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A few words about SRT

- Dish dimension: 64-m diameter

- Active surface

- Frequency range: 
  From 0.3 GHz to 110 GHz

- Visibility DEC: - 40°, +90°

- First call ESP: Dec 2015



* High-resolution maps of SNRs are lacking > 5 GHz

* Single dish and interferometry are complementary

* SRT maps of  W44 and IC443 at 1.5 GHz, 7 GHz and 21.4 GHz 

AIMS => to have precise measurements on flux density 

         => to better understand the spectral index of SNRs 

Radio observations of SNRs

A. Pellizzoni’s talk
 S. Loru’s poster



* On-The-Fly maps

* Beam oversampling

* Automatic RFI rejection 

* Automatic baseline subtraction

SRT observations

Single Dish Imager (SDI software)

=> Accurate flux density measurements and flux errors

Pixel size about 1/4 HPBW



W44 flux at 1.4 GHz ?

* Discrepancies in the literature (see Castelletti et al. 2007)

Castelletti et al. (2007)
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Figure 1. Left: SRT continuum map of SNR IC443 obtained at 1.55 GHz with the SARDARA backend during the ESP. Right: Continuum
map of the 7.2 GHz observations performed with the TP backend during the AV tests. The green circles on the bottom left indicate the
beam size at the observed frequencies.
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Figure 2. SRT continuum maps of SNR W44 obtained with the SARDARA backend at 1.55 GHz (left) and 7.0 GHz (right) during the
ESP. The green circles on the bottom left indicate the beam size at the observed frequencies.

5 DISCUSSION

We obtained accurate images of W44 and IC443 probing the
capabilities of the Sardinia Radio Telescope by operating
single-dish OTF scans. Our results show reliable perform-
ances of the instrumentation over a two-year-long time span
(gain stability <5%) and provide self-consistency checks in
measurements performed by simultaneous piggy-back obser-
vations with two different backends. On the other hand, this
early SRT mapping of SNRs yielded challenging scientific
results, providing the first spatially-resolved spectra in the
1.5− 7 GHz range.

Our results are first compared with both low-frequency
VLA interferometric data and exisiting 0.3− 5 GHz single-

dish maps (§5.1) and related integrated fluxes described in
the literature (§5.2). In §5.3 we discuss the physical implic-
ations of the observed region-dependent spectral indices for
IC443 and W44 and their correlation with the radio and
gamma-ray intensity maps.

5.1 SRT single-dish imaging performances

Interferometry must "pass the baton" to single-dish tech-
niques to image large structures (∼ 1◦ or more) at high fre-
quencies, since synthesis imaging becomes unfeasible in this
context. In fact, most of the features and details that are
evident in the high-resolution, low-frequency interferomet-
ric images of IC443 and W44, are comparable with the SRT

MNRAS 000, 1–14 (2016)

F = 214 +/- 6 Jy
beam: 11.1’

14 maps of 1.6°x1.4°
eff time: 4h10

rms = 81 mJy/beam

F = 96 +/- 5 Jy
beam: 2.7’

7 maps of 1.2°x1.0°
eff time: 6h50

rms = 7 mJy/beam

W44 at 1.5 and 7 GHz with SRT



W44 flux at 1.4 GHz ?

* Discrepancies in the literature (see Castelletti et al. 2007)

Castelletti et al. (2007)

 SRT:     1550........     214 +/- 6 Jy    Egron et al. (submitted to MNRAS)

=>
=>

=>
=>

=>
=>



10

Figure 6. Comparison of the continuum maps of IC443 obtained with SRT at 7 GHz (left) with that obtained with the VLA and Arecibo
at 21cm (right) (Lee et al. 2008).

Figure 7. Left: contour map obtained by Effelsberg at 4.9 GHz (Altenhoff et al. 1979), middle: SRT observation at 7 GHz, right: intensity
contours (indicated in green) obtained with the Urumqi at 4.8 GHz (Sun et al. 2011). The dotted rectangles indicate the same sky region.
The blue and green circles in the bottom corner of the maps show the beam size.

X-ray nebula associated with the pulsar (Petre et al. 2002;
Frail et al. 1996) has a slight offset w.r.t. the pulsar and is
consistent with a motion of the pulsar away from the SNR
center.

5.2 IC443 and W44 continuum fluxes

We compared the values of the integrated flux densities we
obtained with SRT at 1.55 GHz and 7 GHz with those
presented in the literature. We note that no recent obser-
vations above 2 GHz were performed since the late 1970’s.

Based on the values reported in Table 2 by

Castelletti et al. (2011), we conclude that our measurements
for IC443 (S1.55GHz = 133.7± 4.0 Jy and S7GHz = 66.5± 2.9
Jy) are consistent with continuum fluxes obtained at 1.4
GHz (S1.4GHz = 130 ± 13 Jy by Green (1986)) and at 6.6
GHz (S6.6GHz = 70 ± 15 Jy by Dickel (1971)), within 1σ.
It is worth noting that typical continuum flux errors for
IC443 in the literature are of the order of ∼ 10−15%, while
we provided more accurate measurements. This is mostly
due to our oversampled maps in which, for each pixel, tens
of OTF baseline-subtracted scans are available, providing
straightforward error measurements through standard devi-
ation estimates. The SRT spectral index estimate for IC443

MNRAS 000, 1–14 (2016)

Single-dish observations of W44

* Effelsberg at 4.9 GHz
       (beam: 2.6’) 

* SRT at 7 GHz
   (beam: 2.7’) 

* Urumqi at 4.8 GHz
       (beam: 9.5’)

Altenhoff et al. 1979
Sun et al. 2011



SRT and VLA maps of W44
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Figure 8. Comparison of the continuum maps of SNR W44 obtained with SRT at 7.0 GHz (left) with that obtained with the VLA at
324 MHz (right) (Castelletti et al. 2007).

in the interval 1.55 − 7.2 GHz is α = 0.46 ± 0.03. This res-
ult is in perfect agreement with a spectral index estimate
of α = 0.47 ± 0.06 obtained through a weighted fit of all
the radio data available in the literature for the frequency
range 1.39 − 8.00 GHz (see Table 2 in Castelletti et al.
(2011). We note that the overall spectral index reported by
Castelletti et al. (2011) in the frequency range 0.02 − 10.7
GHz is α = 0.36± 0.02, while at low frequencies (0.02− 1.0
GHz), it flattens to α = 0.33 ± 0.01. Thus, SRT data
firmly confirm a slight steepening of the IC443 spectrum
(∆α ∼ 0.1) at > 4σ confidence level around ∼1 GHz.

For W44, the continuum flux results presented in the
literature provide a wide scatter. In particular, recent meas-
urements at 1.4 GHz by Giacani et al. (1997) (S1.4GHz =
210 ± 20 Jy) and Castelletti et al. (2007) (S1.4GHz =
300 ± 7 Jy) are inconsistent. Our result at 1.55 GHz
(S1.55GHz = 214.4± 6.4 Jy) is comparable within 1σ with the
former and most other L-band flux measurements obtained
in the ’60s (Beard & Kerr 1969; Kellermann et al. 1969;
Pauliny-Toth et al. 1966; Scheuer 1963; Leslie 1960). Our
measurement at 7.0 GHz (S7GHz = 93.7± 4.0 Jy) is in agree-
ment with Hollinger & Hobbs (1966): S8.3GHz = 95 ± 23 Jy.

W44 displays a similar spectral behaviour as compared
to IC443. In fact, the high-frequency spectral index estim-
ated by SRT for W44 is α = 0.55 ± 0.03 (1.55 − 7.2 GHz),
which compares within 1σ with the value of 0.46 ± 0.09
obtained from an unweighted power-law fit7 of literature
data in the 1.39 − 8.4 GHz frequency range (see Table 2
in Castelletti et al. (2007)). Looking at low-frequency flux

7 A weighted fit of literature data in this case provides unreliable
fitting results since measurements are inconsistent, i.e. reported
errors in Table 2 by Castelletti et al. (2007) are manifestly un-
derestimated in some cases; reported errors <0.5% ascribed to
Altenhoff et al. (1970) are not compliant with the original paper.

measurements in the literature, the resulting spectral in-
dex is α = 0.33 ± 0.03 (22 MHz − 1.39 GHz). Thus, even
for W44, we can claim a significant spectral steepenening
at high frequencies, where we observed average synchro-
tron spectra, which were in principle compatible with canon-
ical electron distributions associated with relativistic shocks
(electron spectral index ∼2).

The slight spectral steepening observed for both IC443
and W44 above ∼1 GHz could be related to the approach to
a possible break in electron energy distribution (as averaged
for the whole SNR extent), which is possibly related to cool-
ing processes and/or intrinsic particle distribution features
at the shock.

A typical primary particle spectrum (both hadronic and
leptonic) is expected to have a high energy cut-off which de-
pends on the SNR age and other physical parameters (i.e.
ambient density and magnetic field). In fact, gamma-rays
observations pointed out a steepening of the primary particle
spectrum at energies of ∼ 10 GeV for W44 and ∼ 100
GeV for IC443 (Cardillo et al. 2014; Ackermann et al. 2013;
Giuliani et al. 2011) that implies synchrotron break/cut-off
at frequencies >10 GHz . However, a secondary electron pop-
ulation produced by hadronic interactions could represent a
major fraction of the whole leptonic plasma present in the
SNR (Cardillo et al. 2016; Lee et al. 2015). These second-
ary hadronic electrons are expected to take ∼ 10% of the
primary particle energy. Thus, a corresponding synchrotron
spectrum change due to this particle population could be ex-
pected in the GHz range, in addition to the primary particle
spectrum change at higher frequencies.

In order to properly investigate the actual parameters of
region-dependent electron distributions, spatially-resolved,
high-frequency spectra are required.

MNRAS 000, 1–14 (2016)

* Advantage VLA => great details in the morphology
                              (see Castelletti et al. 2007: obs at 324 MHz)
  

* Advantage SRT => accurate flux measurements at 1.5 and 7 GHz
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Figure 5. Comparison of the radio continuum emission of SNR IC443 as seen with different single-dish telescopes. Left: Contour plot
observed at 868 MHz with Effelsberg (Reich et al. 2003). Middle: SRT observation at 7.2 GHz in Galactic coordinates. Right: Radio
continuum and polarisation image of IC443 obtained with the Urumqi at 6cm (Gao et al. 2011). The dotted rectangles indicate the same
sky region.

frequency data (330 MHz − 1.4 GHz) were combined to-
gether to achieve an extremely good sensitivity and angular
resolution of about 40′′ (Lee et al. 2008). The details in the
morphology of IC443 obtained with SRT at 7 GHz are com-
parable with these interferometric observations, as testified
by Fig. 6. IC443 consists in two nearly concentric shells,
which present a filamentary structure and a clear difference
in the radio continuum intensity. The eastern shell is open on
the western side toward a weaker second shell (halo), which
is possibly related to a breakout portion of the supernova
remnant into a rarefied medium (Lee et al. 2008). The east-
ern shell shows two very bright emission regions, which are
apparently connected with a ridge. The bulk of the emission
comes from the northeastern part of this shell, corresponding
to signatures of atomic/ionic shock (Duin & van der Laan
1975). The bright emission at the southwestern part of the
ridge has a more complex origin. Various signs of molecu-
lar shock of H2 were highlighted by Burton et al. (1988).
The pulsar and its PWN are located in this region. They
very likely correspond to the remnant of the explosion which
later formed IC443. We note that no pulsations were detec-
ted from the neutron star, however, all evidence points to
the nature of a rotation-powered pulsar (Swartz et al. 2015,
and references therein). Two bright extragalactic point-like
sources unrelated to the remnant Braun & Strom (1986) are
also present near (α, δ)=(06h17m30s, 22◦25′).

5.1.2 W44

We compared the SRT map of W44 with radio continuum
maps obtained by Effelsberg at 4.9 GHz and Urumqi at 4.8
GHz, and with VLA low-frequency observations.

A survey of the Galactic plane was produced by the
Effelsberg telescope at 4.875 GHz (Altenhoff et al. 1979).
Scans were taken in galactic latitudes over b = ±2◦, at a
rate of 80′/min, and spaced every 1′ in galactic longitude.
The HPBW was 2.6′, which gives us a direct comparison
with the SRT resolution at 7.2 GHz (2.7′). The maps ob-
tained with both radio telescopes are very similar, as shown
in Fig. 7. SNR W44 presents strong intensity regions that

are located mainly in the south (Galactic latitude) of the
remnant. It is worth noting the emission from the Galactic
plane. A recent observation of W44 was performed during
a polarisation survey carried out with Urumqi at 4.8 GHz.
Details of the supernova remnant, the Galactic plane, and
sources nearby W44 are clearly visible with SRT. Instead,
W44 appears more extended in the case of Urumqi, since
the sources in the vicinity of W44 and part of the Galactic
Plane are not resolved from the remnant (see Fig. 7), as for
example in the case of the unidentified source detected at
∼1 Jy by SRT in the north-east direction. This is related to
the beam width associated with Urumqi at 4.8 GHz, which
is about 3.5 times larger than that of SRT at 7 GHz (9.5′
for Urumqi against 2.7′ for SRT).

We then compared the map of W44 produced by SRT
with high-resolution VLA images of the remnant at 1,465
MHz (Jones et al. 1993) and 324 MHz (Castelletti et al.
2007), which were obtained using interferometric multiple-
configurations (see Fig. 8 for a comparison with the 324
MHz map). The radio emission of W44 is characterized
by an asymmetric limb-brightened shell structured in fila-
ments that are preferentially aligned in the south-east north-
west direction. The brightest filaments are also resolved
with SRT, and they most likely result from radiative shocks
driven into clouds or sheets of dense gas (Jones et al. 1993).
The brightest emission occurs along the eastern boundary
at ∼ (α, δ)=(18h56m50s, 01◦17′). It results from the inter-
action between W44 and dense molecular clouds observed
in this region (Seta et al. 2004; Reach et al. 2005). Spitzer
observations at 24 µm and 8 µm identify a circular HII
region centered at (α, δ)= (18h56m47.9s, 01◦17′54′′) and
named G034.7-00.6 (Paladini et al. 2003), with the IRAS
point source 18544+0112, which is a young stellar object
located on its border. This feature is much more enhanced
in the SRT 7 GHz image with respect to the low-frequency
interferometric map. To the west, a short bright arc is vis-
ible at (α, δ)=(18h55m20s, 01◦22′) (Castelletti et al. 2007).
It corresponds to the SNR shock colliding with a molecu-
lar cloud located in this region, which is consistent with
bright optical filaments and IR observations. The radio and

MNRAS 000, 1–14 (2016)

Single-dish observations of IC443

* Effelsberg at 868 MHz
        (beam: 14.5’) 

(Reich et al. 2003)

* SRT at 7 GHz
    (beam: 2.7’) 

* Urumqi at 5 GHz       
       (beam:9.5’)                     

(Gao et al. 2011)                     
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Figure 1. Left: SRT continuum map of SNR IC443 obtained at 1.55 GHz with the SARDARA backend during the ESP. Right: Continuum
map of the 7.2 GHz observations performed with the TP backend during the AV tests. The green circles on the bottom left indicate the
beam size at the observed frequencies.
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Figure 2. SRT continuum maps of SNR W44 obtained with the SARDARA backend at 1.55 GHz (left) and 7.0 GHz (right) during the
ESP. The green circles on the bottom left indicate the beam size at the observed frequencies.

5 DISCUSSION

We obtained accurate images of W44 and IC443 probing the
capabilities of the Sardinia Radio Telescope by operating
single-dish OTF scans. Our results show reliable perform-
ances of the instrumentation over a two-year-long time span
(gain stability <5%) and provide self-consistency checks in
measurements performed by simultaneous piggy-back obser-
vations with two different backends. On the other hand, this
early SRT mapping of SNRs yielded challenging scientific
results, providing the first spatially-resolved spectra in the
1.5− 7 GHz range.

Our results are first compared with both low-frequency
VLA interferometric data and exisiting 0.3− 5 GHz single-

dish maps (§5.1) and related integrated fluxes described in
the literature (§5.2). In §5.3 we discuss the physical implic-
ations of the observed region-dependent spectral indices for
IC443 and W44 and their correlation with the radio and
gamma-ray intensity maps.

5.1 SRT single-dish imaging performances

Interferometry must "pass the baton" to single-dish tech-
niques to image large structures (∼ 1◦ or more) at high fre-
quencies, since synthesis imaging becomes unfeasible in this
context. In fact, most of the features and details that are
evident in the high-resolution, low-frequency interferomet-
ric images of IC443 and W44, are comparable with the SRT

MNRAS 000, 1–14 (2016)

IC443 at 1.5 and 7 GHz with SRT

F = 131 +/- 4 Jy
beam: 11.1’

13.5 maps of 2°x2°
eff time: 7h15

rms = 76 mJy/beam

F = 69 +/- 3 Jy
beam: 2.7’

3 maps of 1.5°x1.5°
eff time: 5h30

rms = 20 mJy/beam
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Figure 1. Left: SRT continuum map of SNR IC443 obtained at 1.55 GHz with the SARDARA backend during the ESP. Right: Continuum
map of the 7.2 GHz observations performed with the TP backend during the AV tests. The green circles on the bottom left indicate the
beam size at the observed frequencies.
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Figure 2. SRT continuum maps of SNR W44 obtained with the SARDARA backend at 1.55 GHz (left) and 7.0 GHz (right) during the
ESP. The green circles on the bottom left indicate the beam size at the observed frequencies.

5 DISCUSSION

We obtained accurate images of W44 and IC443 probing the
capabilities of the Sardinia Radio Telescope by operating
single-dish OTF scans. Our results show reliable perform-
ances of the instrumentation over a two-year-long time span
(gain stability <5%) and provide self-consistency checks in
measurements performed by simultaneous piggy-back obser-
vations with two different backends. On the other hand, this
early SRT mapping of SNRs yielded challenging scientific
results, providing the first spatially-resolved spectra in the
1.5− 7 GHz range.

Our results are first compared with both low-frequency
VLA interferometric data and exisiting 0.3− 5 GHz single-

dish maps (§5.1) and related integrated fluxes described in
the literature (§5.2). In §5.3 we discuss the physical implic-
ations of the observed region-dependent spectral indices for
IC443 and W44 and their correlation with the radio and
gamma-ray intensity maps.

5.1 SRT single-dish imaging performances

Interferometry must "pass the baton" to single-dish tech-
niques to image large structures (∼ 1◦ or more) at high fre-
quencies, since synthesis imaging becomes unfeasible in this
context. In fact, most of the features and details that are
evident in the high-resolution, low-frequency interferomet-
ric images of IC443 and W44, are comparable with the SRT

MNRAS 000, 1–14 (2016)

IC443 at 1.5 and 7 GHz with SRT

F = 69 +/- 3 Jy at 7 GHz
consistent with Dickel 1971

F = 70 +/- 15 Jy 
at 6.6 GHz 

F = 131 +/- 4 Jy at 1.5 GHz
comparison with flux values at 1.4 GHz

Extract from Castelletti et al. 2011

=>

=>
=>
=>
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Figure 6. Comparison of the continuum maps of IC443 obtained with SRT at 7 GHz (left) with that obtained with the VLA and Arecibo
at 21cm (right) (Lee et al. 2008).

Figure 7. Left: contour map obtained by Effelsberg at 4.9 GHz (Altenhoff et al. 1979), middle: SRT observation at 7 GHz, right: intensity
contours (indicated in green) obtained with the Urumqi at 4.8 GHz (Sun et al. 2011). The dotted rectangles indicate the same sky region.
The blue and green circles in the bottom corner of the maps show the beam size.

X-ray nebula associated with the pulsar (Petre et al. 2002;
Frail et al. 1996) has a slight offset w.r.t. the pulsar and is
consistent with a motion of the pulsar away from the SNR
center.

5.2 IC443 and W44 continuum fluxes

We compared the values of the integrated flux densities we
obtained with SRT at 1.55 GHz and 7 GHz with those
presented in the literature. We note that no recent obser-
vations above 2 GHz were performed since the late 1970’s.

Based on the values reported in Table 2 by

Castelletti et al. (2011), we conclude that our measurements
for IC443 (S1.55GHz = 133.7± 4.0 Jy and S7GHz = 66.5± 2.9
Jy) are consistent with continuum fluxes obtained at 1.4
GHz (S1.4GHz = 130 ± 13 Jy by Green (1986)) and at 6.6
GHz (S6.6GHz = 70 ± 15 Jy by Dickel (1971)), within 1σ.
It is worth noting that typical continuum flux errors for
IC443 in the literature are of the order of ∼ 10−15%, while
we provided more accurate measurements. This is mostly
due to our oversampled maps in which, for each pixel, tens
of OTF baseline-subtracted scans are available, providing
straightforward error measurements through standard devi-
ation estimates. The SRT spectral index estimate for IC443

MNRAS 000, 1–14 (2016)

SRT versus VLA/Arecibo

* Flux density at 1.5 and 7 GHz consistent with the literature

* Comparison of SRT map at 7 GHz with VLA and Arecibo at 1.4 GHz 
                                                                                     (Lee +2008)



Work in progress...

* High-resolution maps with - K-band receiver (18-26 GHz)
             - S-band receiver (3-4.5 GHz; under construction)
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*  W44 at 21.4 GHz 
 (Loru et al. in prep) *  W44 at 4.4 GHz 

(Iacolina et al. in prep)
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* High-quality maps => single-dish capabilities at 1.5, 4.4, 7, 21.4 GHz

* Flux measurements with precise error : 3% at 1.5 GHz, 5% at 7 GHz
   => integrated and local flux density
   
* Map of spectral index (talk A. Pellizzoni)

* Paper submitted to MNRAS (Egron et al.)

=> next steps :  Analysis of spectral lines (Roach2 backend)
                       Polarization maps
                       Maps in Q-band (33 - 50 GHz) 

Conclusions



Thank you for your attention !



Medicina at 8 GHz

* Comparison between SRT (64m) and Medicina (32m)

beam size:     7.9’                                2.7’                                   4.9’      

SNR W44

Medicina, 5GHz, W44, beam=7.9’
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Medicina, 5GHz, W44, beam=7.9’
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Medicina, 8GHz, W44, beam=4.92’, smooth

Medicina at 5 GHz SRT at 7.2 GHz



Early Science Program

* First call for SRT proposals in Dec 2015

* Small number of large programs in shared-risk (15)

 http://www.srt.inaf.it/astronomers/early-science-program-FEB-2016/
 
* A program dedicated to imaging of supernova remnants (110h)
  
* Observations: 01 February - 31 July 2016

http://www.srt.inaf.it/astronomers/early-science-program-FEB-2016/
http://www.srt.inaf.it/astronomers/early-science-program-FEB-2016/

