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axisymimetric vacuum:

nothing much...

VxB=0
VxE=0

V -

B
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axisymimetric vacuum:

nothing much...

Vx5 =0
Spinning aligned dipole

Quadrupole electrostatic field
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The dome/torus of Krause-Polstortt

. S Discontinuity
Dome (*-7) . / s Magnetic field line
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Neutron star

Dome & torus, electrospheres (Michel, Shibata, Spitkovsky, Petri)
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The dome/torus of Krause-Polstortt
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GG+$7
R Diocotron instability
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axisymmetric force-free ideal relativistic MHD:

the pulsar equation

VxB = (4n/c)J B =
VxE = 0 BBt — il
pell +J X b = 0

0°¥ 10V 9%V oA\
s 2 | S —_— — 4
e (5’3:‘2 r Or 022 ) i O0x .

¢ =R/Rrc, B,=R'0Y/0R, A= AW

The aligned rotator (Scharleman & Wagoner 1973)
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axisymmetric force-free ideal relativistic MHD:

the pulsar equation

00U 10T 90 oV
¥ 2 | —— — = 4
Sl (8x2 r O0r 022 > 2 O0x i
Q) —2B, +AA
Pe — — PGJ

Ame 1 — x?

regularization condition at light cylinder: 2B, = AA’

unique poloidal current distribution: A(V) = Aok r

¢ =R/Rrc, B,=R'0Y/0R, A= AW

The aligned rotator (Scharleman & Wagoner 1973)
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axisymmetric force-free ideal relativistic MHD:

the pulsar equation

0°U 10V 0% oV
1 — z* | — Ve = — LA
Sl (8x2 T Ox 8z2> " oa
' Q) —2B,+ AA’
/06 = i 1 | e pGJ

regularization condition at light cylinder: 2B, = AA’

unique poloidal current distribution: A(V) = Aok r

¢ =R/Rrc, B,=R'0Y/0R, A= AW
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axisymmetric force-free ideal relativistic MHD:

the pulsar equation

Rescaled distribution AA’

0

0.2 04 06 0.8 1
Normalized magnetic flux

Rescaled current distribution A
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0.2

0

02 04 06 0.8
Normalized magnetic flux

1

The aligned rotator (Contopoulos, Kazanas & Fendt 1999; Contopoulos 2005)
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The aligned rotator (Contopoulos, Kazanas & Fendt 1999)
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The aligned rotator (Contopoulos, Kazanas & Fendt 1999)
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The aligned rotator (Contopoulos, Kazanas & Fendt 1999)
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axisymmetric force-free ideal relativistic MHD:
the Y-point
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The Y-point singularity (Uzdensky 2003; Kalapotharakos & Contopoulos 2009)
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axisymmetric force-free ideal relativistic MHD:
the Y-point

open lines |

light cylinder

region of
strongest
annular
current

equator

The equatorial current sheet (Contopoulos 2009)
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3D vacuum:

Electrodynamics
E = c¢VxB Vb = 0
Bo= ¢Vl

Spinning inclined dipole
Radiating antenna

Analytic solution (retarded dipole)

Retarded dipole (Deutsch 1955)
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3D force-free ideal relativistic MHD:
Force-Free Electrodynamics (FFE)

E = ¢V XxXB-—4nJ \Wiaus s — -
B = —c¢VxXE e s (])
pell +J X b = 0

ExB 1(B-VxB-FE-VxE)
J = pec |

B
B? 47 B?

FFE (Osherovich & Gliner 1988; Gruzinov 1999; Blandford 2002)
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3D force-free ideal relas

1vistic MHD:

numerical simul

ations

Staggered cartesian mesh (Yee 1966)
We “force” £ 1 B, E<DB

Y2

3rd order Runge-Kutta:
synchronous E, B (more accurate)
Courant stability condition

Tests of the code: A

vacuum
aligned rotator
spindown

A
H>/A A

—-
e |

}

bt

«>

=

[

FFE code (Spitkovsky 2006; Kalapotharakos & Contopoulos 2009)
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3D force-free ideal relativistic MHD:

numerical simulations

Perfectly Matched Layer (PML):
absorbing non-reflecting outer boundary
many rotations (instead of 1.5)
L=2 Ric, 0=0.04 R;c
1CPU, 4 Gb
24 hours

Parallel code (MPI):
L=20 Ric, 0=0.02 Rr.c
1000 CPUs
less than one day ... Spherical star in cartesian grid...

FFE code (Kalapotharakos & Contopoulos 2009)
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t=0.0159155

b
-

The axisymmetric pulsar magnetosphere (Contopoulos & Kalapotharakos 2010)
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t=0.0159155

The 3D pulsar magnetosphere: 30° (Contopoulos & Kalapotharakos 2010)
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t=0.0159155

Y
-

The 3D pulsar magnetosphere: 60° (Contopoulos & Kalapotharakos 2010)
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The 3D pulsar magnetosphere: 90° (Contopoulos & Kalapotharakos 2010)




3D force-free ideal relativistic MHD:

extended numerical simulations

Radiation caustics?
(Ardavan 1998)

The extended magnetosphere (Kalapotharakos, Contopoulos & Kazanas 2011)
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The extended magnetosphere (Bogovalov 1999; Kalapotharakos, IC & Kazanas 2011)
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The extended magnetosphere (Bogovalov 1999; Kalapotharakos, IC & Kazanas 2011)
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The extended magnetosphere (Bogovalov 1999; Kalapotharakos, IC & Kazanas 2011)
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3D force-free ideal relativistic MHD:
high-energy light curves

Pulses are narrow, emission regions
have significant azimuthal extent

Curvature radiation along equatorial current sheet (Kalapotharakos & Contopoulos 2010)
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Narrower pulses from higher latitudes

Interpulse decreases fast as observer
moves away from equatorial plane

Pulse-interpulse: 0.4-0.5P

Polarization angle sweep

A

=1 A

polarization angle
T

=14

LT
<o
[T =] =
Lo¥]
oy

Curvature radiation along equatorial current sheet (Kalapotharakos & Contopoulos 2010)

Thursday, November 3, 2011



3D force-free ideal relativistic MHD:
high-energy light curves
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High energy light curves (Kalapotharakos & Contopoulos 2010)
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3D force-free ideal relativistic MHD:

high-energy light curves
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“Lighting up” field lines (Romani et al. 2009; Bai & Spitkovsky 2010; Harding et al. 2011)
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3D force-free ideal relativistic MHD:
high-energy light curves

“Lighting up” field lines (Harding, DeCesar, Miller, Kalapotharakos & IC 2011)
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3D force-free ideal relativistic MHD:
high-energy light curves

symm SG . asymm SG
a=52" i o =64

t=715 soco| £=655
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2000

8000 T = ,“‘:

: asymm SG |
=30
C=675

Higher radio lags
(vacuum works better)...

“Lighting up” field lines (Harding, DeCesar, Miller, Kalapotharakos & IC 2011)
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3D resistive relativistic MHD:
towards the real pulsar magnetosphere

No microphysics in FFE:
no particle production
no particle acceleration
space-like: [>p.c

: J<0eC

time-like

Physical resistivity needed

FILLED CHARGE
SEPARATED

MAGNE TOSPHERE////

STELLAR SURFAC
E-B=0

APV RV

Li, Spitkovsky & Tchekhovskoy 2011; Kalapotharakos, Kazanas, Harding & IC 2011
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3D resistive relativistic MHD:
towards the real pulsar magnetosphere

Strong Field Electrodynamics (SFE; Gruzinov 2008):

0. |

PefB2 1 E2 T 4n B? + E?
Lorentz covariant
0=0: [=0. c (not vacuum!)

space-like everywhere (oscillatory where FFE time-like)

Kalapotharakos, Kazanas, Harding & Contopoulos 2011
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3D resistive relativistic MHD:
towards the real pulsar magnetosphere

Other resistivity prescriptions:

ExB
J:IOGCBZ—I—EZ | O'EH

non-covariant o
require [=Q.C
combination of SFE + FFE (space-like + time-like)

Intermediate between vacuum and FFE

Li, Spitkovsky & Tchekhovskoy 2011; Kalapotharakos, Kazanas, Harding & IC 2011
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3D resistive relativistic MHD:
towards the real pulsar magnetosphere
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Non-ideal magnetospheres 60° (Li, Spitkovsky & Tchekhovskoy 2011)
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Non-ideal magnetospheres: 0°, 45°, 90°, GEparaiier, 0=300 (KKHC 2011)
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Non-ideal magnetospheres: 0°, 45°, 90°, SFE, 0=100 (KKHC 2011)
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Non-ideal magnetospheres: 0°, 45°, 90°, GE paraiier, 0=20 (KKHC 2011)
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Non-ideal magnetospheres: 0°, 459, 90°, 75% of Eparanier (KKHC 2011)
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3D resistive relativistic MHD:
owards the real pulsar magnetosphere

182

00

Non-ideal magnetosphere with J=g.c (KKHC 2011
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3D resistive relativistic MHD:

intermittent pulsars

Frequency Residual (usec)

0.5

0.4

0.3

0.2

ON

" OFF

1 | 1
53000

L | L
53500
Date (MJD)

54000

Kramer et al. 2006; Lyne et al. 2010; Camilo et al. 2012
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3D resistive relaf

vistic MHD:

Intermitten

- pulsars
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3D resistive relativistic MHD:

intermittent pulsars
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3D resistive relativistic MHD:

intermittent pulsars
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Electrodynamics

Non-ideal MHD

Ideal + force-free MHD

. . « Yacuum

=)

on/ off
B1931+24: 1.5

J1832+0029: 1.7

Towards a realistic pulsar magnetosphere
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Electrodynamics

ideal / vacuum spindown = 3 -- infinity

Non-ideal MHD

ideal /non-ideal spindown ~ 1.5

Ideal + force-free MHD

. . « Yacuum

=)

on/ off
B1931+24: 1.5

J1832+0029: 1.7

Towards a realistic pulsar magnetosphere
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Electrodynamics

ideal / vacuum spindown = 3 -- infinity

Non-ideal MHD

ideal /non-ideal spindown ~ 1.5

J

Ideal + force-free MHD

. . « Yacuum

) ']:Qec off
-« E.B=0 on
on / off

B1931+24: 1.5
J1832+0029: 1.7

Towards a realistic pulsar magnetosphere
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Electrodynamics

. . « Yacuum

ideal / vacuum spindown = 3 -- infinity

Non-ideal MHD

J

ideal /non-ideal spindown ~ 1.5

Ideal + force-free MHD

) ']:Qec off
-« E.B=0 on
on / off

B1931+24: 1.5
J1832+0029: 1.7

J1841-0500: 2.5

Towards a realistic pulsar magnetosphere
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Electrodynamics

e eks N/l CLELLITN off

Non-ideal MHD

i ! vacuum work better for radio lags

© ]:Qec on

Ideal + force-free MHD

=)

on/ off
B1931+24: 1.5

J1832+0029: 1.7
J1841-0500: 2.5

Towards a realistic pulsar magnetosphere
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Prospects for the future

Physics:

Investigate resistivity prescriptions

Reconnection in current sheet

Radiation from “live” magnetosphere (radio, y-rays)
Spectrum, polarization

Numerics:

Adaptive Mesh Refinement
Pseudo-spectral methods
The ultimate simulation: PIC + MHD

Towards a realistic pulsar magnetosphere
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