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A little bit of...

* History

* Critique

* FFE everywhere + AE equatorial CS
* Particle trajectories

e (VHE y-ray spectra)

Current collaborators:
Jérome Pétri (Strasbourg), Petros Stefanou (Athens—> Alicante)
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A little bit of history...

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

1967 (Pulsar discovery: Jocelyn Bell)

1969 (ldeal force-free: Goldreich & Julian)
1999 (Contopoulos, Kazanas & Fendt)
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the “light cylinder”

Timokhin 2006
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A little bit of history...

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)



Spitkovsky 2006
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A little bit of critique...

ldeal simulations are
non-ideal numerically...



A little bit of history...

Non-ideal magnetospheres
(non-ideal prescriptions...)

2012 (Spitkovsky et al.)
2012 (Contopoulos, Kalapotharakos et al.)
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2. NON-IDEAL PRESCRIPTIONS

In the FFE description of pulsar magnetospheres, Spitkovsky
(2006) and Kalapotharakos & Contopoulos (2009) solved nu-
merically the time-dependent Maxwell equations

0B

— = —cV xE 1
57 c (1)

oE
E:chB—émJ (2)

under ideal force-free conditions
1
E-B=0, pE+-JxB=0,
c

where p = V - E/(47). The evolution of these equations in time
requires in addition an expression for the current density J as a
function of E and B. This is given by

ExB ¢ B.-VxB—E.-VxE
= B (3
T=o—p i B2 )

(A) The above implementation of the ideal condition hints
at an easy generalization that leads to non-ideal solutions: one
can evolve Equations (1) and (2), using only the first term of
thg EFE= eurrent "density (Bquatian .(3,)) and at each time step

keep only a certain fraction b of the E| | “fleveloped during this

“tifde tisteadof-forcing it to be=zerv? Th general, the portion b of
the remaining K| can be either the same everywhere or variable
(locally) depending on some other quantity (e.g., p, J). As b
goes from O to 1, the corresponding solution goes from FFE
to vacuum. In this case, an expression for the electric current
density is not given a priori, and J can be obtained indirectly
from the expression

J= L (evxp-2E 4)
T4\ T )

(B) Another way of controlling E is to introduce a finite
conductivity o. In this case, we replace the second term in
Equation (3) by o E|; and the current density reads

J=cp -E(Tl}lu.‘ 5)

Note that Equation (5) is related to but is not quite equivalent
to Ohm’s law, which is defined in the frame of the fluid. Others

non-dissipative. The current density expression in the so-called
strong field electrodynamics (hereafter SFE) reads

cpE x B+ (2p? + 2o fﬂo 12(ByB + EOE)

= 6
1 B2+ E} (©
where
By —E; =B*—FE? ByEy=E-B, Eg=0, (1)
B* + Ej
v = : (8)

- 2 2’
Bj + E;



Radiation from
particle trajectories with B=1...

U=c

U,=E xB/B?

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

well
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Force-Free Inside, Dissipative Outside
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Kalapotharakos et al. 2015



Peak Separation (A)
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A little bit of history...

“Ab initio” numerical simulations
(global PIC)

2014 (Spitkovsky, Sironi, Cerutti et al.)
2016 (Kalapotharakos)
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rambilla, Kalapotharakos et al. 2018



A little bit of critique...

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



A little bit of critique...

The key is Current Closure
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ldeal Force-Free everywhere,
non-ideal non-force-free ECS

loannis Contopoulos

Research Center for Astronomy
and Applied Mathematics

Academy of Athens

15t Meeting of ISSI International Team, Bern, Tuesday, December 10 2019



FFE everywhere + electrostatic CS
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A NEW STANDARD PULSAR MAGNETOSPHERE

ToaNNIS CONTOPOULOS!, CONSTANTINOS KALAPOTHARAKOS?>, AND DEMOSTHENES KAZANAS?
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FFE everywhere + Aristotelian CS
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A “ring of fire” in
the pulsar magnetosphere

Contopoulos 2019
Contopoulos & Stefanou 2019
Contopoulos, Petri & Stefanou 2019
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d
a(rlvrlo_) -

i(0' Vx? — 1c¢)
dx

4ernpairslvz| = 4ernpairsvp(|8z|/8p)

2K
= "|B.] . (19)
JT

Solving for the distribution of B, along the dissipation layer, and
remembering that o = E,/(2r) = xB,/(2n) yields

B = L i(x Vx2 -~ 1B,) . (20)

" 4rx dx



Trcs separatnx (I (r) — I(r))
2nr|v,| 2ntr|v, |

240 d
- = frdrlB frdr’lel —
rlvy| |

=
and consequently, the equatorial boundary condition of eq. (20) be-
comes

o = 0Oyto,+

(29)

Ar | dI
—(4K+ o 'd‘P) ;a(x Vx?—1B,). (30)

Here, I(r) 1s the magnetospheric electric current contained inside
radius r of the ECS. Eqg. (30) allows us to extend figure 4 to very
low k values.

Aristotelian = Electrostatic for k=0
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1 1 0.7
B, ~ — (1 - _) By dipole - (22)

x? X2
Here, Bic dgipole = B.1r7/(2r;.) is the equatorial value of the vacuum
dipole magnetic field at the light cylinder. Therefore, according to

egs. (2) and (20)

3 1 0.2

BZ ~ T 54t (1 _ ;) Blc dipole » (23)
3 1 0.2

E, =~ % (1 — ;) By dipole - (24)

Notice the very sharp decrease of B, and E, with distance. Finally,
let us also introduce

2
_ Iecs Qrpc dipoleB * By gipole
By = -———=- = - . (25
XFicC 2XTcC X
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positron trajectories
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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 (I, 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 (kK = 0 ?!)

* Highly dissipative magnetospheres ?!
— very different from CKF
* New type of global current sheet simulations:

— I~By2nrc~p v 2mr - v

~KpG]—(ch | - E, ~;
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Conclusions

Pair-formation multiplicities near the rim of the
polar cap may be very low (kK = 0 ?!)

Highly dissipative magnetospheres ?!
— very different from CKF
New type of global current sheet simulations:

— I~By2nrc~p v 2mr - v

NKpG]—(pCL | - E, ~;

More gquestions...
Need hybrid simulations!
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