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Numerical Approaches

Romero et al. (2007), Takata et al.
(2012) (classical HD)

Bogovalov et al. (2012); Lamberts
et al. (2013); Dubus et al. (2015)

Bosch-Ramon et al. (2015) and
follow-up studies (3D RHD)

Barkov et al. (2024) (3D RMHD)

Huber et al. (2021); Kissmann
et al. (2023)

Example: Semi-Analytical Models

(Molina and Bosch-Ramon (2020))
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Barkov et al. (2024) (3D RMHD)
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Properties

full RHD in 3D

homogeneous spatial resolution

joined with particle transport

Density in Orbital Plane

(Huber et al. (2021))
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Properties
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Coriolis shock
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Highly dynamic
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Dynamical Particle Transport VGGRS 2025

Transport Equation
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Energy loss processes
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Simulation Setup VGGRS 2025

Orbital configuration

(Huber et al. (2021))

Relevant Numbers

Numerical domain: 4×3×2 AU

Spatial resolution: 0.002 AU
(2048×1536×1024 cells)

Energy: 108. . . 2 · 1014 eV
(30 logarithmic energy bins)

Co-rotating frame

Semi-major axis: a = 0.145 AU,
eccentricity: e = 0.35

Orbital timescale: 3.9 d

Timestep: ∼ 0.5s

∼10000 cores on Joliot-Curie Rome
→ 24×106 core hours;

3 full orbits
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Shock thickness

Energy-loss scale at highest energy

Suppressed injection at high energy
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Shock thickness

Energy-loss scale at highest energy

Suppressed injection at high energy
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Domain-Integrated Particle Spectra VGGRS 2025
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Observations

Power law & transported Maxwellian

Large number of particles in outer part

Lower flux & higher energies near apastron
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Particle Light Curves
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Observations

Power law & transported Maxwellian

Large number of particles in outer part

Lower flux & higher energies near apastron
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Four Components

Synchrotron

IC of Maxwellian

Outer-gap emission
(Takata et al., 2014)

IC of power law

→ Yoneda et al. (2021)
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Four Components

Synchrotron

IC of Maxwellian

Outer-gap emission
(Takata et al., 2014)

IC of power law

→ Yoneda et al. (2021)

Remarks

Problems for i = 60◦

Transported
Maxwellian

Issues:

x-ray regime
few GeV regime

Tuning @low res.
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Emission Spectra
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Remarks

Better fit for i = 30◦?

→ But: x-ray phase
dependence

Interesting: trend in
x-ray for i = 60◦?
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Modified Spectrum at i = 60◦
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Modified Spectrum at i = 60◦
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Modified Orbital Variation at i = 60◦
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Discussion

Improved GeV regime

Here: scaling factor 0.5

But: contribution of Maxwellian
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Modified Spectrum at i = 60◦
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Discussion

Dynamical RHD+particle model

→ Tuning at low resolution

Magnetospheric emission in GeV regime

But:

Impact transported Maxwellian (Dubus
et al., 2015)
x-ray regime ↔ magnetic-field model
UHE gamma rays? (Bykov et al., 2024)
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Distribution in Orbital Plane
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Distribution in Orbital Plane
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