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Relativistic magnetically-dominated plasmas
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Radiative plasma physics

System size via optical depth
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Radiative plasma physics
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First-principles simulations of radiative plasmas

Particle-in-cell method

Electromagnetic field propagation
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Monte-Carlo
radiation/QED reactions (in situ)
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runko

open-source simulation toolkit

Nattila 2022 A&A; https://github.com/natj/runko

Technological features:

- CPU/GPU portable 3D particle-in-cell code

- Modern C++17/Python3 high-performance code

- Full 3-level parallelization (w/ SIMD/openMP/MPI)

- Open source (incl. problem setups, analysis scripts, etc.)



https://github.com/natj/runko
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Robust QED processes with adaptive Monte Carlo

Compton scattering
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nydx (cm3 s71)
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Js(x,y) b/(4/30rcup)

Jjs(x,y) b/(4/30rcup)

Robust cyclo-synchrotron with hybrid Fokker-MC

Cyclo-synchrotron emissivity
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cyclo-synchrotron self-absorption
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Coupled kinetic equations
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Monte Carlo sampling

Sample X, from a distribution f(X, 7)
experiencing a (stochastic) process W,



Photon supply in magnetized plasmas

Radiation
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Hard-state spectra from Cyg X-1

IS HS (obs 1)
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Hard state (obs 1) Ginga-OSSE1991 Jun 6 (Gierlinski+ 1997) + CGRO/COMPTEL (McConnel+ 2002)

Intermediate state RXTE May 23 1996 (Gierlinski+1999)



Flaring in magnetized XRB accretion flows 5~ 5
H~r,~ 30km
B~10°-10"G

B-field footpoint stresses



Video: Sean Doran
SDO in EUV band

Reality check: Solar magnetosphere




X-ray output from a magnetic flare

Small magnetized turbulent region characterized with

H ~ rg ™ 30km
H

ty~— ~ 100 ms
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locally injected power from magnetic perturbations
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Multiple flares in corona

locally injected power per flare region of size H ~ re X 30km
. U
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total luminosity from corona with a size H_,,, ~ a few Iy
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First-principles simulations of photon-plasmas

electron-positron-photon plasma

in a box 10243 with Ax = 1 C/a)p

turbulence is driven on large-scales by Langevin antenna:
background field By, perturbed with (6B) ~ By,
antenna power 7, = 20

photons
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dominated plasma
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Self-consistent plasma magnetization via pair-creation

e* density is self-consistently set at 6 ~ 3 for £ ~ 20

Efficient cooling increases density contrast
(tcool ~ 0.1 teddy)
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Turbulent bulk Comptonization

Comptonization occurs in "plasma pockets" with sub-

relativistic Alfvenic bulk motions I, ~ 1 — 3.
See also Groselj et al. 2023

Optically thin regions 7 << 1 have 6B/B ~ 1 (weak guide field)
Optically thick regions 7 ~ 10 have 6B/B < 1 (strong guide field)
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Escaping radiation for Cyg X-1 hard state

EFe (keVcm™2s71)
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First-principle simulations vs observations
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Conclusions

First-principles radiative plasma simulations are here!

in-situ Comptonization generates realistic spectra

in-situ pair-production sets plasma magnetization o

Simulations can reproduce XRB Cyg X-1 hard state

1 tbabs*[sim + reflect(sim)]
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