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WHAT ARE “MISSING” 
PULSARS?

• ~ half of PWN are associated 
with a pulsar (32/56)

• less than 25% of all SNRs are 
associated with a pulsar 
(60/294)

IC 443 
Abdo et al. 2010

PWN G189.1+3 
Chandra

The tail has a cometary shape, but with a broader opening angle
than the tongue. It is sharply bounded at its apex, but fades into the
background toward the rear. The tail is the brightest part of a larger
X-ray structure seen by XMM-Newton (Bocchino & Bykov 2001).

3.2. Spectroscopy

We have extracted spectra for the three regions shown in Fig-
ure 2b, corresponding to J0617+2221, the tongue, and the tail.

To accurately estimate the foreground absorbing column, NH,
we fit simultaneous absorbed power laws to the large number of
counts obtained for the tongue and the tail, constrained to have the
same NH, but with independent photon indices. The results are
given in Table 1, showing that both regions are good fits to power-
law spectra,with a foreground columnNH ¼ (7:2" 0:6) ;1021 cm#2

(this and all subsequent errors are at 90% confidence). The pho-
ton indices for the two regions are the same within the errors.

We then fit to the spectrum of J0617+2221, excluding most of
the emission from the compact structures immediately surrounding
it by using a circular extraction region of radius 1B4. If we constrain
NH to lie in the range inferred above, we find that both a power law
and a blackbody are poor fits to the data, both models not ac-
counting for a hard excess seen above 2 keV. A combined fit of
a blackbody and a power law resolves this problem and pro-
duces an excellent fit, as listed in Table 1 and shown in Figure 3.

We have also tried to fit spectra to the compact knots seen on
either side of the pulsar. However, since each knot only contains
$40 counts in the combined data set, we are unable to derive useful
spectral parameters for these regions. Simple hardness ratios indi-
cate that both these knots are significantly harder than J0617+2221,
suggesting that their emission is probably nonthermal.

4. DISCUSSION

Our new data clearly confirm themain result of O01:G189.22+
2.90 consists of a compact source at the apex of a striking cometary

Fig. 2.—X-ray images of the bow shock PWNG189.22+2.90 in SNR IC 443.
(a) A Chandra image in the energy range 0.3Y10 keV, made using the 2005 data
and displayed using a linear transfer function ranging from 0 to 9 counts pixel#1

(the peak value is 85 counts). The insets show the data and the residual after fitting
a central Gaussian to a 1100 ; 1100 region surrounding the central source CXOU
J061705.3+222127, both on linear scales ranging from 0 to 40 counts 0B49 ;
0B49 pixel#1. The residual image has been smoothedwith a Gaussian of FWHM100

to make clear the existence of faint extended structure on either side of CXOU
J061705.3+222127 (the position of CXOU J061705.3+222127 is marked with a
white cross). (b) Same data as in (a), but smoothedwith a Gaussian of FWHM200.
From the inside out, the white ellipses show the extraction regions for CXOU
J061705.3+222127 (for clarity, drawn with a radius twice that actually used), the
tongue, and the tail; each region excludes the ones inside it. The green contours
show the radio nebula, using the same levels as shown in Fig. 1.

TABLE 1

Spectral Fits to Regions of G189.22+2.90

Region

Total Countsa

(0.5Y10.0 keV)

NH

(1021 cm#2) !
kT1

(eV)

fx
b

(10#13 ergs cm#2 s#1) ! 2/"

Tongue (PL).................................................... 4432 " 96 7.2 " 0.6c 1:70þ0:10
#0:05 . . . 17 " 1 447/511 = 0.88

Tail (PL) ......................................................... 6999 " 119 . . . 1.73 " 0.08 . . . 27 " 2 . . .
Central source (PL) ........................................ 313 " 20 6.6Y7.8 (constrained) 5:6þ0:7

#0:6 . . . 0:47þ0:32
#0:09 25/14 = 1.79

Central source (BB) ....................................... . . . . . . . . . 150 " 20 0:21þ0:15
#0:10 46/14 = 3.31

Central source (BB+PL)................................. . . . . . . 2:6þ0:5
#1:0 102 " 22 0:45þ0:46

#0:22 10/12 = 0.85

Note.—Uncertainties are all at 90% confidence; ‘‘PL’’ = power law, and ‘‘BB’’ = blackbody.
a The number of counts is that for the 2000 and 2005 observations combined. In each case, the 2005 data contribute $85%Y90% of the total.
b Fluxes are for the energy range 0.5Y10.0 keV and have been corrected for absorption.
c The spectral fits for the tongue and tail regions were constrained to have the same value of NH.

Fig. 3.—Chandra ACIS spectra of J0617+2221. The points in the top panel
indicate the data from 2000 (red) and 2005 (black), while the solid lines show the
corresponding best-fit absorbed blackbody plus power-law models. The bottom
panel shows the number of standard deviations by which the model and the data
differ in each bin.

X-RAY STRUCTURE OF BOW SHOCK IN SNR IC 443 1039No. 2, 2006

IC 443 Abdo+ (2010)
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WHY SEARCH FOR “MISSING” 
PULSARS?

• Independent age estimates

• Kick velocity measurements

• Energetic input of pulsar into environment (PWN)

S. Straal



HOW TO FIND MISSING 
PULSARS?

• Search “deeper”        Lower sensitivity limits

• Observe longer

• Observe with bigger telescopes

• Observe larger surface

• Observe at different frequency

S. Straal
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Search core of SNR

Search entire SNR
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1.1 Emission properties 13

1.1.3 Flux density spectra

For properly calibrated data (see Section 7.3.3), the unit of flux density
measured by the telescope is the Jansky, Jy (where 1 Jy ≡ 10−26 W m−2

Hz−1; see Appendix 1 for further discussion). Two useful measures of
flux density are the peak flux density (the maximum intensity of a pulse
profile) and the mean flux density (the integrated intensity of the pulse
profile averaged over the pulse period). Generally speaking, pulsars are
weak radio sources. For the current sample of 908 pulsars in the public
domain catalogue2 with flux densities measured at 1.4 GHz, the median
value is 0.8 mJy with a range between 20 µJy and 5 Jy.

(a) (b)

Fig. 1.4. Sample flux density spectra for two pulsars showing different types
of spectral behaviour. (a) A low-frequency turnover in PSR B0329+54. (b) A
broken power law fit and possible high-frequency turn-up in PSR B1929+10.

As shown in Figure 1.4, the mean flux densities of pulsars have a
strong inverse dependence with observing frequency (see, for example,
Sieber (1973) for an early study). For most pulsars observed above
100 MHz, the dependence can be approximated by a simple power law:
Smean(f) ∝ fξ, where f is the observing frequency and ξ is the ‘spectral
index’. In recent work by Maron et al. (2000), about 5 per cent of the 281
pulsars studied showed a more complex spectral behaviour that required
a two-component power law model. Other intriguing deviations from a
single power-law behaviour are the roll over in the spectra often seen at
low frequencies (see, for example, Malofeev (1996)) and the tantalising
hints of a spectral increase or turn-up seen for a few pulsars at millimetre

2 http://www.atnf.csiro.au/research/pulsar/psrcat.

Handbook of Pulsar astronomy, Lorimer & Kramer 
S. Straal



S. Straal



SOURCES  - d < 5 kpc

Source Object Diameter Beams Distance (kpc)

G049.2-0.7 SNR + PWN (?) 25 ’ 91 4.1

G063.7+1.1 SNR + PWN 8 ’ 7 3.8 ± 1.5

G065.3+5.7 SNR 310 ’ X 240 ’ 91 0.9

G074.9+1.2 SNR + PWN 8 ’ x 6 ’ 1 0.77

G093.3+6.9 SNR + PWN (?) 27 ’ x 20 ’ 91 3.5

G141.2+5.0 PWN + NS 3.5 ’ 7 4.0 ± 0.5

G150.3+4.5 SNR ~150 ’ 91 -

G189.1+3 SNR + NS 30 ’ x 36 ’ 1 2
S. Straal



SOURCES - ANALYZED

Source Object CCO Diameter Beams Distance (kpc)

G049.2-0.7 SNR + PWN (?) 25 ’ 91 4.1

G063.7+1.1 SNR + PWN 8 ’ 7 3.8 ± 1.5

G065.3+5.7 SNR 310 ’ X 240 ’ 91 0.9

G074.9+1.2 SNR + PWN V 8 ’ x 6 ’ 1 0.77

G093.3+6.9 SNR + PWN (?) 27 ’ x 20 ’ 91 3.5

G141.2+5.0 PWN + NS(new) V 3.5 ’ 7 4.0 ± 0.5

G150.3+4.5 SNR ~150 ’ 91 -

G189.1+3 SNR + NS V 30 ’ x 36 ’ 1 2

 500.000 CPU hrs. @ Cartesius
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SOURCES - RESULTS

Source Object Diameter Beams Cands Pulsar?

G049.2-0.7 SNR + PWN (?) 25 ’ 91 - -

G063.7+1.1 SNR + PWN 8 ’ 7 5k no

G065.3+5.7 SNR 310 ’ X 240 ’ 91 30k no

G074.9+1.2 SNR + PWN 8 ’ x 6 ’ 1 7k no

G093.3+6.9 SNR + PWN (?) 27 ’ x 20 ’ 91 - -

G141.2+5.0 PWN + NS(new) 3.5 ’ 7 2k no

G150.3+4.5 SNR ~150 ’ 91 - -

G189.1+3 SNR + NS 30 ’ x 36 ’ 1 1k no

Total 380 45k
S. Straal



G065.3+5.7

• “Break-out” SNR

• 5 x 4 degrees

• Previously searched 
only for 1% - 12%

• covered by superterp

G065.3+5.7

1 degS. Straal



PSR CANDIDATE

P=668.64 ms
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PSR CANDIDATE

P=191.04 ms
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TELL-TALE
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PSR CANDIDATE

P=1.3373 s
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PSR CANDIDATE

> 10 degrees

P=1.3373 s
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SENSITIVITY - LIMITS
Source Object CCO Diameter Pulsar? Sensitivity

G049.2-0.7 SNR + PWN (?) 25 ’ - -

G063.7+1.1 SNR + PWN 8 ’ no ~ 4 mJy

G065.3+5.7 SNR 310 ’ X 240 ’ no ~ 12 mJy

G074.9+1.2 SNR + PWN V 8 ’ x 6 ’ no ~ 4 mJy

G093.3+6.9 SNR + PWN (?) 27 ’ x 20 ’ - -

G141.2+5.0 PWN + NS V 3.5 ’ no ~ 4 mJy

G150.3+4.5 SNR ~150 ’ - -

G189.1+3 SNR + NS V 30 ’ x 36 ’ no ~ 4 mJy
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SENSITIVITY - LIMITS

Source Object Diameter Previous 
searched

Sensitivity 
400-1420MHz

Sensitivity 
LOFAR

G049.2-0.7 SNR + PWN (?) 25 ’ 2%-15% 0.5-0.6 mJy -
G063.7+1.1 SNR + PWN 8 ’ - - ~ 4 mJy

G065.3+5.7 SNR 310’ X 240’ < 1 % 0.9-0.1 mJy ~ 12 mJy

G074.9+1.2 SNR + PWN 8 ’ x 6 ’ full 0.4-1.1 mJy ~ 4 mJy

G093.3+6.9 SNR + PWN (?) 27 ’ x 20 ’ full 0.8 mJy -

G141.2+5.0 PWN + NS 3.5 ’ new - ~ 4 mJy

G150.3+4.5 SNR ~150 ’ new - -

G189.1+3 SNR + NS 30 ’ x 36 ’ full 0.4 mJy ~ 4 mJy
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WORK IN PROGRESS
• Finish reduction last three sources

• Determine upper flux density limits 

• Obtain beaming fraction limits at low frequencies 
(110-180 MHz)
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