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FFE Solutions
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o =45°

Kalapotharakos et al. 2012

t= 0.00P

p, B

= 0

e B I N A S A

Izl ctpat= T st sl stk o Lol Ty fepiestm et St mlatal mizlamtady destoly ol

llllTllllllll*I:I-llll

e 1
% i 5|
S 1 =
b i |
L5 i :
1, 3l
III-Il-l..l.ljlllvill'llllllllllllllllIIIll.lll_

—1 0 l

| R e ) N TN N R T P e

12

-2



FFE Solutions
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FFE Solutions

Kalapotharakos et al. (2012)

Bogovalov (1999)
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FFE Models
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The Problem

o p=0

VRD E 0

Cannot be observed!
° p#O

FFE |

I don’t know how many “Pulsars” follow exactly
these solutions (VRD or FFE) but I definitely know
that none of the observed ones does.



The Problem

o p:O
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Cannot be observed!
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Dissipative Solutions

E x B c B-VxB-E -VxE
J:cp?—kﬂ 28 B FFE

ExB
J = Cﬂm t ok Kalapotharakos et al. (2012, 2014)

cpE x B + (2p? + +20%E2)Y/?(ByB + EyE)

J = B2 1 B2 Gruzinov (2007, 2008)

CpE X B+ ")/O'(B(]B + E()E)

J= ‘
B? + B Li et al. (2012)
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Modeling y-ray emission
curvature radiation

We consider trajectories

o E X B 1T (BOB —+ EOE) V = C motion outwards

Aristotelian Electrodynamics
2 2 y
<+ EO Gruzinov (2013)

v

dﬂ o QeCEacc QQEV%

2 2
dt TMeC 3 RC MeC Curvature Radiation




Radiation, Light Curves, Pulses

Inertial Frame
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Radiation, Light Curves, Pulses

Comparison with Observations

Contopoulos & Kalapotharakos (2010) Current Sheet model

Bai & Spitkovsky (2010) Radio Lag (9) uniform emission
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FIDO Models

FFE Inside Dissipative Outside
Radio Lag (0) (FIDO) model
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Radiation, Light Curves, Pulses
Physical Light Curves

Comparison with Observations

rotational axis

rotational equator
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Radiation, Light Curves, Pulses

Physical Light Curves

3D Printing Technol
Steven Kenyon CHTHRG SECARO ogy\

Devin Hahne
GSFC, NASA




Radiation, Light Curves, Pulses

FIDO Models (FFE Inside the Light-Cylinde,
Dissipative Outside the Light Cylinder)

FFE Inside Dissipative Outside

I I | L. DL 0

0.04

F (a)

0.02

fraction

1

LI 15 30 45 &0 75 90

0.4

Peak Separation (A)

o H‘“E:!‘a' . = 0

Kalapotharakos, Harding & Kazanas (2013)

0 0.2 0.4 0.6 0.8

Radio Lag (6)

0.6

0.4

Peak Separation (A)

Radio Lag (6) (FIDO) model
0 0.2 0.4 0.6 0.8 1
— | | | | | | | | I | | | | | | | I | | |
o g;=0.17] FFermi
B i Models
- 1fraction
s ) 02 04
] T I 1 I T I I l T I I l I I I I 1 I 1 LN IR LIS B I
I mo0° [ —90°]  |18a =0.06_
- e “[=2 ¢
L . ‘L? O
— ® ee .10° O adl B -
1 s
- L 2 I -
-k s
) + 1| B
—_ - w ——t _ n
L e by 1 il



FIDO Models

FFE Inside Dissipative Outside o— inside the LC
(FIDO) model =300 outside the LC
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FERMI

* Small range * Large range
* Reliable * Large spread
* Large uncertainties




2PC; Abdo et al. 2013
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FERMI

Fermi €.,; values under o . - .
simple assumptions 1) CR, Radiation Reaction Limit Regime

provide a unique insight 2) At the ECS near the LC

through the y o2 3 3
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FERMI

Fermi €.,; values under

simple assumptions 1) CR, Radiation Reaction Limit Regime
provide a unique insight ) At the ECS near the LC
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FIDO Models

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 o values that best describe each of the 8 bright pulsars (with
published phase-resolved spectra) show an increase with the spin

down rate(E) and a decrease with the pulsar age, expected if pair
cascades are providing the magnetosphere conductivity (o).

Agevs o Spin-down rate vs o

107 10° 10’ 10° 10° 10* 10% 10% 10%° 10% 10% 10%
Age [kyr]

Edot [erg/s]

Brambilla et al. 2015



FIDO Models

IVelal

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




3D Kinetic Models (PIC)

Macroscopic models guided by The fields and the
observations become successful particles are still
providing unique insight treated separately.
Not Self-Consistent!
Huge charge acceleration N Particle

Magnet

EM Fields pair creation triggering ~ distribution |

T. W tends to kill
Rotating the E__




3D Kinetic Models (PIC)

Kinetic PIC simulations Field structure & particle
provide a path to distributions are consistent
self-consistency. with each other

Philippov & Spitkovsky 2014, 2017
. Chen & Beloborodov 2014
3D Particle-In-Cell code — Cerutti et al. 2015, 2016
C-3PA Philippov et al. 2015, 2016
Kalapotharakos et al. (2018) = Belyaev 2015a,b, 2016
Brambilla et al. (2018)
Kalapotharakos et al. (2019, in prep)
»Cartesian

Pleiades & Discover »Conservative

Supercomputers, NASA | ~ Vay’s algorithm
~ 4000cpus » Current Smoothing

~ 107 —10° particles »Radiation Reaction Forces

»Load Balancing
»Field Line Dependent Particle Injection
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3D Kinetic Models (PIC)

Towards self-consistency:
1) Arbitrary particle injection
— consistent field structure & particle distribution
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3D Kinetic Models (PIC)

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

NPT P PR »Radiation reaction forces have

\M/ | (\:/\T [ B no effect on the particle energies

N ., ~ Gyromotion remains intact
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3D Kinetic Models (PIC)
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3D Kinetic Models (PIC)
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3D Kinetic Models (PIC)

2 CK calculations:

V& BZ]/ Cerutti et al. 2016
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3D Kinetic Models (PIC)
J - E should be trusted

J is trusted

Task:
Find the reliable E,.. £ E|

Something must be relevant...

O.OI-O‘ - 45<5 s

Kalapotharakos et al. (2018)

Choose realistic

B, P

drYL _ e ck acc 2 qu ’Y%

dt mec® 3RZm.c




3D Kinetic Models (PIC)

¢ Models
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3D Kinetic Models (PIC)
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3D Kmetlc Models (PIC)
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Summary - Future steps
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ummary - Future steps
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Orbital Exploration (SR<CR)

_ ExBx (EE + ByB)
A= EZ + B2

Aristotelian Electrodynamics
(Gruzinov 2012; Kelner et al. 2015)

Debate

| Princeton Goddard
l Group Group

L/ Synchrotron Curvature
Radiation =~ Radiation

— \V

Kalapotharakos et al. (2019)



Orbital Exploration (SR<CR)

}w/ ©

Kalapotharakos et al. (2019)

_ ExBx (EE + ByB)
A= EZ + B2

Aristotelian Electrodynamics
(Gruzinov 2012; Kelner et al. 2015)

VLTneC2

R~ =
¢ QeBeff

v X B\’ v-E\’
P = (PP ) T

Cerutti et al. 2016



Orbital Exploration (SR<CR)

6= 0.0, Rc- 10.00

—




Reverse Engineering
Ry = Ric Ry = 10R; ¢ Ry = Ric

= (0) YP model E
: £ =10%%erg s 3
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Reverse Engineering

Ro = Ryic
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1. Radiation reaction losses
2. Acceleration

0 should be sustained by another process (e.g. heating)



Reverse Engineering

Ry = Ry
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Fundamental Plane (Theory)

1) Radiation Reaction Limit Regime

2) At the ECS near the LC Kalapotharakos et al. (2019)
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Fundamental Plane (Theory)

1) Radiation Reaction Limit Regime

2) At the ECS near the LC Kalapotharakos et al. (2019)
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Fundamental Plane (Observations)
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Fundamental Plane (Observations)
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Fundamental Plane (Observations)
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Fundamental Plane (Observations)
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Fundamental Plane (Observations)

Is that all?  No, it is actually even better
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3D Kinetic Models (PIC)
But...

1. The y-ray light-curves for low F are messy.
2. For high € an extrapolation has to be used.
3. Particle-injection regions that regulate the y-ray emission
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3D Kinetic Models (PIC)
e

The y-ray pulsar radiation is

w mainly regulated by
) 1. The particle injection rate ¥ along
Origin of the separatrix

open field lines Origin of . .
"\ closed feld lnes 2. The width w of the separatrix zone
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3D Kinetic Models (PIC)
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3D Kinetic Models (PIC)

€cut

YP ?lF«ermi‘lr’ll
1.0- __---.MP

10"

" YP models

10% 10% 10% 10% 10% 10%” 10% 10%

10" grom—-rom—-rrmy (?. T ’

F & Fermi MP
10
0°F ERNY,)
1 v
15
10% E g
. =
108:- I' = 2
F e =153
=171
& v = Ta°
107

1 032 1 033 1 03;1 I I:‘u(uJIBé I I.IIIHSBI'ISI I.I‘Iu(;ST:’ I I:‘u;;Sé I I.I|Iu6i:39

£




3D Kinetic Models (PIC)

Emissivity
min I log-scale T max

2 a = T75h°

—

r/Ric

* 95% of the total emission
* Near the equatorial current sheet
* For low a-values closer to the Y-point (LC)
* For high a-values closer to the rotational equator
compared to the theoretical extend of the ECS |




3D Kinetic

L YP

£ = 1“3787{”@ 5 Vl

Models (PIC)
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Nice, well defined light-curves similar to those observed by Fermi, for

all £. They seem able of reproducing the § — A correlation.




Fundamental Plane
Observations & PIC Models
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Fundamental Plane
Observations & PIC Models
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Fundamental Plane
Observations & PIC Models
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Fundamental Plane
Observations & PIC Models
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3D Kinetic Models (PIC)

Pulsar Theater

Particle injection near
the stellar surface.

Brambilla et al. 2018
NASA/GSEC video

‘Pulsar in a Box' Reveals
Surprising Picture of a
Neutron Star’s Surroundings

An intemational team

https://www.nasa.gov/feature/goddard/2018/pulsar-in-a-box-
reveals-surprising-picture-of-a-neutron-star-s-surroundings




3D Kinetic Models (PIC)

Particle injection
inside the LC.

Kalapotharakos et al. (in prep.)

CK videos



3D Kinetic Models (PIC)

Particle injection
inside the LC.

Kalapotharakos et al. (in prep.)

CK videos



Conclusions

e Key point: The advantageous interaction between models and
observations.

* Different model approaches converge leading to a deeper
understanding and a continuously advancing reproduction of a
broader and broader spectrum of the observed phenomenology.

e Simple theoretical considerations lead to an advanced interpret-
tation of the observations (e.g., FP).

Even though our models are
powerful, the connection,
between the microphysics of

Most importantly what
is missing is a
quantified behavior of

pair'prOdUCtion and the more these mechanisms that

macroscopic view our models
provide, is missing.

hopefully support our
successful global

——— macroscopic and PIC

models.




Conclusions

e Key point: The advantageous interaction between models and
observations.

* Different model approaches converge leading to a deeper
understanding and a continuously improved reproduction of a
broader and broader spectrum of the observed phenomenology.

e Simple theoretical considerations lead to an advanced interpret-
tation of the observations (e.g., FP).
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Our models also do < < >

not reproduce the snqf /‘\
spectral index vs. ol /
spin-down power o
correlation. 3 .
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More Complexity?
NICER observations

NICER data indicate
that the magnetic field
structure deviates
considerably from the
dipolar one

Kalapotharakos et al. (in prep.)






