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ABSTRACT
Observations of supernova remnants (SNRs) are a powerful tool for investigating the later stages
of stellar evolution, the properties of the ambient interstellar medium, and the physics of particle
acceleration and shocks. For a fraction of SNRs, multi-wavelengthcoverage from radio to ultra-
high-energies has been provided, constraining their contributions to the production of Galactic
cosmic rays. Although radio emission is the most common identi�er of SNRs and a prime
probe for re�ning models, high-resolution images at frequencies above 5 GHz are surprisingly
lacking, even for bright and well-known SNRs such as IC443 and W44. In the frameworks of the
Astronomical Validation and Early Science Program with the64-m single-dish Sardinia Radio
Telescope, we provided, for the �rst time, single-dish deepimaging at 7 GHz of the IC443 and
W44 complexes coupled with spatially-resolved spectra in the1:5 � 7 GHz frequency range.
Our images were obtained through on-the-�y mapping techniques, providing antenna beam
oversampling and resulting in accurate continuum �ux density measurements. The integrated
�ux densities associated with IC443 areS1:5GHz = 134 � 4 Jy andS7GHz = 67 � 3 Jy. For
W44, we measured total �ux densities ofS1:5GHz = 214 � 6 Jy andS7GHz = 94 � 4 Jy.
Spectral index maps provide evidence of a wide physical parameter scatter among di�erent
SNR regions: a �at spectrum is observed from the brightest SNR regions at the shock, while
steeper spectral indices (up to� 0:7) are observed in fainter cooling regions, disentangling
in this way di�erent populations and spectra of radio/gamma-ray-emitting electrons in these
SNRs.

Key words: ISM: supernova remnants � ISM: individual objects: W44, IC443 � radio con-
tinuum: ISM

1 INTRODUCTION

Supernova remnants (SNRs) result from stellar explosions,typically
releasing energy in excess of 1050 erg in the interstellar medium.
The strong shock waves associated with SNRs (with typical initial
speeds> 1,000 km/s) heat the ejecta and ambient gas to X-ray-
emitting temperatures until speeds fall below� 100 km/s over a
timescale of a few 10,000 years. These shocks also put a largefrac-
tion of their energy into magnetic �elds and accelerated non-thermal
radio/gamma-ray-emitting electrons and gamma-ray-emitting heav-

ier particles, with an important in�uence on the remnant physics
and on the population of Galactic cosmic-ray particles. Observa-
tions of SNRs are thus important not only for the astronomical
understanding of the intrinsic phenomenology of stellar evolution
but also for investigating global processes in our Galaxy, -e.g.- the
properties of the shocked ambient interstellar medium and the origin
of cosmic rays (Ginzburg & Syrovatskii 1964). In fact, Supernovae
are believed to be the main sources of Galactic cosmic rays under
� 1015 �10 16 eV (e.g.,Amato 2014; Blasi 2013; Reynolds 2008, for
a review).
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The �rst radio surveys at low frequencies revealed bright and
large SNRs (e.g.Clark & Caswell 1976) displaying non-thermal
spectra (power-law �uxS� / � � � with � ' 0:5). Subsequent sens-
itive surveys with higher resolution also identi�ed a number of faint
and compact SNRs. To date,� 300 Galactic SNRs have been cata-
logued (Green 2014) and well characterised in the radio band, typic-
ally up to 1 GHz. Typical SNR sizes range from a few tens of square
arcminutes to a few square degrees with total �uxes of1� 300Jy at
� 1 GHz . For a fraction of them, multi-wavelength coverage ranging
from radio to ultra-high-energies (TeV) has been provided,although
radio emission is the most common identi�er of SNRs (extended
radio sources with steep spectra). In particular, about 20 SNRs have
been �rmly detected in gamma-rays mostly through the observations
of Fermi-LAT (Acero et al. 2016) and AGILE satellites in the GeV
range (Giuliani & AGILE Team 2011) and Cherenkov telescopes
in the TeV range (Humensky & the VERITAS Collaboration 2015;
H.E.S.S. Collaboration et al. 2011).

Despite the growing interest in high-energy GeV� TeV emis-
sion and its connection with radio emission, multi-wavelength data
of SNRs are sparse and often missing. Synchrotron radio emis-
sion is expected at least up to20 � 50 GHz, and is produced by
electrons with energies in the GeV range and magnetic �elds of
� 10 � 100 � G. However, for the most interesting and bright ob-
jects, high-resolution images at frequencies> 5 GHz in the confused
regions of the Galactic Plane are lacking and not easily achievable
through interferometry due to the very large SNR structures. Re-
cent observations were performed between 10 and 20 GHz with
QUIJOTE (Génova-Santos et al. 2016), providing intensity and po-
larization maps along the Galactic Plane (24� < l < 45� , jbj < 8� ),
with an angular resolution of� 1� . Moreover, Planck observations
using the Low Frequency Instrument were performed between 30
and 70 GHz (Oni¢ 2015, and references therein), but here again, the
resolution cannot provide accurate maps of SNRs at these frequen-
cies. Dedicated higher resolution observations are thus required to
�rmly address and disentangle models.

Integrated �uxes are typically available in the literaturefor
up to5 � 10 GHz, while SNR spatially-resolved �uxes are largely
unexplored in this frequency range and above. In particular, a bet-
ter characterisation of radio spectra (synchrotron spectral indices
and breaks) is necessary for constraining the high-energy spectra in
the frame of IC/bremmstrahlung leptonic models and probe them
versus hadronic models. For example, the gamma-ray �uxes and
spectra are strongly dependent on the IC photon target parameters
and spectral breaks in the electron distribution, and in most cases
there are no unambiguous model solutions without detailed meas-
urements of the latter, since the former is intrinsically uncertain
(Cardillo et al. 2014; Ackermann et al. 2013; Giuliani et al. 2011).
Furthermore, a careful veri�cation (through single-dish imaging,
possibly in combination with interferometric data) of co-spatiality
of the radio high-frequency and gamma-ray emissions could provide
a crucial test of the hypothesis of hadron vs. electron emission. In
fact, recent constraints on cosmic ray emission from SNRs and
related models (e.g.Ackermann et al. 2013) are based on integ-
rated radio �uxes only (no spatially resolved spectra), implying the
simplistic assumption of a single electron population for the whole
SNR.

SNR IC443 and W44 represent ideal targets for better testing
the above models, thanks to their interesting complex morphology
and availability of extensive multi-wavelength data, fromradio to
gamma rays. They belong to the remnant "mixed morphology" class
(Rho & Petre 1998), and are characterised by a highly �lament-
ary radio shell (synchrotron emission) and a central thermal X-ray

emission. IC443 (also named 3C157 and nicknamed the "Jelly�sh
Nebula") is one of the best-studied Galactic SNRs (Chevalier 1999;
Petre et al. 1988), with an estimated age of� 30; 000 yrs derived
from the associated neutron star proper motion (Olbert et al. 2001),
then revised to� 4; 000 yrs on the basis of X-ray plasma proper-
ties (Troja et al. 2008). Located at about 1.5 kpc in the direction
of the Galactic anticenter, the large structure of the source extends
over0:75� and shows evidence of interactions with both atomic and
molecular clouds (Lee et al. 2008; Snell et al. 2005; Cesarsky et al.
1999; Dickman et al. 1992). Its radio �ux density at 1 GHz is about
160 Jy, with a spectral index� = 0 :39 � 0:01 in the frequency
range 10 MHz� 10.7 GHz (Castelletti et al. 2011). W44 is a bright
radio SNR (S1GHz � 230 Jy, spectral index� = 0 :37 � 0:02 in
the 22 MHz� 10.7 GHz band) located in the Galactic Plane at a dis-
tance of� 2:9 kpc (Castelletti et al. 2007, and references therein).
Formed nearly 20,000 yrs ago (Wolszczan et al. 1991; Smith et al.
1985), it presents an asymmetric morphology of about half a degree
in size. It physically interacts with its parent molecular cloud com-
plex (e.g.Yoshiike et al. 2013; Reach et al. 2005; Wootten 1977).

In this paper, we focus on the need for spectral imaging of
IC443 and W44 with good angular resolution and sensitivity at
high-radio frequencies. This could help to better constrain the multi-
wavelength scenario described above since local changes inthe radio
spectrum trace the actual energy distribution of the di�erent elec-
tron populations responsible for both radio and part of gamma-ray
emissions. This is of utmost importance for extended SNRs par-
tially resolved by the angular resolution of gamma-ray instruments.
We provide radio mapping of IC443 and W44 at L (1.55 GHz) and
C-band (7 GHz) obtained by the recently commissioned Sardinia
Radio Telescope (SRT1) during Astronomical Validation (AV2) and
Early Science Program (ESP3) activities. We present accurate �ux
density measurements and spatially resolved spectral-slope meas-
urements, obtained through on-the-�y mapping procedures and us-
ing state-of-the-art imaging techniques.

This work represents a �rst scienti�c milestone for SRT, testi-
fying its capabilities and performances in single-dish imaging, and
exploiting di�erent receivers and backends.

2 SRT OBSERVATIONS

SRT is a 64-m diameter radio telescope with Gregorian con�gura-
tion located on the Sardinia island (Italy), and is designedto observe
in the0:3 � 116 GHz frequency range. At present, three receivers
are available for observers: a 7-beam K-band receiver (18 � 26:5
GHz), a mono-feed C-band receiver (5:7 � 7:7 GHz), and a coaxial
dual-feed L-P band (1:3 � 1:8 GHz; 305 � 410 MHz) receiver
(Valente et al. 2016, 2010). SRT o�ers advanced technology with
the implementation of an active surface composed of 1008 panels
and 1116 electromechanical actuators on the primary mirror. This
allows us to compensate the gravitational deformations andto re-
shape the primary mirror from a shaped con�guration to a parabolic
pro�le, depending on the position of the receiver at di�erent antenna
foci (Bolli et al. 2015; Buttu et al. 2012; Orfei et al. 2004).

A �rst series of observations of IC443 and W44 was per-
formed during the AV of SRT, from May 27 to December 10 2014
(� 12 hrs of e�ective time on targets). This phase was devoted to

1 www.srt.inaf.it
2 http://www.srt.inaf.it/astronomers/astrophysical-validation-team/
3 http://www.srt.inaf.it/astronomers/early-science-program-FEB-2016/
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