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Dissipation @ light cylinder
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“The axisymmetric pulsar magnetosphere: a new model”, Mestel & Shibata 1994



No dissipation @ light cylinder
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“The axisymmetric pulsar magnetosphere”, Contopoulos, Kazanas & Fendt 1999
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No dissipation @ current sheet
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“Simulations of the axisymmetric magnetospheres of neutron stars”, Komissarov 2006



No dissipation @ current sheet
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“Ab initio pulsar magnetospheres”, Philippov & Spitkovsky 2014



No dissipation @ current sheet
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High-energy radiation = Dissipation
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“A new standard pulsar magnetosphere”, Contopoulos 2014
“The role of reconnection in the pulsar magnetosphere”, Contopoulos 2007



Dissipation @ current sheet

|
1.2F I
|
1.0} |
|
C |
0.8F@® |
I, |
- 0
i - I
@)

0.6} |
] b :
S5

Q |
0.4} I
|
|
0.2} |
|
|
| l .
0.04 1 2 4 5

3
r/Rpc
“Ab initio pulsar magnetospheres”, Philippov & Spitkovsky 2014



Dissipation @ current sheet
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“Particle acceleration in pulsar current sheets”, Cerutti, Philippov, Parfrey & Spitkovsky 2015
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Rudiu loud pulsar
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Non-ideal magnetospheres
(non-ideal prescriptions...)

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



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 T ?...

well



3D “ab initio” Particle-in-Cell

2014 (Spitkovsky + Sironi, Cerutti et al.)
2016 (Kalapotharakos)
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1.0

ons

Tracked positr

=

2.0
Cerutti et al. 2015



z/ R;o

2.0
Cerutti et al. 2015
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Brambilla, Kalapotharakos et al. 2018



rambilla, Kalapotharakos et al. 2018



The key is current closure!



Timokhin 2006



Timokhin 2006
Contopoulos 2019; Contopoulos & Stefanou 2019; Contopoulos, Petri & Stefanou 2019
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Current closure in the pulsar magnetosphere
I. Contopoulos'?*
a flux of electron-positron pairs equal to 2nrp,.0kpgyc/e. The elec-

tron content in that narrow region is sufficient to support the return
current /e ..o in the separatrix, provided that

I separatrix

Krpc 2B, '

o~ (7)
The natural way for these pairs to supply the electrons needed to
form the separatrix return current is the development of a dissipa-
tion zone just outside the Y-point at the origin of the equatorial cur-
rent sheet on the light cylinder (see description in Figure 1). In that
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Current closure in the pulsar magnetosphere

I. Contopoulos'?*

(10)

This stmpl€ relation tells us that for typical y-ray pulsars with ob-
served y-ray luminosity efficiencies equal to 0.1% — 1% — 10%,
the corresponding pair formation multiplicities are expected to lie
in the range « ~ 500 — 50 — 5 respectively. Notice also that, if
we assume that L, /E is roughly proportional to £~/ as suggested
by observations (Thompson 2008; Grenier & Harding 2015), then
K & E1/2‘
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Current closure in the pulsar magnetosphere

I. Contopoulos'?*

r 312 I
Mza(ﬁ) ~ £ (15)
Iy K
and hence, the accelerating electric field in that region is equal to
Vrim
Eie ~ B . 16
: A I (16)

The “ring of fire”
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Hybrid calculations:

FFE everywhere + dissipative ECS
(particle acceleration with radiation reaction)
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1e8 Lorentz factor 12 Instantaneous radius of curvature
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1e8 Lorentz factor Instantaneous radius of curvature
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Current closure in the pulsar magnetosphere

I. Contopoulos'?*

calculate the asymptotic particle Lorentz factor I' in the curvature
radiation reaction limit,

dr _ ecEu 20T =T, = (
dt m,c> 3r MeC

(14)

3r chc
2e

Here, E, is the accelerating electric field in the dissipation region,
We have assumed here that the radius of curvature around the Y-
point is equal to r.. We can estimate E,.. if we make the simpli-
fying assumption that the magnetic flux that crosses the equatorial
dissipation zone does so in a dipole-like configuration. In that case,
the width A of that region is equal to

3/2
rlc) Ie

A=~ 25( ~ L (15)
Iy K

and hence, the accelerating electric field in that region is equal to

Vrim
Eye = — = By . 1
A ] (16)

We have thus shown that the accelerating electric field is approxi-
mately equal to the value of the magnetic field near the light cylin-
der. One can easily check that, with this accelerating electric field,

B 1/4 P -1/4
SENMERELIE
=4 l0mme! \Ts

bere, P is the pulsar penod Thig
eration di1Sta i

(17)

be reached within an accel-

_ T mec? B, x> M p
== 204 (gwg) (55) e =

Obviously, the acceleration in the equatorial dissipation region will
be able to reach the radiation reaction limit only if /.. < A, i.e.
if P < «*7 s. This will be satisfied only for young pulsars. For
slower pulsars, the radiation reaction limit is probably not reached
in the equatorial d1ss1pat10n 1e010n In that case, the particles that
will beneht T degp accross the rim region will

-

eE...A eB.r? 108 y B. Py
[y = = = (T)(_) .
108 G/\1s

(19)

m,c? 2kremec? K

us be determined

mln(rm ax? ul)

GCV lt rmux < Iﬂrrl s (20)

S
B* i P 1 »
3( ) (_) GeV 1f Ty 0w« 121)



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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