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® The Pulsar Problem: Simplicity

* FERMI (Success Requirements)
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A Simple Problem?
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 How particles behave in this structure?

e How particles can be created in this
environment?







Peak Separation (A)

FERMI

Fermi has a catalytic role on the current modeling of the
high energy emission in pulsar magnetospheres.

N, — x30 N, > 205 (117 in 2PC; Abdo et al. 2013)

Discovery  Astronomy
established a number of trends and correlations
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FERMI

Fermi has a catalytic role on the current modeling of the
high energy emission in pulsar magnetospheres.

N, — %30

N, > 205 (117 in 2PC; Abdo et al. 2013)

Discovery  Astronomy
established a number of trends and correlations
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FERMI

Fermi has a catalytic role on the current modeling of the
high energy emission in pulsar magnetospheres.

N, — x30 N, > 205 (117 in 2PC; Abdo et al. 2013)

Fermi provides not only phase-averaged spectra but also
phase-resolved for a dozen of pulsars
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(FFE) solutions

Contopoulos, Kazanas & Fendt (1999)
(Aligned Rotator)

Spitkovsky (2006) (Oblique Rotator)

0 =30°

(H0 a =60°

0 a =90°

J= b ExB 1 (B-VxB—E-VxE)B

* B 4r B*
Gruzinov (1999)
E-B=0 Ideal condition

Kalapotharakos & Contopoulos (2009)
Contopoulos & Kalapotharakos (2010)

Kalapotharakos, Contopoulos & Kazanas (2012)




(FFE) solutions

Contopoulos, Kazanas & Fendt (1999) Spitkovsky (2006) (Oblique Rotator)
(Aligned Rotator) Bogovalov (1999)







Something is missing

Force-Free solutions
may be a good indicator
of the magnetic field
structure

But...

they say nothing about
the necessary

accelerating electric
fields

Eacc —



Dissipative Solutions

B ExB ¢c B-VxB-E -VxE
J=cp 5 +E 52 B FFE

E x B
E¢ + B2

J=cp + ok

Kalapotharakos et al. (2012, 2014)

cpE x B + (c?p? + +20%E2)'/?(ByB + EyE)

J= B2 | E2 Gruzinov (2007, 2008)

cpE x B + vo(ByB + EyE)
B? + Ej Li et al. (2012)
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Modeling y-ray emission
curvature radiation

We consider trajectories

E x B+ ( B,B + E@E) y — ¢ motion outwards

vV = Aristotelian Electrodynamics
> 2 Y
B* + Eo Gruzinov (2013)

dﬂ _ QeCEaCC 2q€ WVL
dt M C? 3REmMeC

Curvature Radiation

Uniform conductivity (o)

o: Low —> High
Inner Outer
—> Magnetosphere
M h
agnetosphere Current Sheet



Models vs Fermi
light curves
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Models vs Fermi
light curves
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Models vs Fermi
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FFE Inside Dissipative Outside
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FIDO model - Spectral properties

The FIDO model allows the calculation of the phase-averaged, phase-
resolved spectra and the calculation of the total y-ray luminosity.
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FIDO model - Spectral properties

The FIDO model allows the calculation of the phase-averaged, phase-
resolved spectra and the calculation of the total y-ray luminosity.
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Broad range of o values.

Low o values everywhere applied
outside the LC destroy the FF field
structure.

We have explored models
with low o only near the
open field boundary,
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FIDO model - Spectral properties

The FIDO model allows the calculation of the phase-averaged, phase-
resolved spectra and the calculation of the total y-ray luminosity.

. Broad range of o values.
We ran series of models

with different Low o values everywhere applied
outside the LC destroy the FF field

structure.

combinations for
P,B,and ¢
values that correspond
to the entire range of
the observed spin-down
rates (E) for the
MSP and SP.

We have explored models
with low o only near the
open field boundary,
extending outside the LC
along the current sheet.

Goldreich-Julian flux



FIDO model - Spectral properties
| Velal observations model

(Decesar 2013)
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FIDO model - Spectral properties
|Vela| - model

lightcurve evolution, not fixed y, obs = 50.0

The evolution of the model light-curves with
energy is similar to the observed one.

Brambilla et al. 2015




FIDO model - Spectral properties
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FIDO model - Spectral properties

L, is an important property

Is L, the most reliable quantity?

L, depends on

Observations Models
* fo beaming factor « assumed flux of emitting
particles (multiplicity)
e q,( 107 ‘ T

» distance

Large scattering
Efficiency 100%




FIDO model - Spectral properties

E_, values are robust and more reliable
quantities

They require no further assumptions for their determination
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FIDO model - Spectral properties

Fermi E_, values
provide a unique insight

for the determination of = dyv _ acfu) 20, 3 9
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FIDO model - Spectral properties
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FIDO model - Spectral properties

o 1-5GeV SP |
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FIDO model - Spectral properties

o 1-5GeV SP ||
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FIDO model - Spectral properties

Fermi
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FIDO model - Spectral properties
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FIDO model - Spectral properties

Fermi
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The observed E_,, of MS
pulsars are slightly
higher than those of the
SP (for the same E).

[

Models show
similar behavior.

o vs E for SP & MS
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FIDO model - Spectral properties
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3D Kinetic Models (PIC)

Macroscopic Models guided by
observations become successful
providing unique insight

3D Particle-In-Cell code
Kalapotharakos et al. (in prep.)

» Cartesian

»Conservative

> Vay’s algorithm

» Current Smoothing
»Radiation Reaction Forces

The fields and the
particles are still

treated separately.
Not Self-Consistent!

Kinetic simulations

Philippov & Spitkovsky 2014
Chen & Beloborodov 2014
Cerutti et al. 2015, 2016
Philippov et al. 2015, 2016
Belyaev 2015a,b, 2016

Pleiades & Discover
Supercomputers, NASA
~2000cpus

~10" =10’ particles




3D Kinetic Models (PIC)

Towards self-consistency:

1) Arbitrary particle injection
— consistent field structure & particle distribution

o = 45°







3D Kinetic Models (PIC)

|1) Arbitrary particle injection |

o = 45°
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3D Kinetic Models (PIC)

Is this treatment relevant to reality?
B, =10° — 10°G
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3D Kinetic Models (PIC)

Is this treatment relevant to reality?
» dN
B, =10° — 10°G
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3D Kinetic Models (PIC)

Is this treatment relevant to reality?
B, = 10> — 10°G

»Radiation reaction forces have
no effect on the particle energies

»Gyromotion remains intact

0.100
0.050¢

dN
Ndjog ,

v'Synchrotron cooling time is
0.010¢ i artificially decreased
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logy,




3D Kinetic Models (PIC)

The trajectories have But the energies...

geometric properties closer to
those of the real ones.

Assuming that the high
energy trajectories are

/\ geometrically correct
B, = 10> - 10°G

Choose realistic

B, P

L

dyr
dt

_ qecBacc 26271
MeC2 3RZmec|







3D Kinetic Models (PIC)

The trajectories have But the energies...

geometric properties closer to
those of the real ones.

Assuming that the high
energy trajectories are
geometrically correct

Choose realistic

B, P

d’YL _ QGCEacc . QQSVE{
dt MeC2 3RZmec

dN

Nd log(Eacc/EtOt)

0.01¢

0.001¢

Higher Inj. Rate

Lower Inj. Rate

-4 3 )




3D Kinetic Models (PIC)
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3D Kinetic Models (PIC)

E = {10*,10*,10*,10%,10°", 10**}erg /s
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3D Kinetic Models (PIC)

E = {10%,10*,10%,10%,10°7, 10**}erg /s . | -

P = {0.209,0.178,0.115, 0.063, 0.04, 0.048} 5 _aNv_ =

' Ndjlog . 1038
0.01¢ 1
101! . . .
‘\\\\\\ 0.001¢ N :
E 10
N
1010 ; \\\\\\ \\\\ ] 1074} | | | )
.0 7.5 8.0 8.5 9.
\ logy,
-_
/
ne,C

100 1000

IR
IRqy



3D Kinetic Models (PIC)

E = {10*,10*,10*,10%,10°", 10**}erg /s
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Summary - Future steps

e All roads lead to Rome (current sheet).
Macroscopic Models:

e Simple variable 0 model (FFE In —Dissipative Out) reproduces the
FERMI phenomenology (light-curves, spectral properties).

- Lo(£) ]
Kinetic Models:

o 1ststep toward self-consistency. Arbitrary injection rates. Particle
distribution and field structure are consistent to each other.

(M ()]
e The next step is to model the particle injection self-consistently. It
is expected that this study will reveal how the pair creation

processes evolve with the spin-down rate (E )
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