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Roberts, Romani & Kawai 2001

Variability of Potential ASCA X-ray Counterparts
above 100 meV

Rabbit

Taz

Eel
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GeV J1809-2327: A GeV Emitting PWN?

Roberts et al. 2001, Roberts & Brogan 2008

• Most prominent 
source in “small” GeV 
error box

• Most significant 
variability (V12=3.93, 
Nolan et al. 2003) of 
any low-latitude, non-
AGN EGRET source

2-10 keV 4-10 keV0.7-2 keV

GeV J1809-2327

Thermal X-ray Nebula

Non-Thermal Nebula

Stellar Cluster

ASCA Imaging



Taz:  A GeV Emitting RPWN?

Braje et al. 2002, Roberts et al. in prep

Radio Continuum Polarized Radio Non-Thermal X-Ray

• Radio Nebula with 
spectrum and 
polarization of PWN
• Short Chandra 
image resolved point 
source with trail 
• Deep radio 
searches with Parkes 
and GBT did not 
detect pulsations to < 
0.05 mJy @1400MHz



20cm radio 0.5-10 keV X-rays

Taz:  A GeV Emitting RPWN?



Taz Pulsar Discovered in Blind 
Search of Fermi data

• Moderate E~4X1035 

• τ = 68 kyr 
•No radio means no DM 
distance, no radio phase, no 
polarization sweep
• Trail morphology means 
no geometrical constraint
• X-Ray pulsations helpful?

Fermi Light Curve
2 σ ‘detection’ of 

thermal X-ray pulsations
with 70ks XMM PN

Abdo et al. 2009



Distance from Cloud Interaction?

Mid-Infrared 8.3μ Optical Non-Thermal X-rays

Lynds 
227
Dark 
Cloud

 at 
D=1.7kpc



Taz Cloud Interaction?

Mid-Infrared 8.3μ 0.5-2.5 keV X-rays 2.5-8 keV X-rays



G7.4-1.4: Mixed-Morphology SNR

ROSAT 0.1-2.4 keV 90cm Radio 2.5-8 keV X-rays

Taz

SNR radio shell

Thermal X-rays

Roberts & Brogan 2008



Taz -- A Very Efficient Pulsar in a Mixed-
Morphology SNR 

• γ-ray efficiency > 25% 
(assuming  isotropic emission)
• PWN L2-10keV > 2.5x1033  

erg/s (0.6% efficiency)    
• Age ~50ks consistent with 

MMSNR and  moderate 
VT~200km/s

• 5 of the  30 brightest GeV 
EGRET sources are within 
MMSNR, 4 have PWN , 2 

have radio quiet Fermi pulsars

~

~

20cm radio 2.5-8 keV X-rays



The Kookaburra

Radio ContinuumMid-Infrared 8.3μ Non-Thermal X-rays

Rabbit

PSR J1420-6048



The Rabbit!

13 cm radio (Roberts et al. 1999)



Chandra 1-7 keV X-Ray Rabbit RPWN?

~20 ks

(10 ks on 
source with 

high resolution)

Ng, Roberts & Romani 2005



The Rabbit RPWN?

1-7 keV

σ=1

ACIS-I 
75ks

(Roberts et al. in 
prep)



The Rabbit RPWN?

1-7 keV

σ=2.5



The Rabbit RPWN?

1-7 keV

σ=5
See 

Poster
by 

A. Conners



Rabbit Pulsar Discovered in 
Blind Search of Fermi data!

• Energetic E~5X1036 erg/s
• τ = 10kyr
• No radio means no DM 
distance, no radio phase, no 
polarization sweep
• “Torus and Jet” 
morphology suggest spin 
axis in plane of sky?
• Hard X-Ray pulsations 
Found!

Fermi and XMM Light Curves
nb. phase alignment off by 0.04 (one leap 

second)

Two Periods plotted



In the Paw of the Rabbit

Chandra 1-7 keV ATCA 20cm radioSpitzer 8 micron



20cm Radio Polarized Radio Hard X-ray

Lower  Wing Containing Rabbit  ALSO A TeV SOURCE!

HESS 
J1418-609
peaks on 

other side of 
infrared 

ridge



Off  With His Head?

13cm radioSpitzer 8μ XMM 0.8-8keV

Mid-IR “wall”
bounds non-
thermal X-rays

Are the ears just 
part of the 
Kookaburra 
shell?



l=18o Sources

GeV J1825-1310

3EG J1823-1314

Kes 67

SNR G18.9-1.1

New SNR

New SNR

Brogan et al. 2006

● Complex region with at 
least 2 EGRET (GeV) 
sources and a  bright 
unidentified, variable 
Comptel (MeV) source.
● GeV J1825-1310 (3EG 
J1826-1302) probably 
variable (second highest 
V12=3.22)
● 20 and 90cm imaging  
resolve at least 4 SNR, 2 
of them new, as well as 
many molecular clouds 
and some other 
structures



2 F. Aharonian et al.: Energy dependent !-ray morphology in HESS J1825–137

Fig. 1. Acceptance-corrected smoothed excess map (smoothing radius 2.5!) of the 2.7" # 2.7" field of view surrounding

HESS J1825–137. The linear colour scale is in units of integrated excess counts within the smoothing radius of 2.5!. The ex-

cess has been derived from a model of the system acceptance as described in the text. The inset in the bottom left corner shows

the PSF of the dataset (smoothed in the same way as the excess map with the black dashed circle denoting the smoothing radius).

The dashed black and white contours are linearly spaced and denote the 5", 10" and 15" significance levels (the 5" contour

being the outermost one), determined with a # = 0.1" radius cut. The best fit position of HESS J1825–137 is marked with a

black square, the best extension and position angle by a black ellipse (see text). The dotted white contour shows the 95% po-

sitional confidence contour of the unidentified EGRET source 3EG J1826–1302. The position of the pulsar PSR J1826–1334 is

marked by a white triangle. The bright point-source to the south of HESS J1825–137 is the microquasar LS 5039 (HESS J1826–

148) (Aharonian et al. 2005d). The colour scale for this source is truncated in this Figure. The Galactic plane is shown as a white

dashed line. Some indication for an additional emission region to the north of the pulsar is seen.

anced by that of the surrounding medium. In that region the

wind decelerates and a standing termination shock is formed

at which particles are accelerated (Kennel & Coroniti 1984a;

Aharonian, Atoyan & Kifune 1997). The existence of electrons

accelerated to energies > 100 TeV in such PWN has been es-

tablished by X-ray observations of synchrotron emission, e.g.

in the Crab nebula (Weisskopf et al. 2000). VHE !-rays can

be generated in PWN from the high-energy electrons by non-

thermal bremsstrahlung or inverse Compton (IC) scattering on

photon target fields, such as the cosmic microwave background

(CMBR) or star-light photons.

One such object, HESS J1825–137, has been detected

by the High Energy Stereoscopic System (H.E.S.S.) in a

survey of the inner Galaxy (Aharonian et al. 2005b, 2006c)

and has subsequently been associated with the X-ray PWN

G18.0–0.7 surrounding the energetic pulsar PSR J1826–

1334 (Aharonian et al. 2005c). This pulsar PSR J1826–1334

(also known as PSRB1823–13) was detected in the Jodrell

Bank 20 cm radio survey (Clifton et al. 1992) and is among the

20 most energetic pulsars in the current ATNF catalogue (spin

down power Ė = 3 # 1036 erg/s). The distance of PSR J1826–

1334 as measured from the dispersion of the radio pulses is

3.9 ± 0.4 kpc (Cordes & Lazio 2002). The radio detection fur-

ther revealed characteristic properties of the system that are

similar to those of the well studied Vela pulsar, namely a pulse

period of 101ms and a characteristic age of 21.4 kyears (de-

rived by $ = P/2Ṗ). This age renders PSR J1826–1334 one

of the 40 youngest pulsars detected so far (Manchester et al.

2005), and due to this, deep radio observations were performed

to find emission associated with the remnant of the Supernova

explosion that gave rise to the pulsar. However, deep VLA

observations of the 20! surrounding the pulsar have failed

to detect this Supernova remnant (SNR) (Braun, Goss & Lyne

1989).

Initial observations of the region in X-rays with

ROSAT (Finley et al. 1998) revealed a point source surrounded

by an elongated di!use region of size $5!. The X-ray emis-

sion region was subsequentially observed with the ASCA in-

Aharonian et al. 2006

TeV source(s) seen with HESS



The Eel X-ray RPWN in GeV J1825-1310

stellar cluster

New PWN

Chandra 
15ks

2-6.5 keV

ASCA 
Contours



GeV J1825-1310

PSR J1826-1334 
(PSR B1823-13)

New SNR

New Nebula

Roberts, Romani & Kawai 2001

ASCA
2-10 keV



The Eel torus+jet?

stellar cluster

New PWN

1-7 keV

σ=1

ACIS-I 
75ks 

(Roberts et al. 
in prep)



The Eel torus+jet?

stellar cluster

New PWN

Roberts et al. in prep

1-7 keV

σ=2.5



The Eel RPWN?

Roberts et al. in prep

1-7 keV

σ=2.5



The Eel RPWN?

Roberts et al. in prep

1-7 keV

σ=5



The Eel RPWN?

Roberts et al. in prep

1-7 keV

σ=10



The Eel RPWN?

Roberts et al. in prep

1-7 keV

σ=20



Eel radio RPWN?
Suggestively shaped radio nebula, no 

clear infrared counterpart

90cm 
VLA MSX 8.3 micronChandra 

contours 90cmVLA

HII Regions
SNR

Chandra



Eel TeV RPWN?
Very suggestively 

shaped radio 
nebula, no clear 

infrared counterpart

HESS J1825-137

PSR B1823-13

20cm VLA

ASCA

Chandra

HESS 
Contours

Eel



Eel Pulsar Discovered in 
Blind Search of Fermi data!

• Energetic E~3.6X1036 erg/s
• τ = 14kyr
• Fr < 0.05 mJy @ 1400MHz 
(GBT & Parkes)
• “Torus and Jet” morphology 
suggest spin axis near plane 
of sky?
• No X-Ray pulse search yet!

Fermi Light Curve



The Rabbit and the Eel
• Have similar morphologies... small (10-20”)“torus” 
in plane of sky, larger “jets”, “forward” one bent 
~30” away from pulsar, with most of the X-ray 
emission on side towards jet bend.

• Have similar spin periods (110ms), spin-down 
energies (4-5X1036), characteristic ages (10-15 kyr), 
and X-ray fluxes. 

• LX - Lspin suggest distances of ~3 kpc (within a 
factor of 3 or so)

• Both have associated TeV nebulae, with sizes 
similar to larger, radio nebulae

• Forward X-ray “jet” in front of radio nebula.



Three “variable” EGRET sources 
containing PWN found to pulse 

at GeV energies with Fermi

●  Variability not confirmed--- nor ruled out. Note that EGRET 
“variability” was on timescales of several months to several 
years.

● Unpulsed flux not yet well constrained, especially at low 
energies (< 300 MeV) where Fermi PSF is large and effective 
area small (sensitivity in survey mode similar to EGRET or 
AGILE pointings). 

●  PWN give some information about distance and geometry.

● radio detections unlikely.... unless very steep spectra or highly 
scattered (see eg. recent discoveries by Camilo et al.)

● Further X-ray pulse detections desirable.


