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X + g-rays measure current energy input from the pulsar
Ly+L, = 10% erg/s

L =5x 1038 erg/s

spindown

Main X-ray Source = Torus; Polar Pinch(es) along rotation axis;
created by backflow B in nebula, not by hoop stress in wind
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Vela Pulsar (T ~ 104 yr)has X-ray nebula with structure like
Crab,

perhaps distorted by proper motion induced ram pressure
(Chandra) '

Rings = two torii at equal radii? Partial Inner Ring and
larger radius torus? Embedded in larger PWN (Vela X)



P/2P =3335




P/2P=24,000

Q=-KQ" =

P .H&
(n—1)P P

I






Crab cools radiatively at high energy:
t(flow) ~ t(rad) in X-ray, gamma ray

Nebula smaller at high energy: Pulsar emits particles
shrinkage not universal: e.g., 3C58 has Ry ~ R__,,: B field

radio"
weaker — environment? + somewhat weaker pulsar




Pulsars: Pulsed Radio (and IR, optical, X, gamma) Sources

1.6 msec <P <9sec
dP/dt>0

Pulsar Radio Emission: Lighthouse Beam

Longitude {deg.)

FiG. 1.—A series of individual pulses from the pulsar B0943 + 10 (center
panel) along with their average (botrom panel) and energy {left parel) as a

of pulse number and loogtude (360" onginde corresponds (o 1 Model: Rotating Neutron Star (1 msec < P < 10 sec)
s'tcllar rotation). Note the drifting subpulses, the alternate pulse modula- .
tion, and the single average profile. Unlpolar Inductor
Polar Beam: Electron-Positron Pairs, Charge Neutralized
Electron Current, lon return current in “walls” (flipped in

opposite geometry) - Ultrarelativistic Outflow

Polar models have voltage across B~10"?2 Gauss of F =\W2m/c2 > 1013 V.
Polar current | ~ W?>m/c ~ 102 Amps and created by acceleration
through potential DF << F (space charge limited beam): DF > 102 V: pair creation
Rotating magnet sends out EM Poynting flux + particle flux, spins down (dP/dt > 0)
(“Wind”) Energy deposited in surrounding interstellar medium, creates nebula
USE NEBULAE TO CHARACTERIZE OUTFLOW



Parallel electric field reduced to small

Atmosphere scale height = 1 cm- no thermal filling of magnetosphere




Nebulae require Number Loss Rate >> Goldreich-Julian rate
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Feeding Nebulae needs particle outflow > > cF/e: large multiplicity

Composition = electron-positron plasma
Termination Shock (TS) located at Ry = F/(4pP

1/2
neb) >> RL

SASI (STerSI?)Instability

(Spitkovsky & Arons — original version (Bucciantini & Kommisaro
= frozen in ions + pairs)
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Pulsar Wind Nebulae: Nebular Synchrotron requires
particle injection >> Goldreich-Julian current

X-Rays:current injection rate (compact, strong B nebulae - Crab, G54,...)
measured rates ~ existing (starvation) gap rates k, <104 pairs/GJ

Radio measures injection rate averaged over nebular histories, <k ,> > 10°
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Inner wind

PolarCurrent, electron outflow

Auroral
Current
(ion outflow,
electron
precipitation)

Sub surface, cross cap current




Observed PSR = oblique rotators

Equatorial Current Sheet—— Frozen-in Transmission Line

Current Sheet Separating Stripes

Force Free Simulation of — (from Bogovalov’s analytic model)

i=60° Rotator (Spitkovsky)

i=60° - topology = aligned rotator

(Bai and Spitkovsky)

Equatorial Lo
cross-section

Meridional
cross-section

4
o= —IQ0 = kPZTQ(l +sin?i), k=10.1



HELICAL WIND

HELICAL WIND




Maximum dissipation

Heating: sheet expansion in wave frame = wind flow rest frame
spreads at speed v, < c; sheets expand, merge,s — “0”
sheet separation in wave frame: /2 = pG,,. R,

wind

Merger time in PWN frame:

Flow time from star to TS in nebula frame at r = R:T1¢ = Rys/c
Sheet merger occurs before wind terminates only if T <T<:

Low S wind at TS

Sheet dissipation upstream of TS may work if

“fast” sheet dissipation if “slow”, dense wind: G, , << 106,




Simplified Sheet Structure
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Two Symmetric Sheet Instability  Alfvenic magnetic
ripple at each sheet

Intersheet plasma MHD - sheets
couple through Alfven waves
modified by inhomogeneity

jox dB, force compresses

each sheet’s surface

density into filaments

parallel to jo

Growth Rate Surface current filaments
reinforce dB, -

currents flow in
unmagnetized sheets’ cores

2 symmetric sheets = purely
growing in proper frame

Wave vector parallel to B =




Proper Growth Rate (va=D,, Vbeam=CD,)

Sustained Weibel turbulence

G T >>
2sheet ! flow y . . .
inside current sheets in wind




Weibel scatters particles R

Injected along a current filament

y0=65 2z0=53 »0=15

Weibel in pairs, colliding shells (shock simulations)

Magnetic Energy Density - Upstream
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Large 2D shock PIC simulation
Labeled plasma particles show scattering

[X,y,Z]=clw, Current carriers scattering nonresonant, t
Gy.am May be as high as qF

2
scat & TT° => pLVOWOY Peauo




Alternate model — currents are in main body of sheet plasma, not very relativistic,
dissipation = internal Instabilities of Sheets: Collisionless Tearing, Drift Kink (stronger for pairs)

Relativistic Harris-Hoh Equilibrium instead of unidirectional charge neutralized beam

B = By tanh (z/2)%,

f= ng cosh™ (z/7) [—A/S(s - ﬁsmczty)]

= dnm2cTKy(mc2)T) < T

+ oM™ ox € : ‘ ‘
dmm 2CTbng(mC 2/ Thg) P Thg " , (b) t/7,~460 ,

" W

Counterstreaming electrons/positrons in channel . ‘ ‘ ‘ ‘ ‘
drives kinking perpendicular to B (9). V=640, (0 /722000,

Zenitiani & Hoshino initial value PIC
(current stops at late time, not true for PSR sheet)




Anomalous Resistivity in Sheets & Sheet Merging (beam model)







Beam model has Relativistically hot current sheets: proper temperature ~ g,..\MpeamC? large

old ion beam

|ldea generalized

to all possibilities

(e, e*, ions — depends
on PSR geometry,
coupling of current flow
to * surface, Y line

Spectrum calculations: in progress (add shells of relativistic thermal synch)
high energy from inner wind (B;enclosing sheets large)

Optically thin - yes, except perhaps at highest energy (gg opacity unknown)

degree of polarzalion
o o

Emission from r ~ R, in optical-UV - unpulsed emission, also faint, B;small

Tev, GeV emission might be pulsed (inner wind), emission regions can be smaller
than rG,;,42, therefore radiation in phase with sheet? - alternate to SG, OG
magnetospheric beamed emission (old idea, recently worked on by Petri
and Kirk); there are upper limits on TeV pulsed emission that may

pos. angle of polarization (E by N}

optical pulse, can

challenge model (or allow detection of wind emission - even unpulsed be modeled by sheet
flux might be at energies where nebular flux weakens.) emission (with “knobs”)
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Schematic of particle beam orbits



