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A little bit of…

• History

• Critique

• FFE everywhere + AE equatorial CS

• Particle trajectories

• (VHE γ-ray spectra)

Current collaborators: 

Jérôme Pétri (Strasbourg), Petros Stefanou (Athens→Alicante) 





Lγ = 10% Ε Lγ = 1% Ε

Lγ = 0.1% Ε

1 to 50% dissipation!



2D steady-state ideal
(force-free→pulsar equation)

1967 (Pulsar discovery: Jocelyn Bell)
1969 (Ideal force-free: Goldreich & Julian)
1999 (Contopoulos, Kazanas & Fendt)

A little bit of history…A little bit of history…



Timokhin 2006

the “light cylinder”



Timokhin 2006



Current Closure is key!

A little bit of history…



3D steady-state ideal
(FFE, MHD)

2006 (FFE, Spitkovsky)
2009 (FFE, Contopoulos & Kalapotharakos) 
2013 (MHD, Spitkovsky, Tchekhovskoy & Li)

A little bit of history…



Spitkovsky 2006





Ideal simulations are
non-ideal numerically…

A little bit of critique…



Non-ideal magnetospheres
(non-ideal prescriptions…)

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

A little bit of history…



Current sheet





Radiation from 
particle trajectories with β=1…

UD = E x B / B2

U = c

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





Kalapotharakos et al. 2015



Force-Free Inside, Dissipative Outside

Kalapotharakos et al. 2015



Kalapotharakos et al. 2015



“Ab initio” numerical simulations
(global PIC)

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

A little bit of history…



Brambilla, Kalapotharakos et al. 2018



2D PIC

Cerutti et al. 2015



2D PIC

Cerutti et al. 2015



2D PIC

Cerutti et al. 2015



3D PIC

Brambilla, Kalapotharakos et al. 2018



“Ab initio” is too ambitious!
(is it hopeless?...)

A little bit of critique…



The key is Current Closure

A little bit of critique…



Ideal Force-Free everywhere,
non-ideal non-force-free ECS
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Lγ = 30-40% Ε

FFE everywhere + electrostatic CS



Cao & Yang 2019Contopoulos 2016

FFE everywhere + Aristotelian CS

Aristotelian → Electrostatic for κ=0



Contopoulos 2007; Cerutti et al. 2012, 2015

Speiser orbits



CKF

Equatorial 
current 

sheet - ECS

2I

Er = Bz = 0

Ez = 2πσ
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A ”ring of fire” in
the pulsar magnetosphere

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



Kalapotharakos et al. 2018

κ = 28
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κ: pair formation
multiplicity

κ

κ
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κ

Aristotelian → Electrostatic for κ=0



κ = ∞ ηHE= 0%



κ = 40 ηHE= 0.6%



κ = 8 ηHE= 3%



κ = 4 ηHE= 6%



κ = 2 ηHE= 12%



κ = 1 ηHE= 24%



3D PIC

Kalapotharakos et al. 2018





κ=1

κ=2

κ=4
κ=8
κ=40

CKF
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Conclusions

• “Ab initio” PIC simulations are very ambitious

• Current closure and charge replenishment

→ Ring of fire

• “Aristotelian” particle orbits when E>B in the CS

• We can perform calculations with realistic 
parameters (Γ, magnetic field)

– High energy spectra

– Different spectra for e- and e+



Conclusions

• Pair-formation multiplicities near the rim of the 
polar cap may be very low (κ→ 0 ?!)

• Highly dissipative magnetospheres ?!

– very different from CKF

• New type of global current sheet simulations:

– 𝐼~𝐵𝜑2𝜋𝑟𝑐~𝜌𝑒𝑣𝑧2𝜋𝑟 ∙ 𝑟

~𝜅 𝜌GJ
𝐸𝑟

𝐵𝜑
𝑐𝐿 ∙ 𝑙 → 𝐸𝑟~

1

𝜅



Petropoulou, Sironi, Spitkovsky, Giannios 2019
2π𝑟
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Petropoulou, Sironi, Spitkovsky, Giannios 2019
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Petropoulou, Sironi, Spitkovsky, Giannios 2019
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Comisso & Sironi 2019



Conclusions

• Pair-formation multiplicities near the rim of the 
polar cap may be very low (κ→ 0 ?!)

• Highly dissipative magnetospheres ?!

– very different from CKF

• New type of global current sheet simulations:

– 𝐼~𝐵𝜑2𝜋𝑟𝑐~𝜌𝑒𝑣𝑧2𝜋𝑟 ∙ 𝑟

~𝜅 𝜌GJ
𝐸𝑟

𝐵𝜑
𝑐𝐿 ∙ 𝑙 → 𝐸𝑟~

1

𝜅

• More questions…

• Need hybrid simulations!




