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® Rich fundamental physics and applications of astrophysical and
laboratory plasmas

® The Particle-in-Cell (PIC) methodology to model plasmas

®© Examples of applications in astrophysical and laboratory plasmas

® Conclusions and perspectives
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Plasmas in astrophysics and in the laboratory

Microscopic plasma processes underly fundamental questions in space/astrophysics

Radiation
emission

Structure
formation

Cosmic ray
acceleration
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Hubble Space Telescope, NASA http://physicsworld.com https://science.nasa.gov

Development of compact accelerators

Achieving controlled fusion energy

and radiation sources in the lab

Laser wake field
acceleration

by S. F. Martins Inertial confinement

fusion

Accelerating channel

" electron beam /

Lawrence Livermore National Laboratory
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Overview of simulation methodologies in plasma physics

Kinetic Fluid
Description Description

Vlasov, Fokker- Particle [ IHvbrid Codes - - = - - - - MHD
Planck Codes Codes y Codes

Compute the motion of a collection of
charged particles, interacting with
each other and with external fields
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The particle-in-cell methodology
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Modeling kinetic physics Particle-in-cell methodology”

® Particle-particle simulations

(# operations =« N?)

® Particle-Mesh simulations

(# operations = N)
* Fields + densities

* Long range interactions

® Additional MC binary Coulomb

collision module can model short

range interactions

“ Dawson, Buneman, 1960’s; Birdsall and Langdon, Plasma Phys. via Comp. Simulation (1985) E. P Alves | 3" December 2016 | BASCD@Stanford | Stanford, CA



The particle-in-cell methodology
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o b N\
Modeling kinetic physics Particle-in-cell methodology”
[ ] [ ] [ ] [ ] q / \
® Particle-particle simulations —=—{E+—uxB
dt ink Yy J

: 2
(# operations N ) Integration of equations of
motion, moving particles
F.2u — X
® Particle-Mesh simulations
(# operations o N) Weighting Weighting
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* Fields + densities |

* Long range interactions Integration of Field

Equations on the grid

J(E, B)
® Additional MC binary Coulomb oE -
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range interactions o8 _ _¢cVxE
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The particle-in-cell methodology

Modeling kinetic physics MC binary Coulomb collisions™

® Particle-particle simulations

(# operations =« N?)

® Particle-Mesh simulations

(# operations = N)

 Fields + densities

* Long range interactions
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® Additional MC binary Coulomb

collision module can model short

range interactions

* Takizuka & Abe |CP 1977 E. P Alves | 3" December 2016 | BASCD@Stanford | Stanford, CA



OSIRIS: a state-of-the-art PIC code for the modeling of plasmas

osirls framework

Massivelly Parallel, Fully Relativistic
Particle-in-Cell (PIC) Code

= UCLA + IST

TECNICO
L ISBOA

UCLA

Ricardo Fonseca: ricardo.fonseca@tecnico.ulisboa.pt
Frank Tsung: tsung@physics.ucla.edu

http://epp.tecnico.ulisboa.pt/
http://plasmasim.physics.ucla.edu/

Visualization and Data Analysis Infrastructure
Developed by the osiris.consortium
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"code features

Scalability to ~ 1.6 M cores
SIMD hardware optimized
Parallel /O

Dynamic Load Balancing
QED module

Particle merging

GPGPU support

Xeon Phi support

E. P Alves | 3" December 2016 | BASCD@Stanford | Stanford, CA


mailto:ricardo.fonseca@ist.utl.pt?subject=
mailto:tsung@physics.ucla.edu?subject=
http://epp.tecnico.ulisboa.pt
http://plasmasim.physics.ucla.edu/

Efficient strong scaling to 1.6 million cores
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Pushing the limits of PIC simulations
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® Dynamic load-balancing
® Relativistic boosted frames

Algorithm
optimization

® High-order particle shapes
® Advanced field solvers
® Reduced physics algorithms for specific physical regimes

Altivec SSE/2/3/4 PowerXCaell CUDA

Hardware
optimization via
hardware-specific
routines

™

GRaPHICS BY

AMD

Opteron

<R

NVIDIA.

m‘J
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PIC codes drive plasma physics research in a broad range of areas

Astrophysics Laser Fusion Plasma Accelerators
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10 pc = 3x107" m

© Chandra

Amplify magnetic fields & Compress & heat Accelerate particles in
accelerate cosmic rays fusion fuel compact systems
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How do extreme astrophysical systems shine!

Supernovae explosion Relativistic plasma jets

http://physicsworld.com web.ct.astro.it

Plasma instabilities can convert the enormous
kinetic energy of these plasma outflows into
E/B-fields, energetic particles and radiation
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Shear flow configurations are pervasive in nature

Hydrodynamic shear flows

http://wikipedia.org

Magnetohydrodynamic (MHD) shear flows

W. Zhang et al.,Ap|L (2009)

Unmagnetized collisionless shear flows

Electron density
structures

Magnetic field

structures

E. P Alves et al,,ApJL (2012)
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Self-generation of electric & magnetic fields via the ESKHI
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Self-generation of electric & magnetic fields via the ESKHI

Electron density ' Time= 3308[1/w,]
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Radiation emission & particle acceleration in instability-generated fields

()

Nonthermal

radiation
emission

by J. L. Martins
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Exploring microphysics of relativistic collisionless shear flows in the laboratory
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Intense lasers drive lab exploration of extreme plasma phenomena

Mimicking extreme space/astrophysical scenarios via intense laser-matter interactions
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Plasma-based laser amplifiers promise next-generation laser energy-densities
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High damage
threshold
in plasmas

Solid state optics

Tgamage = 10"°W /cm?

Plasmas

Idamage — 1017W/Cm2

vw.spicatech.com

Plasmas as laser-
amplifying media
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Multidimensional dynamics of Brillouin-amplification
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Iseed — Ipump —_— |0'6W/Cm2
no —_ o.3ncr

~102 particles
~10% time steps
3M core hours
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Multidimensional dynamics of Brillouin-amplification

o1 AR
o b M\
Iseed = lpump = 10'W/cm? ’rl\ \\i\
no —_ o.3ncr |
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SR ~104 time steps

3M core hours
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Multidimensional dynamics of Brillouin-amplification

lseed = lpump = 10'W/cm?
no —_ o.3ncr

Filamentation
of the
transverse
envelope

S

~102 particles
~10% time steps
3M core hours
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Multidimensional dynamics of Brillouin-amplification

lseed = lpump = 10'W/cm?
no —_ o.3ncr

~102 particles
~10% time steps
3M core hours
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Multidimensional dynamics of Brillouin-amplification
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lseed = lpump = 10'W/cm?
no —_ o.3ncr

~102 particles
~10% time steps
3M core hours
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Multidimensional dynamics of Brillouin-amplification
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~102 particles
~10% time steps
3M core hours
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Conclusions

@ PIC codes are a powerful tool to model kinetic physics (microphysics) of plasmas

® Current HPC resources enable PIC simulations of large-scale domains, revealing
self-consistent interplay between plasma microphysics and global evolution

® PIC codes are successfully being used to guide and interpret laser-plasma
experiments

® Combination of improved PIC algorithms + HPC is revolutionizing plasma science
across different applications
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