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Superman: Faster than a Speeding Bullet

The Man of Steel:

Born on Krypton, which was
destroyed in an explosion;

Faster than a speeding bullet
(0.2-1.5 km/s);

Stronger than a locomotive...




Neutron Stars: Much Faster!
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PSR B0919+06:
Matter at nuclear density;
Born in an supernova explosion;
D =1.2 kpc, V= 500 km/s!
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Bow Shocks from Supersonic Motion

The bow shock produced by a bullet, from Andrew Davidhazy




Bow Shocks from Supersonic Motion

The bow shock produced by a bullet, from Andrew Davidhazy

Supersonic motion of neutron stars through the ISM
) Shocked layer: ram pressure balance is established
between the relativistic NS wind and the medium.




Bow Shocks from Supersonic Motion

The bow shock produced by a bullet, from Andrew Davidhazy

Supersonic motion of neutron stars through the ISM
) Shocked layer: ram pressure balance is established
between the relativistic NS wind and the medium.

Outer shock: collisional excitation, possible H emission.
Inner shock: relativistic wind, maybe synchrotron radiation.




Bow Shock Simulations

Simulations developed for bow shocks: Bucciantini 2002; van
der Swaluw et al. 2003; Gaensler et al. 2004 shown here.

A: Pulsar wind cavity

TS: Termination shock

B: Shocked pulsar wind
CD: Contact discontinuity
C:. Shocked ISM

BS: Bow shock




Bow Shocks from Supersonic Motion

H bow shock nebula: Kulkarni & Hester (1988)
X-ray tail from relativistic wind: Stappers et al. (2003)




Bow Shocks from Supersonic Motion

H bow shock: wind anisotropy? bulk ow? ISM gradient?
(Gaensler et al. 2002; Magellan data shown)




Bow Shocks from Supersonic Motion

New Chandra observations: December 2004




Bow Shocks from Supersonic Motion

Magellan image for comparison




Bow Shocks from Supersonic Motion

Smoothed Chandra data for J2124 3358:
Bulk ow appears to sweep pulsar wind to one side?




Very Long Baseline Astrometry:
Obtaining Parallaxes and Proper Motions







Pulsar Astrometry

Astrometric observations are phase-referenced.




Pulsar Astrometry

Astrometric observations are phase-referenced.
Boost S/N ratio for pulsars with the pulsar gate.
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Pulsar Astrometry

Astrometric observations are phase-referenced.
Boost S/N ratio for pulsars with the pulsar gate.
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Pulsar Astrometry

Astrometric observations are phase-referenced.
Boost S/N ratio for pulsars with the pulsar gate.

Special calibration techniques are required for
sub-milliarcsecond accuracy...
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Astrometric observations are phase-referenced.
Boost S/N ratio for pulsars with the pulsar gate.

Special calibration techniques are required for
sub-milliarcsecond accuracy... e.g. In-beam calibration.

PLot file version 1 created 16-NOV-1998 14:34:01 PLot file version 1 created 16-NOV-1998 14:33:50
CONT: J0922+06 IPOL 1509.984 MHZ 0919-CL2.ICLN.2 CONT: J0922+06 IPOL 1509.984 MHZ 0919-CL3.ICLN.1

(s} o
2 2
[z 1]
(s} o
g g
< <
s s

230 220 210
MillARC SEC
22 13.98740 DEC 06 38 22.4440
2.0358E-03 JY/BEAM
0, -1, 1, 1.400, 2,




Pulsar Astrometry

Astrometric observations are phase-referenced.
Boost S/N ratio for pulsars with the pulsar gate.

Special calibration techniques are required for
sub-milliarcsecond accuracy... e.g. In-beam calibration.
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Pulsar Astrometry

Astrometric observations are phase-referenced.
Boost S/N ratio for pulsars with the pulsar gate.

Special calibration techniques are required for
sub-milliarcsecond accuracy... e.g. In-beam calibration.
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Pulsar Astrometry

Astrometric observations are phase-referenced.
Boost S/N ratio for pulsars with the pulsar gate.

Special calibration techniques are required for
sub-milliarcsecond accuracy... e.g. In-beam calibration.

) Model-independent distances and velocities.

Combine with other observables:
: : R
| Pulse Dispersion: ; neds;
| Interstellar Scattering: t4; 4, Pulse Broadening.

I Multi-wavelength Obs: Optical (H ), X-ray, Radio imaging.




Scientific Questions

Origins: SNR associations and NS birth sites in stellar
clusters; true ages.
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NS Spin and Kick Velocities

Where do neutron stars get their high velocities?

Binary disruption: insuf cient.
Electromagnetic rocket effect. may play a role.
Asymmetries in birth supernovae: most natural.

Asymmetry in SN core collapse ! 7 I Birth kicks.

Convective or hydrodynamic instabilities?
Asymmetric neutrino emission in strong magnetic elds?




NS Spin and Kick Velocities

A tantalizing clue: spin axis and V, alignment in the Crab.

P

The jet de nes the spin axis; proper motion is alignedto 5.




NS Spin and Kick Velocities

Similar alignment is seen for Vela ( 5):

... and for other systems like J0538+2817, etc.




NS Spin and Kick Velocities

If alignment is precise:

EM rocket effect?
) Birth P < 1 ms, gravitational radiation inef cient.

Hydrodynamic kicks? Kick must be rotation averaged.
) Long kick compared to birth period.

Neutrino mediated mechanisms? Strong B > 10" Gauss.
Allows possiblility that pulsar rotation is driven by natal kicks.




NS Spin and Kick Velocities

If alignment is precise:

EM rocket effect?
) Birth P < 1 ms, gravitational radiation inef cient.

Hydrodynamic kicks? Kick must be rotation averaged.
) Long kick compared to birth period.

Neutrino mediated mechanisms? Strong B > 10" Gauss.
Allows possiblility that pulsar rotation is driven by natal kicks.

Test with supernova core collapse simulations (e.g. Burrows
& Hayes 1996, Muller & Janka 1997, Scheck et al. 2004,
Fryer 2004).




Supernova Core Collapse

First 3-d simulations: iso-entropy surfaces 80 ms after
supernova explosion (Fryer 2004).




Supernova Core Collapse

The rst 3-dimensional simulations (Fryer 2004) have troub le
producing kicks > 200km s 1.

Confront with observations ) severe constraints.




Astrometric Results for B1508+55
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Astrometric Results for B1508+55

0.5 - 3
i .= 7366 0:05masyr 1
d¢= 6262 0:09masyr *
1 ! =0:40 0:04mas
E W Distance = 2:45):52 kpc
V, = 111457 kms 1
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Astrometric Results for B1508+55

T .= 7366 0:05masyr 1
¢ = 6262 0:09masyr *
1 : = 0:40 0:04mas
E W Distance = 2:45):52 kpc
V, = 111457 kms 1
) ‘52400 52600 MJD6(?;;O}Z) 53000 53200‘

The highest measured model-independent velocity yet!




The Birth Site of B1508+55
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B1508+55: Implications

Orbit of B1508+55 overlaid on Axel Mellinger's image of the Galaxy.

High velocities impose severe constraints on core collapse
and kick velocity scenarios.

Mitigate selection effects: nd further high velocity obje cts?
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Concluding Thoughts

The energy dissipation, initial spins, surface magnetic e Ids,
birth kick velocities and progenitor masses of NS are all
iInterwoven with the physics of supernova core collapse.
With precise astrometry

| determine distances, velocities, associations, ages;
I verify spin-kick alignments;

and tease apart the various threads of the interdependence.

Large VLBA project just concluded:

I Over 500 hours of observations.
| 26 pulsars observed for 8 epochs over 2 years.
At least 20 new parallaxes.

) Science dividends on the way.
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Pulsar Astrometry:
http://www.astro.cornell.edu/~shami/psrvib/
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