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1) Pulsars: observational overview

2) Pulsar electrodynamics: theory

4) Formation of magnetospheres: experimental theory

)
)
3) Application to observations: minding the gaps
)
5) Conclusions




Tiiz Niszoizry.
. _Fj !j: “_ ,.-:'-f- 1973 = i h{fﬁ?-_“‘}

E k- ik .
g B e e i s et e s AL SR LU

T AT s ATRE R

SSuTPE FETSSL L ] T T

AF e hiyr Wi

Jocelyn Bell

& lony Hewish
discover a periodic
exira-terrestrial
signal of 1.337 s at
posifion:
RA 19:19:36
DEC +21:47:16




Pulsars are neutron stars, born in supernova explosions

The Crab Nebula

In the year 1054 A0, Chinese astronomers were startled by the appearance of a
new star, 50 bright that it was visible in broad daylight for several weeks. Today, the
Crab Nebula is visible at the site of this violent stellar explosion, In this view,
NASA's Hubble Space Telescope has zoomed in on a portion of the Crab lo
reveal its detailed struchre

Located about 2 kpe (6,500 ly) from Earth in the direction of the
constellation Taurus, the Crab Nebula is the remnant of a star that
began its life with about 8-10 times the
Such a massive star consumes ils nuclear fuel so rapidly
that it lives only about 50 million years before exploding
For this star, the end came on July 4, |

ass of our Sun.

a5 4 supemay
The explosion was essedd as a naked-eye

Chinese astronomers, and is also depicted in rock

native Americans in the southwestem Undted States.

This image was created by he Hubble Heritage Team from dats
obtnined by Hubble's Wide Field and Plane amera 2, Images tken
with five different color filters, lotaling over 10 hours of exposure time,
have been combined to construct this false-color picture. Resembling an
absiract painting. the image shows ragged gaseous shreds of the original star
that are expanding away from the explosion site al ever 1,500 km's (3.4
million mph). The colorful netwark of filaments is the material from the

ers of the star that was expelled di

The core of the star has survived the expl
wisible in the Hubble im.
moderately bright stars near the center. The pulsar
about 1.4 times the mass of the Sun, crammed by
gravity into an object only about 10 miles in diameter,

This incredible object, 4 “npeutron star,” is even more

rermarkable because it spins on its axis 30 thirty tir

second. The spinning pulsar heats its sumroundings, cre

the ghostly diffuse bluish-green synchrotron cloud in its

Vil including a blue arc toward the upper right of the neutron
star.

The picture is somewhat deceptive in that the filaments appear to be
close to the pulsar. In reality, the yellowish green filaments foward the
right side of the image are closer o us, and approaching at some 350-800
km's, The omnge and pink filaments wward the top of the picture,

he “backwards question mark.” is material behind the
pulsar, rushing away from us at 200-1000 km's,

The various colors in the picture arise from different
chemical elements in the expanding gas, including
hydrogen {orange), nitrogen (red), sulfur (pink),
and oxygen (greenish-blue), The shades of
color represent variations in the lemperatune

ity of the gas, s well as changes in

g the explosion
hsar,”

the elemental composition

These chemical elements, some of them newly
created during the evolution and explosion of the star
and now blasted back into space, will eveniy be
incorporated into new stars ancd planets, Astronomers
believe that the chemical elements in the Earth and evenin
our own hodies, such as carbon, oxygen, and iron, wene
in other exploding siars billions of years ago.

Blair, W. P, Davidson, K., Fesen, R. A, Uomoto, A., MacAlpine, G. M.,
& Henry, R. B, C,, "HST/WFPC2 Imaging of the Crab Nebula. 1.
Ohbse: nal Ower 2" 1997, AplS, 109, 473
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Extreme gravity: almost black holes Neutron star

bass ~ 1.5 solar mass
~ 20 km diameter

Extreme matter:

Solid crust
~ 2k deep

10x nuclear density, nucleon degenerate
(neutrons+protons+electrons+?)

B ~ Boep=4.4 x 103 Gauss

Fluid core

Voltage drops ~ 1016 VO/tS h bainly neutrons

with ather paricles

Fey=10° F,

Superfluid and superconductor inside

Extreme speeds: relativistic plasma
physics in action

Probes of turbulent interstellar medium

Precision tools




Sweeping dipole magnetic field

Emit from radio to gamma ray

Spin periods -- from 1.5 ms to 8 sec
Individual pulses quite different, but
average profile is very stable (geometry)

—
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Hollow cone+core component
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Pulsars

Hollow cone model




Orpaical X-Ray Gamicva Ray
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e T _ Broad-band spectra

Power peaked in y-rays

No pulsed emission
detected above 20 GeV
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Increase in hardness
with age
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¢, = QBa’/c

//Dpen
magnetic

*Spindown: wind+wave

eEquator-pole ﬁ)o_otential

difference (107°V for Crab)

eCharge extraction from the
surface (E field >> gravity)

eCorotating zone

*Expect relativistic motion

*Pair formation -- pair-dominated
plasma?

eInstability -- collective radiation




Manchester et al 2001, Morris et al 2002, Kramer et al 2003

* E: i nad r‘::r". I -

Radio quigt~._ All pulsars lose rotational
T energy and slow down

Spindown age:

P

T=—-+
2P

Surface magnetic field

B=32x10"+VPP G

Typical value 102G

Graveyard




Pulsarwinas:*\where therenergy.goes

Most of the spindown energy of a pulsar is sent out in
the form of a wind. Pulsar wind nebulae provide the box
calorimeters for pulsar spindown.

Properties of pulsar winds:

Highly relativistic (y~10°)

Kinetic energy dominated at the nebula (o~10-3)

Pole-equator asymmetry and collimation

How do they do this?




Unipolarinauction:rotatingmaghetized conauclors

Alfven (1939), aka Faraday wheel
Rule of thumb: V ~Q ®; P ~V?/Z,
Crab Pulsar
- B~10"2G, Q~200rad s, R~ 10 km
— Voltage ~3x 10" V;1~3x10™A; P~ 103'W
Magnetar Q7
- B~10“G;P~10%w {1111 te
Massive Black Hole in AGN *
- B~10*G; P~10°W
GRB
- B~10""G; P~ 104 W

_|_

EM energy density >> particle energy density

Energy is extracted electromagnetically: Poynting flux




Pulsar basics: spindown
Pulsar = magnetized rotating conducting sphere (w/plasma)
1031]45P515

P3

£ =1QQ = erg/s

Vacuum spindown (Pacini 68, Ostriker&Gunn 69) order of mag.:

1) Rotation of B field: E-$2"p

C
2) Light cylinder (wave zone): R, = c/Q

1 = = 1
' ' —(ExB) =—F B
Radial Poynting flux 4n( x B), 27 LB

4

)

3) Sweepback: B,(R,)=B,(R))
)
)

5) Energy loss:

§  ~AnR} ﬁ[(ﬁ x B), 1., ~—-QR}B*(R,)

24
6) Dipole: B o< wu/r’ £ z_ﬁf(x)

3
C

If energy loss is Poynting dominated a dipole with plasma will spindown
similarly (but with different (X))




Glopal Structure: Goldreich-Julian'model.

LIGHT CYLINDER .

CRITICAL LINE -

Features of GJ (°69) picture:

 Corotating magnetosphere

 Charge-separated flow
* Field distorted by particle currents

» Energy loss -- Poynting B, x £,
also =current x voltage. No need
for obliquity for spindown!

 Open circuit

 Null surface -- Holloway’s (73)
paradox. Can’t fill closed zone
w/right charge. Pair creation
unlikely there. Gap/curr. closure?

Is GJ picture viable?




LIGHT CYLINDER .

CRITICAL LINE «

/

/ s
s :

Steady state Maxwell equations.

Ideal MHD:

Flux function and poloidal current:

Force-free:

Structure: Pulsar SHTEEN

Force-free electrodynamics
(Scharleman ‘73, Michel ‘73):

* Magnetosphere filled with plasma
SO E-B=0

* Inertia is low, only EM forces are
important.

Determine field structure of
axisymmetric rotator:

— C —
' =——V x B
/ 47T

QR

B=VWYxV¢+ I(P)Vop

pE+jx§=O




Structure: Pulsar SHTEEN

Force-free electrodynamics
(Sharleman ‘73, Michel *73):

LIGHT CYLINDER .

» Magnetosphere filled with plasma
CRITICAL LINE « '_ ZON " | SO E ° E = O

N * Inertia is low, only EM forces are
e / . OTONS important.

-~

/ =
s .
Determine field structure of

axisymmetric rotator:

= C 5
Steady state Maxwell equations: £ = e VxB

Ideal MHD: QR

Flux function and poloidal current: B=VWxV¢+ I(P)Vop
v
Force-free: »0F + jxB =0

$ ot




Structure: Pulsar SHTEEN

0°W N W 1+x* W I(P)HI'(P)
x> 0z>  x(1—-x7) ox R(1—-x%)

Cross-field balance: relativistic Grad-Shafranov equation
Second order elliptic nonlinear PDE
Singular surface at x=1 (regularity condition)

Poloidal field structure is determined by current enclosed by flux
surfaces. 7(W) Is an unknown function of an unknown funciton!!!

To solve it requires a guess for the current.




Global Structure: numerical solution,

Properties of CKF solution:
Smooth at the light cylinder
E<B everywhere (force free ok)

w o =136W,

open

Distributed return current over 20%
of the polar cap. Bulk of return
current (>90%) is in the current
sheet.

No significant centrifugal
acceleration inside LC: sigma
problem is in the wind.

Asymptotically monopolar field --
implies acceleration of the wind




rRUlsarmagnetosphere: time-dependent’seluiion,

il a0 100 150 200 250




Polar cap is a space-charge limited accelerator. Accelerated
primary particles radiate CR, and pair produce in the strong field.
Pair cascade shorts out E*B. ¥ jimary ~ 10, ¥ secondary ~ 1077

Acceleration is driven by departures from GJ charge density
V-E =47(p — Pg,)

Arons & Scharleman 79 Muslimov & Harding 03

GR -- dragging of
Open R EIREINES

field  {osed ST

f'elfj Muslimov & Tsygan 92
region

Pair formation through CR (in young pulsars) or nonresonant inverse
Compton scattering on thermal photons (most pulsars). Multiplicities due to
ICS are smaller (102) than from CR. Hibschmann & Arons 01




Outer gaps form at the intersection of € - B = (O surface and the
closed zone (Cheng, Ho, Ruderman’86). Vacuum forms if the current is
charge-separated (Holloway 73). Pair production, acceleration and
gamma-ray emission result. Outer gaps disappear for large pair outflow.

Advantage -- geometry of high-energy emission. However, basic
electrodynamics of how these gaps operate is still not well constrained.




B Prasma supply:siotgaps

%

Pair-free zone near
last open field-line

(Arons 1983, Muslimov &
Harding 2003)

==p SlOwer acceleration

==p Pair formation front at
higher altitude

== Slot gap forms
between conducting
walls

+ E, acceleration is
not screened

Harding 04



B Piasma supply: siot gaps.

%

*  Pair-free zone near

last open field-line

(Arons 1983, Muslimov &
Harding 2003)

==p SlOwer acceleration

==p Pair formation front at
higher altitude

== Slot gap forms

between conducting |

walls

+ E, acceleration is
not screened

Closed field
region

Primary CR, IC

Z
/Slot gap pair
u cascade

gl

Harding 04




Crab B1509-58 Vela B1706-44 B1951+32 Geminga B1055-52

Optical

Ray

Hard
Gamma
Ray
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rPlhlsarimagnetospheres: reconciling plasmarsupply

Fundamental unsolved problem:

What happens to a strongly magnetized rotating
conducting sphere with no work function?

Does i1t form a magnetosphere and/or a wind? If so,
what are its properties?

investigate qualitative behavior using numerical simulations.

Particle-in-cell method:

» Collect currents at the cell centers

 Find fields on the mesh (Maxwell’s eqs)

* Interpolate fields to particles positions

» Move particles under Lorentz force

Can handle vacuum gaps, counterstreaming, space-charge flows




Glhiarge-separated rotator: vacuumiields

How does plasma know about

spin of the star?

A A A A A A A

Induced quadrupole + monopole __ Wk

2 a a . 2 N
E = 5(/50 = + ¢, F(l —3cos™ ) n
3

E, = —¢Oa—4$in2ﬁ ¢, = QBa’/c
r

Extraction of opposite signs of charge on poles
and equator.

Vacuum field contains central charge and surface
charge.

Behavior of charges outside the conductor is
governed by the £ - B =( surfaces.

Trapping regions




Aligned Rotator: electrosp

204

rMovie -- charge-separated electrospher

G

20

44

&0

g0

TGO

Surface charges allowed to fly off the
surface

Smith, Michel,
Thacker, 2001

*Non-neutral configuration: dome+disk solution
*Plasma-filled E - B = 0 surface, shearing flow.
*VVacuum gaps. Similar to Michel et al ‘85,01

Simulation comes to equilibrium where no more
charge is emitted. No net wind!

Is GJ picture really wrong?




I ligned Rotator: electrospheres

Structure of the electrosphere

Rotation rate

Radius r

*Stationary solution -- emission stops. Stable to pair production in gaps
lon overdensity at 1.5 R -- differential rotation. Essential to have E*B=0.
Field lines that are not filled with plasma to the star -- rotate differentially
Dome in corotation at GJ density. Fieldlines shorted to the star.

Is the aligned charge-separated rotator dead?




ed Rotator: going t

S

Movie -- diocotron instability

Can plasma fill the magnetosphere?

Not if it is unable to spread across the field
lines!




IR Avigned Rotator: going to 30N

Diocotron instability:

Particle dynamics is ExB drift.

Wavebreaking in the shearing
flow similar to Kelvin-Helmholtz
instability.

Azimuthal charge perturbation
leads to radial ExB drift.

Typical unstable mode is a
multiple of rotation frequency

diocotron instability
1 I Il 1 1 |

T (diocotron frequency = @, /2w, )

Grows in radius due to injection
of new plasma from the surface




ELECTRONS

1

WIND ZONE
PROTONS

CO-ROTATING
MAGNETOSPHERE

L LN

If the closed zone cannot be supplied with GJ charge density from the star,
the plasma near the star loses corotation and becomes unstable to
diocotron instability which transports the charge to return magnetosphere
to corotation. Holloway’s paradox resolved! (important even for pair
production)

Nonaxisymmetry is important even for aligned rotators!

Dead aligned pulsars may still spin down with wind!




Global structure of the magnetosphere is beginning to be
understood through computer simulations

Reconciling global structure with local charge supply is a new
theoretical frontier. The gaps have to react to global stresses in the
magnetosphere to provide the current required. This opens the
opportunity to study time-variable phenomena such as drifting
subpulses, microstructures, etc.

Goldreich-Julian corotating magnetosphere is a dynamical
consequence of the induced electric fields and plasma reaction in
the dipole geometry

Charge adjustment in the closed zone is carried out via diocotron
instability. Transport across magnetic field lines is possible even if
the plasma is strongly magnetized

Modeling in full 3D is essential even for aligned rotators

Interaction of the return current with the gaps is crucial to what
GLAST will see. We will have a direct diagnostic of the return
current.




