters: Ny, = 10,000 (

vs Nirain = 10)

sheets

v~ 5008w, (

GNS @ Ar =107 ;"

vs yrain =920 § . a)p)

max

GNS @ Ar= 107" ;!

T

I
2 n ——— . ]
< of e ]
i B £
_2 - -
0o 05 1

z/L
Aeley ~ 107°
Run-Time =~ 1h

D. Carvalho et al., Mach. Learn.: Sci. Technol. 5 025048 (2024)

L |
0.5
wl

Ae/ey ~ 1072

Run-Time ~ 1min

1 | 1 1 1 1
05 1
z/L

Ae/ey ~ 1072

Run-Time ~ 10s

Luis O. Silva | IPAM, UCLA | April 16,2026 | 27
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GNS conserves energy similarly to Sheet Model while being significantly faster*w UNIVERSIDADE

-1

Parameters: N, = 1000, velocities sampled from thermal distribution, Atgyg = 1071 W,

sheets

10—5 L _
1 I 1 1 i 1
10"

||||1 L L |||||||2 -|| , L | L L ......I-
10 10 100 107 107
Ut [0-wp) Ui 0wy

*Note: GNS is implemented in JAX (GPU), Sheet Model is implemented in NumPy (CPU)

D. Carvalho et al., Mach. Learn.: Sci. Technol. 5 025048 (2024)

Luis O. Silva | IPAM, UCLA | April 16,2026 | 28
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: : : : : TECNICO
What is the numerical ground truth in PIC simulations? W UNVERSDADE

DE LISBOA

Klimontovich + Maxwell’s equations

ON
v VU N-L(E +vxB") .V N=0
ot m

This is the particle-in-cell algorithm (with finite-size particles):

statistical mechanics is well-known (e.g. H. Okuda and C. Birdsall, (1970), A. Langdon and C. Birdsall, (1970), R.
Hockney (1971), M. Touati et al. (2022))

Born-Infeld electrodynamics

Numerical collision operator has been derived in previous works (but not tested):
Can this be learned from the simulation data in the weakly collisional regime! Can we then use
this as a template to study conditions/regimes beyond existing theories?

Luis O. Silva | IPAM, UCLA | April 16,2026 | 30




. . . TECNICO
Can we describe phase-space dynamics using a Fokker-Planck operator? W UNIVERSDADE
PIC (Klimontovich) What if we want (Fokker-Planck)?
f? A
ON - of(v, 1) A <
vy N-L(E" +vxB") .V N=0 ——p =—VV-<Af>+—VVVV-(Df>
ot m ot 2
Original Data [N=4.2e+06] \ t=0.0[w;"] e s t=0.0[w;"] \ t=0.0[w;]
“fv,1=0) A fiv. D) R AR ooz 3] fy(v. 1)
fl > f2 s f3 s
0.2 1 27 0.03 2 1 GaE 29 0.010
- 1 ' 0008 . pans
¥ 0.0 % _:: ‘ 0.02 : — — _;’_ 0.006
—0.2 4 5] 0.01 2 0.004 _, | 0.004
=3 A 3 0.002 _3 | 0.002
=0 T T T T T -4 T T T 0.00 4 T T T 0.000 -4 T T T 0.000
-0.4 -0.2 0.0 0.2 0.4 -4 -2 0 2 4 -4 -2 0 2 4 -4 =2 0 2 4
vl v1[vin] v1ven] v1[vin]
Thermal Plasma .
How do we estimate A (advection) and D (diffusion)?
D. Carvalho et al,, in submitted to JPP (2025)
Luis O. Silva | IPAM, UCLA | April 16,2026 | 3|




. . = TECNICO
How do we estimate A (advection) and D (diffusion)? R e "

I Option I: From raw particle data

The “correct” approach if possible
Not feasible for larger systems (memory-wise) unless it is done at run-time

(b)

< Av, >

Time

I Option 2: From the phase-space evolution of sub-populations
Can be done in post-processing with a differentiable solver
lll-posed problem: non-unique solution for coefficients

Luis O. Silva | IPAM, UCLA | April 16,2026 | 32




Learning advection / diffusion from evolution of sub-populations
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- -1
’ t=0.0{w;?]
A
1 )
— 14
-1 4
-2 4
_3_
_4—4 -2 0 2 4

D. Carvalho et al, submitted for JPP (2025)

0.04

0.03

0.01

0.00

t=20.5[w; ]

4

3
fiv) f2 ) i
— NN — IS —> Sl —

v2[vin]

0.012

| fN(V) 0.010

0.008
. 0.006
0.004
0.002

0.000

ft+1=ft+At<—Vv-(Aff>+%vvvv.(<f)>fr>) %

: N _ N
m}_l} predicted f frue

A,D

We can make the Fokker-Planck solver differentiable and frame this as an optimisation task

This is an ill-posed problem (there exists a family of solutions) = Train with multiple sub-populations

Luis O. Silva | IPAM, UCLA | April 16,2026 | 33




We use different sets of training and test sub-populations
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Original Data [N=4.0e+06]

0.04 1
0.02 A

o 0.001
-0.02

—0.04 4

-0.05

D. Carvalho et al, submitted for JPP (2025)

0.00
vl

0.05

Train (9x)

Sampled Distribution [7.50%)] Sampled Distribution [7.50%)] Sampled Distribution [7.50%]
0.04 A 0.04 A 0.04 4
0.02 A 0.02 A 0.02
& 0.00 ’ & 0.00 ¥ 0.001 -
-0.02 1 -0.02 1 -0.02 -
-0.04 4 —-0.04 4 -0.04 1
-0.05 0.00 0.05 -0.05 0.00 0.05 ~0.05 0.00 0.05
vl vl vl
Test (20x)
Sampled Distribution [7.50%)] Sampled Distribution [7.50%] Sampled Distribution [6.25%]
0.04 - 0.04 - 0.04 A
0.02 - 0.02 A 0.02 A
o 0.00 , S 0.00 ¥ 0,00
-0.02 - ~0.02 - —0.02 A ‘
-0.04 - -0.04 A —0.04 A
-0.05 0.00 0.05 -0.05 0.00 0.05 -0.05 0.00 0.05
vl vl vl

Luis O. Silva | IPAM, UCLA | April 16,2026 | 34




We use different sets of training and test sub-populations
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Original Data [N=4.0e+06]

0.04 1
0.02 A

o 0.001
-0.02

—0.04 4

-0.05

D. Carvalho et al,, in submitted to JPP (2025)

0.00
vl

0.05

Train (9x)

Frame i=0 (t= S_Gn};‘] Frame i=0 (t= S_UUEIJ Frame i=0 (t= 5.0&151]
i i 1000¢ ]
0.04 28000 0.04 0.04 20000
| 8000 i
0.02 6000 0.02 0.02 15000
T - = 6000 T
= 0.00 - = 0.00 . = 0.00 -
> q000 ] 10000
4000
-0.02 -0.02 4 -0.02
2000 it 5000
~0.04 ~0.04 -0.04 -
- - y . - 0 : - . : y o . . | . . 0
—0.04 —0.02 0.00 002 0.04 —0.04-0.02 0.00 0.02 0.04 —0.04-0.02 0.00 0.02 0.04
vl[c] vl[c] vl[c]
Test (20x)
Frame i=0 (t=5.0w;) Frame i=0 (t=5.0w;") Frame i=0 (t=5.0w,?)
- 2000
0.04 1 0.04 - 560 0.04 -
0.02 4000 0.02 - 100C 0.02 - 1500
: = 800 —
) 3000 T o
= 0.00 1 < 0.00 4 = 0.00 -
o ’ E 600 = e
2000
-0.02 4 —0.02 A 400 —0.02
1000 e
-0.04 ~0.04 A 200 —0.04 -
. . . ' . 0 . . - . . 0 . : . . : 0
-0.04 -0.02 0.00 0.02 004 -0.04 -0.02 0.00 0.02 0.04 -0.04-0.02 000 002 0.04
vl[c] vl[e] vl[c]

Luis O.Silva | IPAM, UCLA | April 16,2026 | 35




: : : : TECNICO
We can parameterise A/D using a Tensor (discrete) or a NN (continuous) W UNIVERSIDADE
\.-.} 1 E:
Tracks 0o 7
SIS
5 — 5 _
Tensor ) g e 125 3: ) . ?z
Afv,v] X 0 §$ ki 00 ¥ < 0 . s
iLox’ vy @@ :&% - @;b 1‘-\10
D.[v.,v] —2.5 = A,
ijthe Yy -5 -5
NN | _
5 13
>
A; = MLP(v, v) § . - 0
D; = MLP(v,, =
Ux/vth Ux/vth
D. Carvalho et al,, in submitted to JPP (2025)
Luis O. Silva | IPAM, UCLA | April 16,2026 | 36
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Inference of advection/diffusion from differentiable Fokker-Planck solver UNIVERSIDADE
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D. Carvalho et al,, in submitted to JPP (2025)

@) PIC Phase Space Data

Optimization Loop

Optimized Operator

Temporal

f(O) > Unrolling
1
Initial Operator Guess
Vg >
A D
= Yy A, zy
(b) Temporal Unrolling
At+1 242
f§t+) f(st+)
> —>
v FP | ™ FP | D
T
¥
5 . — £§t+1) E(t+2)
t t
£
s

> ,
PIC| ™ PIC| ™

£+D f0+2)
N s

Luis O. Silva | IPAM, UCLA | April 16,2026 | 37




Can these operators reproduce dynamics!
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D. Carvalho et al, submitted for JPP (2025)

t+1 _ ot _ . t l ) Rt
¥ 1_f+At< v, (Af)+2VVVV <Df>>

Luis O.Silva | IPAM, UCLA | April 16,2026 | 38




, TECNICO
Can these operators reproduce dynamics? (Yes) W oR egor "

t+1 _ ot _ . t l ) Rt
¥ 1_f+At< v, (Af)+2VVVV <Df>>

Target Predicted Difference le—8
0.04 A 1.5
1.0
0.02 -
0.5
~ 0,00 L . 0.0
Next steps

General purpose library: from phase space data, retrieve A and D (to be inserted on Fokker-Planck codes/other
models) for varying plasma conditions, and from different sources of data

Sub-module to capture (PIC or other) collisions/anomalous transport coefficients for mesoscale simulations

Meta analysis: use different A and D for different plasma conditions (n, B,T) to learn more general behaviour e.g.
via sparse regression

D. Carvalho et al, submitted for JPP (2025)

Luis O.Silva | IPAM, UCLA | April 16,2026 | 39




TECNICO

UNIVERSIDADE
DE LISBOA

Luis O.Silva | IPAM, UCLA | April 16,2026 | 40



_ _ TECNICO
What is the (classical) ground truth? W oR g "

Klimontovich + Maxwell’s equations

ON
v v N-L(E" 1 vxB") .V N=0
ot m

This is the particle-in-cell algorithm (with finite-size particles): statistical mechanics is well-known (e.g. H. Okuda and C.
Birdsall (1970), A. Langdon and C. Birdsall (1970), R. Hockney (1971), M.Touati et al. (2022)) + Born-Infeld electrodynamics

What if the cell/particle size is (shorter than) the classical electron radius r.?

What are the challenges of running << | ppc?
Field initialization becomes critical + computation determined by grid (N3 or N2)
Numerical heating (still need to resolve Debye length) + Very small time steps (CFL) + numerical transition radiation
Validation against theory (but theory is very limited) or computational models (MD non relativistic)

Shape functions to capture quantum effects?

D. Carvalho et al,, in preparation (2025)
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. - . ; o o . TECNICO
High resolution simulations can capture collisional dynamics BHEIonE

e

Equations of motion:

particle pusher

Fi—>u,;—>x.,;

\

Field interpolation:
force on particles

(E,B) — F;

o)

Current deposition
to grid points

(x,u) =]

—

Maxwell’s equations:

updating fields
j — (E,B)

/

Nonlinear collisional absorption in laser-driven plasmas
C.D. Decker et al,, Phys. Plasmas |, 4043-4049 (1994)

Disorder induced heating

M. D. Acciarri et al., Plasma Sources Sci. Technol. 33 035009 (2024)

Diagram from: M.Vranic, et al. Comp. Phys. Comms. 204: 141-151 (2016)

%:CVXB—Zth

oB
8_t =—cVXE

X

Ny(x,v,1) = 205[?( — Xy(D]é[v — V(1]
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Pushing PIC simulations to capture self-consistent (e.m.) collisions

nA? ~ 0.1 (Average interparticle distance > A,,)

t=0.00 [1/w)p]
10 s vese s s s T TSRS RS 101
1 R P S dntint el ot s Gt ol iy
b dp et oo s fualmpuiirdod |- gl g —
................................ o~
................................ =D =
................................ 1072 7
G | o e e e R e o OJQ_
o
3 0 e 0 SN o I T 1 S A N B 8
T [(erkisrne R e stbosnn o st st hones 2
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0.4 lavesenssasssnsuneontssessssssnss i
o b Sohaind sl et oo el - ot L 10-3
................................ |_|l_~|-
P |5 fofthlphin by o ooyt
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D. Carvalho et al, in preparation (2026) x1 [c/wp]
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Can we learn operators that describe the collisional dynamics!?

TECNICO

UNIVERSIDADE

DE LISBOA

NP ~32

D. Carvalho et al,, in preparation (2026)
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Summary

R, Ewart et al, PNAS (2025)




