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Wind-Driven Szenario Scenario

e Stellar wind (a)

@ Pair-plasma outflow from pulsar stellar

@ Wind interaction wind

— Relativistic Hydrodynamics
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Wind-Driven Szenario Scenario
e Stellar wind
Pair-pl flow f I &)
° air-plasma OIUt O LIOITH) [PEE]r stellar
@ Wind interaction wind

— Relativistic Hydrodynamics &

Non-thermal Emission
@ Purely leptonic model
@ Acceleration at shocks of pulsar
wind

@ Synchrotron & IC

@ Pulsar-magnetosphere emission
(Takata et al., 2014) )
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Numerical Approaches

Example: Semi-Analytical Models
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Numerical Approaches

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

Example: Semi-Analytical Models
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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)

Example: Semi-Analytical Models

0
a2

/‘\\2‘1{5]:1/(1__




B e Modelling Context VGGRS 2025

Numerical Approaches Zoom: Wind-Collision Region

@ 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)

Trailing edge

Properties
o full RHD in 3D

@ spatially varying resolution

— large domain
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Numerical Approaches Zoom: Wind-Collision Region

@ 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)

Trailing edge

Properties
o full RHD in 3D

@ spatially varying resolution

— large domain
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Numerical Approaches Density in Orbital Plane

@ Romero et al. (2007), Takata et al. 7i
(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)

rrrr

@ Barkov et al. (2024) (3D RMHD) - /_‘\l‘
@ Huber et al. (2021); Kissmann B —
et al. (2023) ¢=0.393 SUPC

Properties
o full RHD in 3D

@ homogeneous spatial resolution

@ joined with particle transport
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Recap: Wind Dynamics
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Physical Processes
@ Inject spectrum at shocks

o Maxwellian
o Power law
— Tunable parameters

@ Transport with fluid flow
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W universitat Dynamical Particle Transport
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Transport Equation
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Physical Processes
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W universitat Dynamical Particle Transport
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Transport Equation
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Physical Processes
@ Inject spectrum at shocks
o Maxwellian

Energy loss processes
o Adiabatic losses

@ Synchrotron
| C o Power law
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Orbital configuration
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Relevant Numbers
@ Numerical domain: 4x3x2 AU

@ Spatial resolution: 0.002 AU
(204815361024 cells)

o Energy: 10%...2-10'" 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
— 24x106 core hours;

o 3 full orbits
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Results: Energetic Leptons

Non-Thermal Leptons — Distribution VGGRS 2025

Distribution Perpendicular to Orbital Plane
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Results: Energetic Leptons

Non-Thermal Leptons — Distribution VGGRS 2025

Distribution Perpendicular to Orbital Plane
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n}(E = 5467.7 GeV) /m>
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Results: Energetic Leptons
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Distribution Perpendicular to Orbital Plane |
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Observations
@ Shock thickness

@ Energy-loss scale at highest energy

Results: Energetic Leptons

@ Suppressed injection at high energy
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Zoom
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@ Shock thickness

@ Energy-loss scale at highest energy

Results: Energetic Leptons

@ Suppressed injection at high energy




[ Liversitat Domain-Integrated Particle Spectra VGGRS 2025

innsbruck
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Spectrum at ¢ = 0.419
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Observations

Results: Energetic Leptons

@ Power law & transported Maxwellian

@ Large number of particles in outer part

@ Lower flux & higher energies near apastron
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Spectrum at ¢ = 0.419 Orbital Variation
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@ Power law & transported Maxwellian

@ Large number of particles in outer part

Results: Energetic Leptons

@ Lower flux & higher energies near apastron
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Emission Spectra
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Emission

Results:

Non-Thermal Emission: Spectra

Emission Spectra
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Four Components
@ Synchrotron
@ |C of Maxwellian

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

@ |C of power law
— Yoneda et al. (2021)
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Emission Spectra Four Components

T 3 z = @ Synchrotron
is . g = o0° : V : : @ IC of Maxwellian
‘% @ Outer-gap emission
2 (Takata et al., 2014)
N::)» @ |C of power law

— Yoneda et al. (2021)
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Emission Spectra
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Emission Spectra
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Modified Spectrum at ¢ = 60°
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Modified Spectrum at ¢ = 60° Modified Orbital Variation at ¢ = 60°
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Modified Spectrum at 7 = 60°
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Modified Spectrum at 7 = 60°
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Modified Spectrum at 7 = 60°
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Modified Spectrum at 7 = 60°
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Modified Spectrum at 7 = 60°
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Modified Spectrum at 7 = 60°
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Modified Spectrum at 7 = 60°
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Modified Spectrum at 7 = 60°
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Modified Spectrum at 7 = 60°
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Modified Spectrum at 7 = 60°
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Modified Spectrum at 7 = 60°
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Modified Spectrum at 7 = 60°
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Modified Spectrum at 7 = 60°
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Modified Spectrum at 7 = 60°
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Modified Spectrum at 7 = 60°
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Modified Spectrum at 7 = 60°
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Modified Spectrum at 7 = 60°
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Modified Spectrum at 7 = 60°

¢ =2.814

Emission

1
1
1
1
1
1
1
1
1
T

T T T T
10t 106 108 10t 1012 101
¢ [eV]

”
=
>
(%]
(]
o




B issrace Dynamical Evolution VGGRS 2025

Modified Spectrum at 7 = 60°
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Dynamical Evolution VGGRS 2025

Modified Spectrum at 7 = 60°
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Context
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Context
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Context
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@ Magnetospheric emission in GeV regime

e But:
o Impact transported Maxwellian (Dubus By / GeV
et al., 2015) )
e x-ray regime <> magnetic-field model
o UHE gamma rays? (Bykov et al., 2024)
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B et Backup: Distributions in Orbital Plane VGGRS 2025
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B et Backup: Distributions in Orbital Plane VGGRS 2025
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B et Backup: Leptons at Cutoff Energy
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