
The simulation predicts everything – it is 
consistent with every outcome anticipated

“The Nature of Scientific Proof in the Age of Simulations” 
Kevin Heng



Dissipation @ light cylinder

“The axisymmetric pulsar magnetosphere: a new model”, Mestel & Shibata 1994



No dissipation @ light cylinder

“The axisymmetric pulsar magnetosphere”, Contopoulos, Kazanas & Fendt 1999



No dissipation @ current sheet

“Simulations of the axisymmetric magnetospheres of neutron stars”, Komissarov 2006



No dissipation @ current sheet

“Ab initio pulsar magnetospheres”, Philippov & Spitkovsky 2014



No dissipation @ current sheet

“Ab initio pulsar magnetospheres”, Philippov & Spitkovsky 2014



High-energy radiation → Dissipation
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Dissipation @ current sheet

“The role of reconnection in the pulsar magnetosphere”, Contopoulos 2007

“A new standard pulsar magnetosphere”, Contopoulos 2014



Dissipation @ current sheet

“Particle acceleration in pulsar current sheets”, Cerutti, Philippov, Parfrey & Spitkovsky 2015“Ab initio pulsar magnetospheres”, Philippov & Spitkovsky 2014



Dissipation @ current sheet

“Particle acceleration in pulsar current sheets”, Cerutti, Philippov, Parfrey & Spitkovsky 2015
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Non-ideal magnetospheres
(non-ideal prescriptions…)

2012 (Spitkovsky et al.)
2012 (Contopoulos, Kalapotharakos et al.)





Radiation from 
particle trajectories with β=1…

UD = E x B / B2

U = c

Which particles radiate ?...
What is their Lorentz factor Γ ?...



3D “ab initio” Particle-in-Cell

2014 (Spitkovsky + Sironi, Cerutti et al.)
2016 (Kalapotharakos)



Brambilla, Kalapotharakos et al. 2018



Cerutti et al. 2015



Cerutti et al. 2015



Contopoulos 2007; Cerutti et al. 2012, 2015

Speiser orbits



Cerutti et al. 2015



Brambilla, Kalapotharakos et al. 2018



Brambilla, Kalapotharakos et al. 2018



The key is current closure!



Timokhin 2006
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Contopoulos 2019; Contopoulos & Stefanou 2019; Contopoulos, Petri & Stefanou 2019 



Contopoulos 2019; Contopoulos & Stefanou 2019; Contopoulos, Petri & Stefanou 2019 







The “ring of fire”
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Kalapotharakos et al. 2018



Kalapotharakos et al. 2018

κ = 28



Hybrid calculations:
FFE everywhere + dissipative ECS

(particle acceleration with radiation reaction)



“A ring-of-fire in the pulsar magnetosphere”, Contopoulos & Stefanou 2019



“A ring-of-fire in the pulsar magnetosphere”, Contopoulos & Stefanou 2019



“A ring-of-fire in the pulsar magnetosphere”, Contopoulos & Stefanou 2019



“A ring-of-fire in the pulsar magnetosphere”, Contopoulos & Stefanou 2019





Hybrid simulations:
FFE everywhere + dissipative ECS
(self-consistent particle orbit calculation)



Summary

• Ab initio PIC simulations give us important hints:

– Ideal Force-Free everywhere except in

– Dissipative Equatorial Current Sheet

• Hybrid simulations:

– Self-consistent calculation

– FFE everywhere

– Realistic particle trajectories only in the ECS

• High-energy radiation from the particles 
accelerated in the ECS
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