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ForceForce--free magnetospherefree magnetosphere
Goldreich & Julian 1969
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• In vacuum E|| >> Fgrav at NS 
surface

• Vacuum conditions (Deutsch 
1955) cannot exist!

• If charge supply creates 
force-free conditions,

• Goldreich-Julian charge 
density

• Corotating dipole field
• NO particle acceleration
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Polar cap acceleratorsPolar cap accelerators
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• Space charge limited flow (SCLF)

• Vacuum gap
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SCLF Pair Formation FrontSCLF Pair Formation Front

Closed field 
region

• Curvature 
radiation pair front

complete screening

• ICS pair front

incomplete screening
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Polar cap heatingPolar cap heating
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Slot gap modelSlot gap model
• Pair-free zone 

near last open 
field-line
(Arons 1983, Muslimov & 
Harding 2003, 2004)

Slower acceleration
Pair formation front at 

higher altitude
Slot gap forms 

between conducting 
walls

• E|| acceleration is 
not screened || 0E =



Slot gap width:

Slot gap Slot gap energeticsenergetics
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High energy High energy ““luminosityluminosity”” from slot gapsfrom slot gaps
34 1 1 3/ 7 5/ 7

,35 0.12 10prim
SD

SG

L
erg s ster L P− −≈ ×

Ω



Which pulsars have slot gaps?Which pulsars have slot gaps?

Only the younger 
pulsars above the 
death line for 
production of 
curvature radiation 
pairs will have 

SLOT GAPS

Harding, Muslimov & Zhang 2002

Older pulsars below
the death line for 
production of 
curvature radiation 
pairs will have 
unscreened E|| and

NO SLOT GAPS



near the surface
not efficient screening

Ne2/Ne1 = 10-3-102

Sturner & Dermer ‘94
Hibschmann & Arons ’01

higher above the surface
E// screening  
Ne2/Ne1 = 10-104

Daugherty & Harding ’82

Zhang & Harding ‘00
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Traditional PC ModelTraditional PC Model (Daugherty & Harding 1996)

10-6 10-5 10-4 10-3 10-2 10-1 100 101 102 103 104 105 106

10-9

10-8

10-7

10-6

10-5

10-4

10-3

Energy (MeV)

M
eV

 c
m

-2
 s

-1

EGRET
COMPTEL
OSSE
RXTE 
CANGAROO
OPTICAL
ROSAT

VELA PULSAR

PC Model
Daugherty & Harding 1996

•• Acceleration artificially placed at r = 3 RAcceleration artificially placed at r = 3 R
•• Assumed PC rim enhancementAssumed PC rim enhancement
•• αα = 10= 1000 to generate broad pulse profileto generate broad pulse profile
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Polar cap/low altitude slot gap



High altitude slot gap
(Muslimov & Harding 2004)



High altitude slot gap - radiation

Curvature
Balance CR losses with acceleration gain

Steady-state Lorentz factor

Curvature radiation peak energy:

Synchrotron
Cyclotron resonant absorption of radio photons 
(Lyubarsky & Petrova 1998)

Steady-state: SR losses balance acceleration and 
resonant absorption
(Harding et al. 2005)

Inverse Compton
Scattering of radio photons
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Special Relativistic EffectsSpecial Relativistic Effects

•• AberrationAberration

•• TimeTime--ofof--flight delaysflight delays

•• Retardation of magnetic fieldRetardation of magnetic field
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Magnetic field retardation: distortion of polar capMagnetic field retardation: distortion of polar cap

Arendt & Eilek 1998
Dyks & Harding 2004

Deutsch 1955 
Yadigaroglu 1997

/rt t r c= −



Projected field lines Projected field lines 
from single polefrom single pole

Yadigaroglu 1997

… and travel time delay

plus aberration plus aberration ……

Sweepback only Sweepback only ……



Caustic emissionCaustic emission Morini 1983 

•• Particles radiate along last open field line from polar cap Particles radiate along last open field line from polar cap 
to light cylinderto light cylinder

•• TimeTime--ofof--flight, aberration and phase delay cancel on flight, aberration and phase delay cancel on 
trailing edge       emission from many altitudes arrive in trailing edge       emission from many altitudes arrive in 
phase          phase          causticcaustic peaks in light curvepeaks in light curve



Formation of causticsFormation of caustics



Caustic emissionCaustic emission
•• Dipole magnetic fieldDipole magnetic field
•• Outer edge of open volumeOuter edge of open volume

Emission on trailing field linesEmission on trailing field lines
•• Bunches in phaseBunches in phase
•• Arrives at inertial observer Arrives at inertial observer 

simultaneouslysimultaneously

Emission on leading field linesEmission on leading field lines
•• Spreads out in phaseSpreads out in phase
•• Arrives at inertial observer Arrives at inertial observer 

at different timesat different times

Formation of causticsFormation of caustics



HighHigh--altitude slot gap altitude slot gap -- geometrygeometry

Problem: 

Reversals of E|| on 
some field lines

Two-pole caustic geometry

->  good pulse profiles for large α and ζ
(Dyks & Rudak 2003, Dyks et al. 2004)



Slot gap radiation
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(Muslimov & Harding 2004)But CR alone But CR alone 
does not give does not give 
the right the right 
spectrumspectrum



High energy spectrum of J0218+4232 in 2D
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Synchrotron radiation Synchrotron radiation 
from resonant absorption from resonant absorption 
of radio emissionof radio emission

((LyubarskyLyubarsky & & PetrovaPetrova 1998)1998)

Curvature radiation Curvature radiation 
from high altitudesfrom high altitudes

Unscreened acceleration Unscreened acceleration 
--> radiation reaction > radiation reaction 
limited particle energylimited particle energy

Harding, Usov & Muslimov 2005



Radio beams of fast pulsars

• High altitude (Kijak & Gil 2003)

• Flat polarization swings (RVM)    
(Johnston & Weisberg 2006, 
Crawford et al. 2003)

• Wide cone beams (Manchester 1996)
With distortion by relativistic effects

(Gonthier et al. 2006)

Line 
of 
sight

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

-100.0

-50.0

0.0

50.0

100.0

9.00

-3.00

-0.10

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

Pulse Phase (radians)

-100.0

-50.0

0.0

50.0

100.0

P
os

iti
on

 a
ng

le

3.00

β = -30

β = -0.10

β = 30

β = 90

0.07 0.7 0.26
15.01radio LC GHzr r P P ν− −

−≈ �

1.3 1

1.8 1

16 for 0.7
6.3 for 0.7

GHz
core to cone

GHz

P P s
R

P P s
ν
ν

−

− − − −

⎧ <
= ⎨

>⎩



Radio profile of J0218+4232
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Use core and cone beams 
(Arzoumanian et al. 2002) with 
radius-to-frequency mapping 
(Kijak & Gil 2003)
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High energy emission of J0218+4232 in

Radio

Chandra

RXTE

EGRET

CR

SR

Stern, Dyks, Frackowiak,Harding, in prep



Radio caustic emission?Radio caustic emission?
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Multi-wavelength profiles of γ-ray pulsars
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Additional components appear 
at frequencies above 2 GHz
(Moffett & Hankins 1996)
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Open questionsOpen questions
•• What are the boundary conditions on charge flow?What are the boundary conditions on charge flow?

•• SCLF or vacuum?SCLF or vacuum?
••

•• What is EWhat is E|||| in high altitude slot gap?in high altitude slot gap?
•• Will distorted field lines avoid sign reversals?Will distorted field lines avoid sign reversals?
•• Simulation of cross field particle motionsSimulation of cross field particle motions

•• Connection of pair cascades toConnection of pair cascades to
•• Radio emissionRadio emission
•• Wind flow/solutionsWind flow/solutions

•• Slot gaps or outer gaps?Slot gaps or outer gaps?

GLAST

0B orΩ > <i

MAGIC



TwoTwo--pole caustic and pole caustic and 
outer gap modelsouter gap models

Vela

Dyks & Rudak 2003
Dyks, Harding & Rudak 2004



Profiles of millisecond pulsarsProfiles of millisecond pulsars

X-ray peaks (mostly) in 
phase with radio peaks

XX--RayRay

RadioRadio

PSR J0437-4715

PSR B1937+21

PSR B1821-24PSR J0218+4232



Pulsar highPulsar high--energy emission modelsenergy emission models
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