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topics depends greatly on where one thinks the energy and the particles are.
Therefore, I mostly discuss questions of dynamics, and return to the emission
physics through the lens of the successes and problems of dynamical models
of rotation powered pulsars’ magnetospheres. Also, I emphasize results and
problems common to all pulsars. I will give an impressionistic rather than
a comprehensive review, more in the spirit of setting goals as I see them
rather than providing a scholarly survey1. I have focused on issues that can
be addressed by timing and by high energy photon observations. For a survey
of the current status of models of pulsar radio emission, see the article by
Usov in these proceedings.

2 Pulsar Electrodynamics: Follow the Energy

Astrophysical understanding comes from using observation and theory to �nd
and follow the 
ow of energy, mass and momentum in the macroscopic sys-
tems of interest. For pulsars, this has been a challenge. They are quintessential
\dogs that don’t bark in the night", with only a small fraction of the energy
they broadcast into the Universe appearing in directly observable forms. The
interpretation of the regular pulse periods from sources distant enough to
require stellar and sub-stellar luminosity in the radio (and in the infrared,
optical, X-ray and gamma ray) discovered by the radio astronomers led im-
mediately to the understanding that the observed periods are the consequence
of rotation of massive stellar 
ywheels (neutron stars). The steady lengthen-
ing of the pulse period, shown in Figure 1, led immediately to a permanently
successful model of that spindown, the electromagnetic torques exerted if the
stars are su�ciently well magnetized.

One can readily estimate the magnitude of such torques from the observa-
tion that rotation of a stellar magnetic �eld B induces a poloidal electric �eld
of magnitude E � (
r=c)Bp, with 
 = 2�=P and Bp the poloidal magnetic
�eld - from the point of view of the torque, that �eld is well approximated by a
dipole with dipole moment � = R3

�Bp. The winding up of the magnetic �eld as
the conducting star rotates requires the existence of a toroidal magnetic �eld
of magnitude B� � (
r=c)Bp . This E �eld corresponds to energy loss in a
Poynting 
ux cE�B=4�. If the electromagnetic energy density exceeds all the
material energy densities, one obtains the total energy loss _ER and therefore
the torque _J = _ER=
 by summing the Poynting 
ux over a sphere of ra-
dius RA, expected to be comparable to the light cylinder distance RL = c=
,
where the electromagnetic inertia B2=4�c2 causes the poloidal �eld to depart

1 Much of what I have to say derives from collaborations, most recently with Elena
Amato, Phil Chang, Niccolo Bucciantini, Eliot Quataert, Todd Thompson and
especially Anatoly Spitkovsky; in earlier years, with Ted Scharleman, Bill Fawley,
Colin Norman, David Alsop, Don Backer, Brian Gaensler, Yves Gallant, Vicky
Kaspi, Bruce Langdon, Claire Max and Marco Tavani. However, I am solely re-
sponsible for the views expressed in the subsequent pages.
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from the imposed stellar (dipole) �eld by an amount on the order of Bp itself.
Then RA is the smallest radius where B� becomes comparable to Bp, and
Bp � �=R3

A. Therefore

_ER � 4�R2

Ac
E(RA)B�(RA)

4�
�

�


4�2
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RL
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�2

: (1)

For radio emitting Rotation Powered Pulsars (RPPs), stars are known with
_ER = I
 _
 from as small as 1030 ergs/s to as large as 1039 erg/s - I is the

stellar moment of inertia, I � 1045 cgs for currently acceptable equations of
state for neutron stars.

Fig. 1. Observed RPP periods and period derivatives, from
Kaspi, Roberts & Harding (2006). \X" marks a pulsar with P; _P measured
from X-rays as well as radio observatons. The line � = 1012 Volts = 1 TV is the
locus in the P _P diagram where the rotation induced voltage drops to 1012 V,
clearly marking a boundary beyond which pulsar emission is unlikley

Modeling of RPPs has one great advantage over modeling of other compact
objects - observations of P; _P determine the energy supply, to within the
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uncertainties in the moment of inertia. In contrast, modeling of accreting
black holes always su�ers from major uncertainty as to whether the systems
are, or are not, accreting at a well determined rate, e.g., the Eddington limit.
This fact runs through much of what I discuss below - with the total energy
budget known, the e�ort turns to aspects of the machine’s physics at a level
of sophistication not sustainable in many other aspects of compact object
physics.

2.1 Force-Free Model: Heuristics

Expression (1) makes no reference at all to charged particles, and indeed the
�rst theories of RPP spindown (some invented before RPPs were discovered)
invoked the electrodynamics of a vacuum rotator as an explanation of the
observed _P (Deutsch 1955; Pacini 1967; Ostriker & Gunn 1969). Except for
geometric factors, vacuum theories yield expression (1), but with the special
addition that as the angle i � 6 (�; 
) becomes small, so does the torque,
in proportion to sin2 i. Application of this model to the spindown data for
normal RPPs yields dipole moments on the order of 1030 cgs, corresponding
to surface dipole �elds B� � �R3

� � 1012 Gauss for \normal" neutron stars2

Vacuum models have large electric �elds parallel to the magnetic �eld at
the stellar surface, a fact which led Deutsch (in the context of the oblique
rotator i 6= 0) to suggest that a vacuum rotator has to form a charged mag-
netosphere, as charged particles move from the surface to short out E � B.
Simultaneously with the appearance of the vacuum torque models after RPP
discovery, Goldreich & Julian (1969) independently made the same observa-
tion in the context of the aligned rotator. They went further to suggest that
a charge separated out
ow forms, creating a conduction current J = �Rv,
where �R is the charge density required to force Ek = E � B=B to zero,
�R = �
 � B=2�c + relativistic corrections. They also introduced the idea
that the magnetosphere is \force-free", that is, the electromagnetic energy
density is so large that all inertial, pressure and dissipative forces can be ne-
glected, a concept consistent with the fact that RPPs are non-barking dogs -
the large energy loss manifested in spindown does not appear in any radiative
emission associated with the magnetosphere (here de�ned as the region inte-
rior to RA, probably � RL.) Conceived of as a system which is strictly steady
in the corotating frame - after all, pulsars form superb clocks, therefore the
rotating lighthouse picture should apply, which it does, at least to averages of
many pulses - the 
ow of the charges decompose into any velocity parallel to B

2 \Normal" means neutron stars discovered via their \normal" radio emission, an
obvious selection e�ect. More recent discoveries, of millisecond radio pulsars and
of X-ray selected objects, have revealed neutron stars with magnetic moments
from � 1033 cgs down to \zero" in the X-ray burst sources, which e�ectively means
� < 1026 cgs (Kaspi, Roberts & Harding 2006). In particular, X-ray cyclotron
lines con�rm the existence of 1012 Gauss surface �elds.
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plus rotation 
 � r. The same charge density and velocity decomposition ap-
ply to the magnetohydrodynamic (MHD) model introduced by Michel (1969)
in the same year, with the di�erence that the MHD model assumes a density
large compared to �R=q. Charge separated/MHD out
ow and magnetospheric
dynamics occurs for densities equal to or less than/greater than
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if the particles have Larmor radii small compared to r. Here P100 = P=100
msec and �30 = �=1030 cgs. Interpreted as a particle out
ow, this density
corresponds to a particle loss rate

_NR = 4�R2

Ac
j�R(RL)j

e
=
IR

e
=
c�
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�30

P 2
100

s�1: (3)

The poloidal electric current IR is the current expected such that the induced
magnetic �eld becomes comparable to the dipole �eld at the light cylinder.
In Goldreich and Julian’s charge separated picture of the aligned rotator,
the charges in IR, composed of the charges in the fully charge separated
plasma 
owing parallel to the poloidal magnetic �eld, provides the support

for B� and the Poynting 
ux. � =
q

_ER=c = 1:3 � 1015�30=P
2
100

Volts is the

magnetospheric electric potential.
Observations of the synchrotron emission from young pulsar wind nebulae

(PWNe) (e.g. Rees & Gunn 1974; Kennel & Coroniti 1984; Gallant & Arons
1994; Gaensler et al. 2002) reveal particle injection rates _N (in the form of
electrons and - probably - positrons) corresponding to densities in a wind
out
ow n = _N=4�r2c (at distances much larger than RL) a factor of 103

and more larger than the density of the charge separated 
ow predicted by
the charge separated wind idea. Thus the nebular observations suggest MHD
models with a quasi-neutral plasma (which can only be electron-positron pairs,
see x3), appear to be a good starting place for understanding these systems.

2.2 Force-Free Model: Results

Thus the simplest idea is that a dense plasma exists everywhere in the mag-
netosphere and beyond, with the plasma energy density much lower than
B2=8� - for the young, high voltage pulsars, plasmas with energy density
remotely comparable to that of the EM �elds and still under the rotational
control of the stars would lead to pulsed photon emission orders of magnitude
greater than what is observed. The force free idea was elegantly formulated in
the early 70s in the \pulsar equation" for the aligned rotator (Michel 1973a;
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Scharlemann & Wagoner 1973), a variation of the Grad-Shafronov equation
familiar from the theory of magnetic con�nement (Bateman 1978):

�
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Here  is the magnetic 
ux, with the poloidal magnetic �eld related to  by
Bp = �$�1�̂ � r , $ is the cylindrical distance from the rotation (z) axis,
while the toroidal magnetic �eld is B� = I( )=$, with I the current enclosed
within a circle around the z axis of radius $. These �elds are supported
by charge and current densities all derivable from  , once a solution of (4)
is determined. The electromagnetic structure of this non-pulsing model was
(and is) thought to capture the essence of what is needed to make a full,
oblique rotator model. The model says nothing about particle energetics -
thus it, and its oblique rotator descendants, provides a geometric platform
and an accounting of the dominant electromagnetic energy 
ow tapped by
the subdominant dynamical processes that lead to the observable emissions.
In particular, it does provide a basic model for the invisible processes that
lead to pulsar spindown.

Solution of (4) in the simplest relevant case (a star centered dipole with
rotation axis parallel to the magnetic moment) has taken a remarkably long
time. Solutions appeared immediately for a) a strictly co-rotating magneto-
sphere I( ) = 0, which is not relevant since it does not spin down (this dog
really doesn’t bark!) and implies particle motions faster than the speed of
light at $ > RL and b) a star centered monopole, with an elegant result
obtained by Michel (1973b) whose most important element is the poloidal
current function

I( ) = c�
 

 0

�

2 0 �  

 0

�

; (5)

where  0 � �$2
cap(2�=R3

�) � (�=RL)(RL=RY ) is the open magnetic 
ux in
one hemisphere of the monopole - RY is the equatorial radius of the Y point
in the magnetic �eld which marks the largest extent of the closed magnetic
�eld lines in the rotational equator, $cap � (R�=RY )1=2 is the cylindrical
radius of the magnetic polar cap, and  0 = RY � = �=RY . Finding these
solutions required inspired guessing of I( ). In the years between 1973 and
1999, many attempts were made to solve (4) by guessing various forms for
I( ) and applying ever more clever analytic techniques to this fundamentally
non-linear model. None yielded anything credible - see Mestel (1999) for a
summary of much of this work.

The situation changed when Contopoulos et al. (1999) took seriously the
nonlinear eigenvalue and eigenfunction character of (4) and its associated
boundary and regularity conditions and successfully applied an iterative nu-
merical technique to �nd B and I( ) to produce a result with E � B = 0
and E2 � B2 < 0 everywhere - the latter condition is required if the model
is to be taken seriously as a representation of a physical magnetosphere,
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since the E � B velocity must be subluminal, for a physical model3. This
solution, in which the last closed �eld line is assumed to have equatorial
radius equal to RL, has been reproduced with increasing numerical accu-
racy by Gruzinov (2005), McKinney (2006), Timokhin (2006) and Spitkovsky
(2006). It exhibits a number of long expected features (Michel 1975). In par-
ticular, the last closed �eld line has a Y-type neutral point on the equator,
with return current 
owing (mostly) in an unresolved current sheet along
the boundary of the closed zone, then extending as an equatorial current
sheet to radii $ > RY . Figure 2, taken from Timokhin (2006), shows the
poloidal magnetic geometry of the aligned rotator. The solution illustrated
has  0 = 1:23�=RL, in the case RY =RL = 0:992, in excellent agreement with
Gruzinov (2005) and with Contopoulos et al. (1999), who assumed RY = RL

exactly. All authors agree on the spindown energy losses of the aligned rotator,
_ER = k
4�2=c3; k = 1 � 0:1.

As predicted by Michel (1974), the asymptotic structure (r =
p
$2 + z2 �

RL) approaches that of the (split) monopole, as appears most clearly in
McKinney’s and Timokhin’s results. Thus the poloidal current 
ow is almost
that of the monopole, a point discussed further below. Also, as shown by
Goodwin et al. (2004), Contopoulos (2005) and Timokhin (2006), the steady
state force free magnetopshere has a whole range of possible solutions, param-
eterized by RY =RL � 1.

Fig. 2. Left: Cartoon of the aligned rotator’s magnetosphere, showing the primary
polar current and the return current 
owing along the separatrix a the equatorial
current sheet. The anti-aligned case, with � anti-parallel to 
 is shown. The aligned
case has the same topology, with the sign of the current 
ows reversed. Right:
Field lines (magnetic 
ux surfaces) of the aligned rotator solution, for the case
RY = 0:992RL

3 E2 � B2 > 0 is possible, in principle. However, in the absence of losses particles
then accelerate to energy � q� in distances not greater than RL In the younger
pulsars, the acceleration becomes radiation reaction limited, implying radiation
emission from RPPs far in excess of what is observed.
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By solving the time dependent force free equations, Spitkovsky (2006)
showed that the force-free magnetosphere evolves with RY ! RL, starting
from a static vacuum magnetic dipole on a star instantaneously set into rota-
tion with angular velocity 
; at t = 0, the electric �eld on the stellar surface
was set equal to �(
 � r) � B. The rate of approach of RY to RL depends
on the arti�cial resistivity used to control singular behavior at current sheets.
Komissarov (2006) and Bucciantini et al. (2006) found similar results using
a relativistic MHD model (i.e. inertial forces included). Spitkovsky’s method
allowed the current sheet to have an arbitrary shape. Thus, he also succeeded
in �nding the force free solution for arbitary i; the resulting 3D model of the
magnetic �eld appears in Figure 3. Within the assumption of a magnetosphere
everywhere �lled with plasma of density su�cient to short out parallel elec-
tric �elds (and no physics that might support such electric �elds in a plasma
of density greater than j�Rj=e), a full solution for the electromagnetic struc-
ture of the RPP’s magnetosphere (both aligned and oblique rotators) is now
available, after 38 years of discussion. Spitkovsky’s result,

_ER = k
�2
4

c3
(1 + sin2 i); k = 1 � 0:1; (6)

contains all the aligned rotator studies as a special case. As is clear from Figure
3, the magnetic topology of the oblique rotator (closed �eld lines terminating
at a Y line, current sheet extending from the Y line separating regions of
oppositely directed �eld in the wind) is a rotationally distorted version of the
simpler aligned rotator geometry.

Fig. 3. Left: A snapshot of a force free simulation of a RPPs magnetosphere, for
r < 2RL (from Spitkovsky 2006). Right: Total current (c=4�)r � B, the sum of
conduction and displacement currents.
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2.3 Beyond the Force-Free Model: Plasma Sighs and Whispers

Until recently, the magnetosphere was assumed to have RY = RL, an assump-
tion consistent with the observation that radio emission from low altitude
appears to occupy a polar 
ux tube which, if modeled as being in a static vac-
uum dipole’s geometry, is bounded by a closed zone which appears to extend
to the light cylinder (Rankin 1990; Kramer et al. 1998), i.e., have a polar cap
opening angle �c = (R�=RY )1=2 with RY = RL; of course, the observations
and the simpli�ed model do not come close to proving that RY = RL, or even
that static dipole model for the B �eld is accurate all the way to r = RY . But
if RY =RL � 1 is some constant, then since RL increases as the pulsar spins
down, there must be net conversion of open �eld lines to closed �eld lines
(transfer of open magnetic 
ux to closed 
ux) on the spindown time scale.
This topological change requires reconnection and a violation of ideal MHD,
at least in local regions - the likely culprit is the Y-line and the current sheet,
as has been observed by Contopoulos (2005) and Contopoulos & Spitkovsky
(2006). Having made this observation, Contopoulos (2005) suggests that for
pulsars near the death line in Figure 1, reconnection proceeds sporadically -
the magnetosphere \coughs" - because of failure in the supply of plasma from
the polar cap accelerator and pair creation region - see x3. He applies this idea
to a scenario for the major outburst observed in the magnetar SGR1806-20
on December 27, 2004 (Hurley et al. 2005; Palmer et al. 2005).

In fact reconnection is likely to have an unsteady, \bursty" character for
all pulsars4 - the magnetosphere should be noisy at some level all the time.
Figure 4 shows a snapshot of the magnetosphere of a rotating neutron star
with large plasma supply, taken from Bucciantini et al. (2006). This relativis-
tic MHD (not force-free) model was designed to represent the wind from a
young, rapidly rotating magnetar, with the wind driven by the enormous
thermal pressure at the neutron star’s surface. The wind, formed by plasma

owing out on open �eld lines, converges on the equatorial current sheet.
That convergence causes driven reconnection, operating in a bursting mode -
the sheet forms \plasmoids", islands of reconnected poloidal �eld with closed,
O-point magnetic topology5 which 
ow away at the local Alfven speed, � c.
Numerical resistivity in the code provided the dissipation required to allow the
transformations of �eld topology shown - the GEM study of non-relativistic
reconnection (Birn al. 2001) demonstrated that any non-ideal e�ect allows
rapid driven reconnection with in
ow velocity into the separatrix (the current
sheet separating the closed �eld from the open �eld regions in Figures 2 and
3) being (0:1 � 0:2)vA, outside the restrictive bounds of incompressible MHD
with uniform resistivity. Note that the reconnection sporadically transforms
the Y-line into a X-line, with the current sheet then containing a series of
dynamical X-lines, all leaving the star - Lyubarsky’s (1990) objection to the

4 Reconnection measured in the laboratory and in space plasmas, and observed in
solar plasmas, does occur with bursty, often explosive, behavior.

5 In these axisymmetric models, the islands are magnetic torii.
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formation of a stationary X-line (the �eld lines inside the separatrix on the
open side of the X-line are not anchored to the magnetosphere) is answered
simply by the fact that the plasmoids indeed are not anchored to the magne-
tosphere and 
y away, but constantly reform. The Poynting 
ux was found to
be time dependent, 
uctuating around the mean by � 30%.

The Bucciantini et al. model was not designed speci�cally for classical
RPPs, or for magnetars in their currently observed state - future work on
reconnection in con�gurations with electron-positron plasma, where the Hall
e�ect, so important in the nonrelativistic studies, is absent (and is replaced ei-
ther by pressure anisotropy as the facilitator of rapid reconnection, as pointed
out by Bessho & Bhattacharjee 2005, or by particle inertia), in a state sug-
gested by the models of plasma supply in RPPs’ magnetospheres, are required
to quantify this \noisy magnetosphere" picture. In particular, extending such
modeling to the full 3D rotator in strongly magnetized MHD has not yet been
done. Also, it remains to be demonstrated that noise in the current sheet at

Fig. 4. Left: Magnetic structure of a relativistic magnetosphere with mass out
ow,
in a case when the magnetic pressure at the light cylinder exceeds the relativistic
plasma inertia by a factor approaching 20, a record high for MHD calculations.
The contours represent poloidal magnetic �eld lines, while colors represent the ratio
B�=Br. Reconnection have been arti�cially suppressed. Middle: Snapshot of the
magnetic structure when the reconnection components of the electric �eld are not
suppressed. Reconnection occurs because of numerical resistivity introduced by the
�nite di�erence scheme. Plasmoids emerge along the equatorial current sheet, grow
and 
ow out at the local Alfven speed (� c). Right: Blow up of the plasmoid
structure.
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and beyond RY communicates back to the inner magnetopshere and the star,
through (kinetic) Alfven waves traveling back along �eld lines at and near the
separatrix (see x3).

But if this picture does apply to RPPs, it has a number of consequences
for observables and outstanding questions, some of which I touch on further
in x3. From the point of view of the basic energetics embodied in spindown,
the 
uctuating Poynting 
ux may imply a 
uctuating torque. Noise in pulsar
spindown has been known since the early days - it limits the ability to time
pulsars coherently. If the magnetic �eld interior to but near RY 
uctuates
by tens of per cent on time scales comparable to the rotation period, and
these 
uctuations represent variations in the poloidal current that communi-
cates stress to the star, then the torque is noisy with magnitude the same as
is inferred from representing the observed random walks in the rotation fre-
quency (Helfand et al. 1980; Cordes 1980; Cordes & Helfand 1980) as being
the consequence of white noise in the electromagnetic torque (Arons 1981b -
reconnection may provide the mechanism for magnetopsheric instability and
torque 
uctuations that was not speci�ed in this early attempt at scenario
building).

Magnetospheric noise opens the possibility that RY =RL evolves. One can
readily show (Bucciantini et al. 2006) that the braking index, de�ned as n =
�
 ��
= _�
2 (with averages indicating the usual average over subpulses taken in
measuring pulsars’ periods, here taken to be the same as an average over
plasmoid emission and torque 
uctuations), in a magnetosphere with evolving
RY =RL but �xed � and i, is

n =
�
 ��

_�
2

= 3 + 2
@ ln

�

1 + RY

RL

�

@ ln �

: (7)

Braking indices less than 3 (Livingstone et al. 2005 and references therein)
thus may indicate a progressive lag of the closed zone’s expansion, measured
by the radius of the Y line, behind the expansion of the light cylinder as a
pulsar spins down.

This is hardly the only thinkable explanation of n < 3. Magnetic moment
evolution has long been advocated as the origin of small braking indices,
going back to the crustal �eld growth model of Blandford et al. (1983) - which
doesn’t actually work in those authors’ formulation, the threshold for growth
set by crustal resistivity is too high - to Ruderman’s model for growth of
�? = � sin i /

p
P due to interaction of interior magnetic 
ux tubes with the

quantized vorticity of the super
uid interior (e.g., Ruderman 2006). When
combined with expression (6), this model yields

n =
3 + 4 
0


 tan2 i0

1 + 2 
0


 tan2 i0
; (8)

where 
0; i0 are the angular velocity and obliquity at the time when the
arrays of quantized magnetic 
ux tubes and vortex tubes have both formed,
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thought to be perhaps 103 years after the neutron star’s birth. This model
can produce any braking index between 2 and 3.

Fig. 5. A series of individual pulses from PSR B0943+10 (center). The average pulse
is shown in the bottom panel, as a function of pulse number and longitude, with
360� or longitude corresponsing to one rotation of the star. This star shows organized
drifting of the pulses through the pulse window. From Deshpande & Rankin (1999).

Fluctuations and oscillations in the corotating frame of the currents at
the light cylinder also o�er a possible explanation for the long known fact
that pulsars are 
ickering lighthouses. The well-known pulse stability that
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allows exquisitely precise timing applies to average pulses, formed by sum-
ming hundreds to thousands of individual pulses. However, individual pulses
arrive with at varying times within the pulse window, usually at random in
those pulsars with \core" emission characteristics, and either at random or
with an organized drift of the arrival times through the pulse window, in
stars with \conal" emission characteristics (see Rankin 1983 for pulsar beam
classi�cation). Figure 5 shows an example of pulse to pulse variability. Typ-
ically one or at most two pulse components are within the pulse window at
any one time, suggesting the individual pulse variability time is on the order
of the rotation period. That time scale is consonant with the Alfven wave
transit time from the low altitude emission region to the radius of the Y-line,
where current 
uctuations are formed, a coincidence suggesting the subpulse
variability (both random and drifting) is a consequence of current variations
created by activity in the outer magnetosphere (Arons 1981b). In this picture,
drifting and chaotic subpulses are both the consequence of the same dissipa-
tive dynamics of the currents coupling the magnetosphere to the wind, with
drifting subpulses re
ecting limit cycle behavior of magnetospheric reconnec-
tion while chaotic subpulses represent a more random, bursty behavior of the
�eld lines topological changes. Objects such as PSR B0943+10, in which tran-
sitions from organized drifting to chaotic single pulse behavior and back are
observed (Rankin & Suleymanova 2006), are particularly telling laboratories
for investigation of the connection between current 
ow and pulsar emission,
and thus o�er insight into magnetospheric dynamics.

2.4 Electrospheres?

There is, however, a ghost hiding inside the force-free/MHD magnetospheric
machine. These theories assume that a plasma dense enough to enforce Ek = 0
is present everywhere in the magnetosphere, an assumption which relies upon
the pair creation physics summarized in x3. Pair creation assumes relativistic
beams contribute a substantial fraction - possibly all - of the electric cur-
rents embodied in the force-free and MHD models, since only these beams
can (plausibly) emit the gamma rays that convert to e�. One can think of
pair creation as an instability of the current 
ow originally hypothesized in
the fully charge separated scenario of Goldreich & Julian (1969). But, as was
recognized not long after the charge separated out
ow scenario was suggested,
the charge separated wind model must fail, so long as charged particle 
ow
across �eld lines is forbidden - many �eld lines of a dipole (not a monopole)
must pass through a surface where 
 � B = 0. The charge (and plasma) den-
sity of the charge separated medium on the exterior (larger) radius side of this
\null surface" has sign opposite to that of the plasma that can be supplied
from the stellar surface by particle motion parallel to B. The plasma in this
exterior region has no source, if the only allowable charged particle motions
are sliding along the magnetic �eld plus bulk 
ow E � B drift (Holloway
1973, 1975). Thus, one expects such a magnetosphere to open large gaps, and
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probably have no charged particle wind - certainly no wind with particle 
ux
greatly in excess of _NR = c�=e.

Such \electrospheres" (Krause-Polstor� & Michel 1985) do not appear to
be unstable to pair creation (Petri et al. 2002a), thus do not collapse to the
plasma �lled state hypothesized in the force free models, by pair creation
alone. However, they are unstable to cross �eld transport even without pair
creation. A large gap separates the equatorial regions of the electrosphere from
the stellar surface, leading to di�erential rotation of the equatorial plasma.
This di�erential rotation is subject to the diocotron instability - a variation of
a Kelvin-Helmholtz instability (Spitkovsky & Arons 2002; Petri et al. 2002b).
Simulations (Spitkovsky & Arons 2002; Petri et al. 2003; Petri 2007) suggest
the resulting time dependent (in the corotating frame) E � B drifts create
cross-�eld \di�usion" which may relax the charge separated magnetosphere
to something approximating the state envisaged by Goldreich and Julian.
Expansion of the equatorial plasma is illustrated in Figure 6.

Bottoms-up models based on these results have not been investigated.
The fact that young pulsars supply their nebulae with particle 
uxes greatly
in excess of _NR lends support to the perhaps more practical view that the
�lled magnetosphere model has consequences in reasonable accord with ob-
servations of high energy pulsed emission and of pulsar wind nebulae, thus
deserves the main focus of scienti�c attention. Such models may have charge
separated current 
ows possibly unstable to pair creation.

The force free solutions and their possible extensions have a number of im-
plications for emission models, and for the pair creation models that underlie
the emission physics.

2.5 Magnetic Geometry of Radiating Layers

The oblique rotator solution determines a polar cap/polar 
ux tube size and
shape. These are noncircular, and have centroid displaced from the magnetic
axis (Spitkovsky, personal communication). Such changes in magnetic geom-
etry from the conventional assumptions need to be folded into radio beaming
and polarization, and polar cap X-ray emission models, which often invoke ad

hoc changes in polar cap size and shape, perhaps created by surface anomalies
in the surface magnetic �eld (e.g., Melikidze et al. 2006), in order to explain
departures from the simplest, static dipole geometry. The need for such extra
parameters in the models needs to be evaluated in the context of realistic
magnetic geometry of the rotating dipole.

The surface of last closed �eld lines (the separatrix) and of the return
current 
owing along that separatrix has been determined within the force-
free approximation. Particle acceleration in gaps (regions of low density where
a parallel electric �eld Ek = E � B=B forms because of charge starvation
below the Goldreich-Julian density) on the open �eld lines close to this surface
has been advanced as the origin of the pulsed gamma rays observed from
a small number of pulsars (Muslimov & Harding 2004; Hirotani 2006 and
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references therein) by the EGRET experiment (Thompson 2000) and by other
high energy detectors, with a substantial increase in the population observed
expected with the launch of the GLAST telescope (McLaughlin & Cordes
2000).

Fig. 6. Spreading of the equatorial charged disk in the electrosphere of an aligned
rotator under the in
uence of the diocotron instability, from a PIC simulation of the

ow, from Spitkovsky & Arons (2002). The �gure shows a series of snapshots of the
disk’s density in the rotational equator of the neutron star, which �lls the central
circle - the spatial scale is in units of computational cells, with 10 cells equaling one
neutron star radius. The time sequence goes from left to right, with the lower row
following the upper row. The simulation begins with the small disk of the equilib-
rium electrosphere. At later times the disk spreads and develops nonaxisymmetric
rolls and �ngers, characteristic of Kelvin-Helmholtz instabilities, to which diocotron
instability is closely related.
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Fig. 7. Location of proposed charge starvation gaps in the magnetopshere,
employed in models for pulsed high energy emission. Left: slot gap model of
Arons & Scharlemann (1979); Arons (1983b); Muslimov & Harding (2003, 2004);
�gure from Muslimov & Harding (2003). Right: classical outer gap geometry of
Cheng, Ho & Ruderman (1986); Chiang & Romani (1994); Romani & Yadigoroglu
(1995); Romani (1996); �gure from Hirotani (2006)

These models use magnetic geometry borrowed from the vacuum oblique
rotator, with plausible but ad hoc prescriptions for the shape of the sepa-
ratrix and for the choice of �eld lines assumed to participate in the gap.
Strictly steady 
ow (and therefore electrostatic accelerating electric �elds in
the corotating frame) are assumed, with a variety of higher order drift e�ects
included on the high energy particles’ orbits, in order to capture the rather
highly re�ned beaming dynamics at large radius, including pulse structure
controlled by caustic formation through delicate cancellations of aberration
and light travel time with �eld line sweep back along a last closed 
ux sur-
face of assumed form (Dyks & Rudak 2003). Manipulation of a variety of free
parameters (especially the thickness of the assumed accelerating layer) allows
�ts of the resulting radiation spectra and pulse pro�les to observations with
greater or lesser success. Since such geometric constructions are sensitive to
the exact form of the geometry guessed, a fruitful exercise would be to place
such models, or alternates such as the gapless model involving the return cur-
rent itself outlined below, in the context of the force-free solutions, where the
location and shape of the separatrix is not a free function, or is a function
only of RY =RL. At the very least, such model construction would be a step
toward probing the basic structure of the magnetosphere, a task made possi-
ble since all the phenomenological gap models contain parallel voltage drops
��k =

R

Ekds small compared to �, therefore allowing the force-free theory
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to be a good zeroth order platform for parallel accelerator and radiation model
construction.

2.6 Current Flow Pro�le and Gap Electrodynamics

The force free electrodynamic solutions also exhibit an important result
which a�ects all the gap models constructed for the last 30 years, starting
with the vacuum surface and outer gaps of Ruderman & Sutherland (1975);
Cheng, Ho & Ruderman (1986) and their many successors, as well as the
space charge limited 
ow beam models, both with and without slot gaps, of
Arons & Scharlemann (1979); Arons (1981a, 1983b) and the many successors
of this modeling idea.

All these schemes embody the idea that Ek appears as a result of the
magnetosphere’s attempt to restore charge neutrality in the co-rotating frame
by accelerating non-neutral beams of particles with density comparable to
the Goldreich-Julian density �R=q, with that adjustment to perfect charge
neutrality in the corotating frame being incomplete - an Ek due to charge
starvation. In such con�guations, the �eld aligned current Jk = J � B=B
adjusts to a value controlled by the local electrostatics of the hypothesized
region of charge starvation, not to a value determined by the energetically
dominant magnetospheric dynamics.

For currents emerging from the star’s atmosphere, the accelerating Ek ap-
pears from the gravitational depletion of density below the Goldreich-Julian
value, due to the low temperature and low radiation pressure which prevents
the �lling of the magnetosphere and formation of a wind with a charge neutral
plasma pushed up by pressure and centrifugal forces from the stellar surface.
The current supplies the charge needed to support a polarization electric �eld
which (almost) cancels the vacuum �eld. The residual (\starvation") electric
�eld still supports enough of a voltage drop to allow the accelerated parti-
cles to emit gamma rays that can convert to electrons and positrons. The
resulting gap structure, elaborated assuming strictly steady 
ow in the co-
rotating frame, thus enforces a current density almost uniform with distance
from the magnetic axis, with value close to the canonical value c�R. Since
this current �lls (almost) the whole polar cap, the total current from a polar
cap is I � c�R�r

2
cap � c(
Bcap cos i=2�c)�R3

�=RY = c�, which suggested
that such a gap might be an element of the magnetospheric circuit, although
with the peculiar property that the charge density (and therefore the current
density) is an eigenfunction of the local electrostatics. The return current is
not included in these local acceleration models, being explicitly or implicitly
assigned to the current sheet.

Such local determination of Jk is not what one expects on energetic
grounds, since the current density re
ects the induced magnetic �eld, through
which all the spindown energy loss 
ows. That energy 
ow is much larger
than the energy 
owing through the proposed electrostatic accelerator, which
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is thought of as a small perturbation of the force-free structure. In the ab-
sence of further information from full magnetospheric solutions, or speci�c
features coming from phenomenological models of radio or high frequency
pulse obsevations which characterize the current 
ow in more detail, the hope
expresssed by the approximate correspondence between the total gap current
and the current of the magnetsopheric circuit has stood unchallenged6.

For outer gaps, whose morphology appears in Figure 7, the current density
is also established by the e�ect of pair plasma shorting out the starvation Ek ,
since within the gap counterstreaming electron and positron beams coexist,
with acceleration ceasing at the end points where the pair density rises to be
approximately equal to the Goldreich-Julian density - or not at all, along �eld
lines closest to the (assumed) conducting boundary formed by the last closed
�eld line, where pair creation is weak, for reasons traceable to the assumed
geometry. Figure 8 shows the place outer gaps might have in a hypothetical
picture of the global circuit. The starvation electric �eld can be sustained
only if the e� beams have density not exceedingc� R =e, therefore the current
density necessarily approximates the Goldreich-Julian current density. Since
the gap must be thin in the poloidal direction acrossB (otherwise the photon
emission from the gap would not make a narrow pulse, the express purpose
for which the gap model was designed), the total gap current has to be small
compared to the magnetospheric current - outer gaps cannot close the whole
magnetopsheric circuit, if they are to have any pretensionsas a successful
model for pulsed gamma rays. Their biggest success, which they share with
the slot gap model, is the assignment of the radiating geometry for gamma
ray pulsars to a thin sheet which closely follows the last closed 
ux surface of
the oblique rotator.

Outer gaps, as regions of �eld aligned acceleration relyingupon starva-
tion electric �elds, can occur only on �eld lines not supplied with a dense
plasma either from the polar caps, as comes from the polar andslot gap space
charge limited acceleration region, or from the recirculation of polar out
ow
by reconnection 
ows in the vicinity of the Y-line. Also, the outer gap, if it
exists, sends almost all of its pair plasma back to the stellar surface, rather
than supplying the wind (Hirotani 2006). Thus the outer gap has a hard time
being a major supplier of the known large (_N � � _NR ) particle 
uxes known
to be injected into the young Pulsar Wind Nebulae, as discussed further in
x3. Outer gaps also run the risk of supplying too much energy inprecipitat-

6 That one might be able to use observations to probe the current 
ow structure has
been an almost untouched subject. One of the few counterexamples was provided
by Hibschman & Arons (2001a), who pointed out that thin retur n current layers
might create observable signatures in the radio polarizati on data. Their predicted
signature of the return current layer may have been seen in PSR J1022+1001
(Ramachandran & Kramer 2003).
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