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In the frame of the Astronomical Validation and Early Science activities for the 64m Sardinia Radio Telescope (SRT, 
www.srt.inaf.it), we performed  6-22 GHz imaging observations of the complex-morphology SNRs W44 and IC443. We 
adopted innovative observing and mapping techniques providing unprecedented accuracy for single-dish imaging of SNRs 
at these  frequencies, revealing morphological details typically available only at lower frequencies through interferometry 
observations. High-frequency studies of SNRs in the radio range are useful to better characterize the spatial-resolved 
spectra (and then physical parameters) of different regions of the SNRs interacting with the ISM. Furthermore, 
synchrotron-emitting electrons in the high-frequency radio band are also responsible for the observed high-energy 
phenomenology as -e.g.- Inverse Compton and bremsstrahlung emission components observed in gamma-rays, to be 
disentangled from hadrons emission contribution (providing constraints on the origin of cosmic rays).

Mapping techniques: 

Supernova Remnants: An Odissey In Space After Stellar Death, 6-11 June 2016, Chania, Crete, Greece

On The Fly maps along RA and Dec directions.

4-5 passages per beam => oversampling.
 
Data reduction and analysis with the Single Dish 
Imager software (Pellizzoni et al., in prep), which 
includes the baseline subtraction, RFI rejection, and 
calibration.

Aims:

- High-resolution maps
- Accurate evaluation of flux errors
- Efficient rejection of RFI

I. Prandoni et al.: The Sardinia Radio Telescope:
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TABLE 1

OH (1720 MHz) Emission Gaussian Fits

Clump !J2000:0 "J2000:0

Sp
(mJy)

VLSR

(km s!1)

!V

( km s!1)

#maj

(arcmin)

#min

(arcmin)

P.A.

(deg)

B................................ 06 16 40.3 +22 23 06 158 (22) !6.14 (0.08) 1.04 (0.09) 13.8 6.5 77.4 (0.1)
D................................ 06 17 53.2 +22 23 50 145 (17) !6.85 (0.07) 1.76 (0.11) 11.4 6.5 46.8 (0.1)

G................................ 06 16 47.0 +22 32 01 3641 (35) !4.55 (0.04) 0.84 (0.05) 7.7 6.9 57.2 (0.4)

Note.—Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds. Errors to fits are shown in
parenthesis.

Fig. 2.—Top left: 330 MHz continuum map of IC 443. Top right: The velocity integrated line flux density (moment zero) map of maser G at!4.55 km s!1. Bottom
right:Moment zero map of maser B at!6.14 km s!1. Bottom left:Moment zero map of maser D at !6.85 km s!1. Contours of 330 MHz continuum are present for all
figures at 0.01, 0.05, 0.1, and 0.3 times the peak continuum level of 177 mJy beam!1. Note that due to the brightness of maser G, its emission wings are seen in all three
moment zero maps.
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Table 1
Summary of H i 21 cm Observations

Arecibo Observation
Date 2001. 10. 31. ∼ 2001. 11. 3.
Mapping area 75′ × 75′ centered at (06h17m, +22◦34′)
Observing mode On-the-fly mode with R.A. and decl. scan
Scan interval 1.′2
Sampling rate 3.2 samples/arcmin
Angular resolution (FWHM) 3.′9 (after convolution)
Velocity resolution 1.3 km s−1 (after Hanning smoothing)
1σ noise 0.1 K per channel

VLA Observation
Date 2001. 12. 2
Configuration D
Field center (J2000) (06h17m, +22◦34′)
Baseline range 0.1 ∼ 5 kλ

Angular resolution (FWHM) 42′′ × 39′′ (PA = −65◦)
Velocity resolution 2.58 km s−1

On-source integration time 6.3 h (54 min per pointing)
Flux and bandpass calibrators 3C 147 (21.9 Jy), 3C 286 (14.7 Jy)
Gain calibrator 0603+ 219 (2.42 Jy)
1σ noise ∼0.7 K per channel

2.2. Interferometric Observations

Observations of IC 443 with the NRAO8 VLA were con-
ducted on 2001 December 2 in the D configuration. The extent
of IC 443 (covering shells A and B) is about 50′, which is much
larger than the primary beam of the VLA at λ 21 cm. To cover
the whole remnant, seven separate pointings were observed in
a hexagonal grid centered on (α,δ) = (06h17m, 22◦34′). The
spectrometer was set up in the 2IF mode with 128 channels
covering a total bandwidth of 1.5625 MHz, resulting in a spec-
tral resolution of 12.2 kHz (2.6 km s−1 centered at VLSR =
−30 km s−1). 3C 147 (21.9 Jy) and 3C 286 (14.7 Jy) were ob-
served for the flux calibration, and the nearby quasar 0603+219
(2.42 Jy) was observed to track the instrument gain. Observa-
tions of 3C 147 and 3C 286 were used to correct the variation
in the instrumental bandpass. Details of these observations are
summarized in Table 1. When all seven pointing data are com-
bined together in a mosaic, the rms noise in each spectral channel
is ∼0.7 K (1.5 mJy/beam). The continuum image was generated
using the line-free channels, covering an equivalent bandwidth
of 60 MHz. The rms noise of the continuum image is ∼0.2 K
(0.45 mJy/beam).

2.3. Image Synthesis

Initial calibration of the VLA data (including data editing,
gain and phase calibration, bandpass calibration) was done us-
ing the NRAO Astronomical Image Processing System (AIPS)
package (Fomalont 1981). The fully calibrated uv data were
then ported to Miriad (Sault et al. 1995) for further processing.
The uv data were transformed to the image plane and subse-
quently mosaicked together using a maximum entropy decon-
volution algorithm. Uniform weighting was used to maximize
angular resolution. For the continuum imaging, bright point-
like sources were CLEANed first before mosaicking to improve
the deconvolution process. The final angular resolution of the
spectral and continuum images was 42′′ × 39′′.

8 The National Radio Astronomy Observatory is a facility of the National
Science Foundation operated under cooperative agreement by Associated
Universities, Inc.

Figure 2. 21 cm continuum image of IC 443. Contour levels: 20 mJy to 100 mJy
with 20 mJy increment. The black arrow marks the location of the pulsar and its
wind nebular. Two extragalactic sources are also marked with blue arrows (see
the text for details).

The largest structure that can be imaged with the VLA in
the D configuration is ∼15′. Therefore larger structures are
restored by combining the VLA data with existing single-dish
data. The 21 cm Bonn survey (Reich et al. 1990) was used for the
continuum imaging, assuming a Gaussian beam with a FWHM
of 9.′35. For the H i spectral-line imaging, our VLA and Arecibo
data were combined. In both cases, the visibility amplitude in
the overlapping uv range of single-dish and interferometer data
agreed to within the 10% accuracy, and the images were linearly
merged using the task “immerge” in Miriad.

2.4. Comparison with Previous Observations

Although various 21 cm observations of IC 443 have been
reported, all the previous high-resolution results (both line and
continuum) have been based on interferometric observations
without short-spacing information which is critical to any
quantitative analysis. Furthermore, most of these observations
have a field of view smaller than the full extent of IC 443.
The present data improve by five times the angular resolution
and by nearly ten times the sensitivity in comparison with the
previous best 21 cm continuum results which also incorporate
short-spacing information and have a large enough field of view
(Leahy 2004). We emphasize that our 21 cm line observation
is the first high-resolution observation without missing short-
spacing information. The only previous work with comparable
resolution was by Braun & Strom (1986a, 1986b), but they did
not include short-spacing data and had a field of view limited
by the FWHM (36′) of the primary beam.

3. RESULTS

3.1. Overall Continuum Morphology

The new 21 cm continuum image of IC 443, shown in
Figure 2, nicely demonstrates the overall morphology of the
remnant in great detail. The continuum structure of IC 443
consists of two distinct shells of different radii. The bulk of the
emission is from the northeastern part that forms an incomplete
shell with a diameter of 30′ (shell A). Shell A is open on
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Figure 1. Schematic showing the overall morphology of IC 443. The inset
shows the proposed top view of shell A. The asterisk indicates the position of
the pulsar (Olbert et al. 2001).

nature of the ambient medium is also well demonstrated by the
Two Micron All Sky Survey (2MASS) JHK composite image
of Rho et al. (2001).

The presence of fast-moving H i in IC 443, such as the
prominent H i shell lying along the southeastern boundary, has
already been known for some time (Denoyer 1978; Giovanelli
& Haynes 1979). Most of the high-velocity gas shows a
blue-shifted emission with an estimated expansion velocity of
!90 km s−1. The earlier high-resolution observations made
using the Westerbork Synthesis Radio Telescope (WSRT) by
Braun & Strom (1986b) showed that the H i shell is thin and
correlated with the radio continuum filaments. Initially, this H i
emission was interpreted as recombined atomic hydrogen in the
postshock cooling region. However, the subsequent detection
of emission from shocked molecules clearly demonstrated that
most of the high-velocity H i gas is actually associated with a
molecular shock (Burton et al. 1988). The molecular emission
is spatially well correlated with the high-velocity H i emission,
and their velocity profiles are also very similar. The absence of
hydrogen recombination lines such as Br γ suggests that most
of the high-velocity H i in this region cannot be explained as
recombined atomic gas. Instead, the origin of the high-velocity
H i is attributed to a partially dissociative shock where only a
portion of the H2 is dissociated into neutral hydrogen without
further ionization (Burton et al. 1988).

IC 443 is located in the Gem OB1 association in the direction
of the Galactic anticenter H i shell (GS 174+02-64; Heiles 1984).
The distance toward this association is known to be around
1.5 kpc, and from the possible association of IC 443 with this
OB association (e.g. Braun & Strom 1986b) the same distance
of 1.5 kpc was suggested for IC 443. A pulsar was recently
found from high resolution Chandra observation (Olbert et al.
2001), suggesting a core-collapse origin. We note that Leahy
(2004) doubted the genuine association between the pulsar and
IC 443, but the recent X-ray analysis of Gaensler et al. (2006)
favored their association. Welsh & Sallmen (2003) studied UV

absorption profiles toward several stars in this association and
confirmed that IC 443 is indeed a part of this anticenter complex.
Throughout this Paper, we will adopt this distance.

In this paper, we report sensitive new high-resolution obser-
vations of IC 443 in 21 cm continuum and the H i line obtained
using the VLA and the Arecibo telescope as a part of an ongoing
effort to better understand the nature of IC 443. Our new data,
combining VLA mosaic observations and Arecibo observations,
properly incorporate short-spacing information and have a large
enough field of view covering the full extent of the remnant.
We have also obtained new molecular line observations us-
ing the Five College Radio Astronomy Observatory (FCRAO)
14 m telescope, and detailed discussions of the molecular line
observations will be reported in a separate paper (Lee 2007, in
preparation; hereafter Paper II). Our new observations reveal
previously unknown characteristics of the remnant both in the
radio continuum and the 21 cm hydrogen line. We aim to model
the global dynamics of IC 443 using the radio continuum mor-
phology and the distribution of shocked H i gas in the remnant.
We also want to study the nature of the shocked H i gases which
are associated with both atomic and molecular shocks, and the
ambient media responsible for these. In addition, a possible asso-
ciation of IC 443 with G189.6+3.3 will be investigated. The new
observations and the results are described in Sections 2 and 3.
The implications of the new results are discussed in Section 4,
and the results are summarized in Section 5.

2. OBSERVATIONS AND DATA PROCESSING

2.1. Single-Dish Observations

Observations with the Arecibo telescope7 were conducted
between October 31 and November 3 in 2001. A 75′ ×
75′ area centered on (α2000, δ2000) = (06h17m00s, +22◦34′)
was scanned in the total power mode utilizing the on-the-fly
mapping technique. Scans were obtained in both R.A. and
decl. directions, separated by 1.′2, and with a sampling rate
of 240 samples/strip. Two correlator boards were used, centered
at 1420.405 MHz, each with a bandwidth of 3.125 MHz and
1024 frequency channels, resulting in a velocity resolution of
1.3 km s−1 after Hanning smoothing.

The correlator data were converted to brightness temperature
accounting for the gain variations with azimuth and zenith angle,
with a typical value of ∼9.5 K Jy−1 at ZA = 10◦. The data were
gridded and convolved with a Gaussian kernel to produce a data
cube with 3.′9 × 3.′9 angular resolution. A polynomial baseline
was subtracted using the line-free channels for each spectrum in
this cube. This baseline subtraction is a delicate and important
step as the most interesting information lies in the faint, broad
line wings. To verify that the baseline removal was robust, a
bandpass-corrected comparison cube was created using the OFF
spectra derived from the data at the beginning and the end of
each scan. The Galactic foreground emission in the OFF spectra
corrupted the low-velocity channel data, but the high-velocity
features should be more faithfully reproduced with the improved
bandpass correction. Comparison of the high-velocity channels
in the two cubes did not reveal any significant differences. All
the analyses presented in this paper are based on the former data
set. The 1σ rms noise in this data cube is around 0.1 K.

7 The Arecibo Observatory is part of the National Astronomy and Ionosphere
Center, which is operated by Cornell University under contract with the
National Science Foundation.

Fig. 12. Images of SNR 3C 157. Left: Single-dish 7.24 GHz calibrated image obtained with the SRT (2.6� resolution; image rms ∼ 10 mJy/beam
for a total observing time of 12.8 hours).Right: 1.4 GHz continuum 7-pointings mosaic obtained with the VLA (40�� resolution) in combination
with Arecibo (3.9� resolution) data to provide sensitivity to extended low surface brightness emission (total observing time 6.3 hours). The blue
arrows indicate the position of two extra-galactic background sources, and the black arrow indicates the pulsar (Lee et al. 2008).

Fig. 10. Image of W3 at 7.24 GHz. The field of view is about 2o×2o.
The noise is �4 mJy/beam and the resolution is 2.6 arcmin (SRT beam
size at 7.24 GHz). The colour map has been saturated to highlight the
low surface brightness emission. The brightest structure in the top-right
is the vast W3 molecular cloud complex which hosts the ultra-compact
HII region W3. Inset spectrum: 6.7 GHz methanol maser emission (Jy)
in W3(OH) observed at the SRT with XARCOS on January 28th, 2016.
Four sub-bands (see panels) are observed simultaneously at increasing
spectral resolution. From top to bottom: 1.4 km s−1, 170, 40 and 10
m s−1). Left and right circular polarizations have been averaged. The
velocity scale refers to the LSR frame and uses the optical convention.

7.3. Image Fidelity: Galactic Plane Sources

The image fidelity capabilities of the SRT were tested through
observations of well-known SuperNova Remnants (SNR).

Among them 3C 157 represents an ideal target in this respect,
thanks to its interesting complex morphology, to the availability
of extensive multi-wavelength data and to its good visibility at
the SRT site.

3C 157 (also named IC443), located at about 1.5 kpc in the
direction of the Galactic anticenter (Heiles 1984; Braun & Strom
1986), is one of the best-studied Galactic SNR. The large struc-
ture of the source extends over 0.75oand shows evidence of in-
teractions with both atomic and molecular clouds (Snell et al.
2005). The discovery of a pulsar in X-rays with Chandra (Olbert
et al. 2001) suggests a core-collapse origin of the SNR. Its radio
flux density at 1 GHz is about 160 Jy (for a detailed discussion
of this source, see Green 2014 and references therein).

We observed 3C 157 in the period May-December 2014. We
performed OTF maps along RA and Dec directions. The data
were acquired using the Total Power backend at a central observ-
ing frequency of 7.24 GHz and with a bandwidth of 680 MHz.
The main observational parameters of the source are listed in
Table 5. The adopted observing parameters typically imply the
acquisition of >10-20 samples/beam for each subscan passage
(largely oversampling the beam w.r.t. Nyquist sampling). This
allows us to get an accurate evaluation of flux errors, as well as
to efficiently reject outlier measurements ascribed to RFI. The
offset between two consecutive subscans was set to 0.01o, which
implies on average 4.5 passages per beam, and about 17 samples
per beam per scan (assuming a beam size of 2.7�� at our observ-
ing frequency). The total duration of an observation (single map
RA+Dec) was about 3 hours including dead/slew time.

The length of the subscans (or the image size) was chosen
according to the size of the source. In order to properly recon-
struct the morphology of the observed source and its associated
flux, the subscan-dependent baseline (background flux) must be
correctly subtracted. Ideally, each subscan should be free from
significant source contribution (and RFI contamination) for 40-
60% of its length/duration, in order to properly identify and sub-
tract the baseline component. This requirement is not trivially
granted for targets located in crowded regions of the Galactic
Plane.
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Fig. A: Single-dish 7.24 GHz calibrated image obtained with the SRT 
(2.6’ resolution; image rms 10 mJy/beam for a total observing time 
of 12.8 hours).

High-resolution map of IC433: 

SRT map of W44 at 7.2 GHz
(1.2°x1°)

Comparison of the map of IC433 performed with SRT at 7.24 GHz (Fig. A), with the combined map obtained with the VLA and Arecibo at 
1.4 GHz (Fig. B):

Fig. B: 1.4 GHz continuum 7-pointings mosaic obtained with the VLA 
(40’’ resolution) in combination with Arecibo (3.9’ resolution) data 
to provide sensitivity to extended low surface brightness emission 
(total observing time 6.3 hours).
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