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Introduction : 
Supernova remnant & dust 

Cartoon from http://heasarc.gsfc.nasa.gov/
docs/objects/snrs/cartoon.html 

¤  Amount of dust in SNR? 
¤  + Newly formed dust in ejecta ~ 0.1 - 1 M⊙  

¤  SN model calculation (Nozawa et al. 2003) 
¤  Observations of high-redshift galaxies (Morgan & 

Edmunds 2003 …) 
¤  + Dust in swept-up surrounding medium 

¤  Assume no = 1 cm-3 , … 

    R = 6 pc, dust mass ~ 0.1 M⊙ (Note: M ~ R3) 

¤  - Destruction 
¤  Can be > 50% 

 



AKARI IR satellite 

¤  IR surveyor/telescope  
¤  68.5 cm 

¤  2006. 2. – 2008. 8. (+ warm mission 2010. 2.) 

-  MIR 9, 18, FIR 65, 90, 140, 160 um 
-  Scan sky along ecliptic latitude 

9 um image (Ishihara et al. 2010) 

- 3 NIR + 2 MIR + 4 FIR band imaging (~10’) 
- NIR, MIR spectrometry 

All sky survey 
Low exposure around equator  

Pointed observation 

Exposure map 



All sky survey data 

¤  MIR survey 
¤  Scan sky using 2 rows of IRC S, L 

¤  4 pixel binning 

9 um image (Ishihara et al. 2010) 

Ecliptic 
latitude 

¤  FIR survey 
¤  Scan sky using 4 FIS bands  

¤  Coverage > 99% 

140 um image (Doi et al. 2012) 

Detection limit (1σ)   12          2              7              4        [MJy/sr] 



SNR images from AKARI all sky survey : 
Young SNRs  

Cas A   

G292.0+1.8 (3000 yrs)       9um                       18um   90um     140um 
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Similar progenitor types 

¤  Cas A  
¤  Type IIb (Krause et al. 2008)   

 

 

¤   G11.2-0.3, G292.0+1.8 

Chevalier 
2005 



Spectral shapes of three SNRs 

¤  SN Type IIL/b (Chevalier 2005) 
¤  Dust mass < 1M⊙  

Md ~ 8.8 x 10-3 M⊙ 
(Andersen et al. 2011 ;  
Background issue?) 

Md,h ~ 3 x 10-3 M⊙, Th ~ 99 K 
(Sibthorpe et al. 2011 ; 
Additional cold dust?) 

Md ~ 4.8 x 10-2 M⊙, T ~ 47 K 
(Lee et al. 2009) 

Cas A           G11.2-0.3           G292.0+1.8 



Dust formation? 

¤  Measured dust masses at three SNRs 
¤  Dust mass < 1M⊙  

¤  They are total dust mass ! 
¤  Swept-up surrounding dust + ejecta dust 
¤  Amount of newly formed ejecta dust is small 

¤  Possible undetected cold dust? 
¤  Cannot rule out 

¤  In such case, dust mass can be large (e.g. > 1M⊙) 
  

¤  Detecting newly formed dust in AKARI survey 

=⇒ Finding SNR which is far brighter than above three! 
 

¤  If none, no dust at observed epoch of SNR evolution 
¤  Destruction by reverse shock (Nozawa et al. 2011) 
¤  SN type should be considered  



MIR bright SNRs (0° < l < 40°; ~15/~100) 
18 um         9 um   18 um         9 um   18 um         9 um   



Some of them are bright at 9 & 18 um: 
SNRs in dense medium  

Kes17 (10000 yrs               9um                        18um   90um     140um 
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Kes17 Spitzer & AKARI observations 

¤  Bright western shell (3-160um) 
The Astrophysical Journal, 740:31 (8pp), 2011 October 10 Lee et al.
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Figure 1. AKARI and Spitzer IR images of Kes 17, together with the ATCA 20 cm image. The wavelength of each imaging band is inserted at the upper-right corner
of each panel. The 4.5, 8, and 24 µm images are from Spitzer and the rest IR images are from AKARI. The slit positions of near-IR spectroscopic observations
are shown in the 4.5 µm image (see Table 3 for the coordinates). The ranges of the gray scales are 1–10, 36–58, 43–56, 32–45, 160–290, 400–570, 1050–1300,
and 700–850 MJy sr−1 for the 4.5, 8, 15, 24, 65, 90, 140, and 160 µm band images, respectively. The range of the gray scale of the radio continuum image is
0.001–0.01 Jy beam−1.

of Kes 17. For the 24 µm band image, we used the Spitzer data
in this paper, unless explicitly mentioned otherwise. In addition,
we obtained the Spitzer Infrared Spectrograph (IRS) 8–38 µm
and MIPS SED 52–97 µm spectra available from the Spitzer
data archive8 to estimate contributions of line emission in the
wavelength ranges.

We also obtained a high-resolution (9.′′17 × 7.′′36) radio-
continuum image of Kes 17 using the Australia Telescope Com-
pact Array (ATCA) archival data provided by the Australia Tele-

8 http://sha.ipac.caltech.edu/applications/Spitzer/SHA/

scope Online Archive.9 We synthesized the radio-continuum
image of Kes 17 from the 12 hr exposure 1.4 GHz data obtained
with the 1.5A array configuration on 2004 March 24 after cali-
bration of the data with 1329−665.

3. INFRARED MORPHOLOGY OF Kes 17

Figure 1 presents the AKARI and Spitzer near- to far-IR
(4.5–160 µm) band images of Kes 17, together with the ATCA
20 cm radio-continuum image. The most conspicuous feature

9 http://atoa.atnf.csiro.au
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Figure 4. AKARI near-IR spectra of Kes 17 from the five positions (A, B1, B2, C1, and C2) in the western shell. Their slit positions and coordinates are listed in
Figure 1 and Table 3, respectively. We mark the identified pure rotational (solid) and ro-vibrational (dotted) H2 lines in the bottom panel of the B2 position.

Figure 5. AKARI H2 line population diagram of the B2 position. The solid line
shows the results of the linear fit of the observed fluxes with the excitation
temperature of 2200 K.

consistent with the results of previous observations (e.g., Hewitt
et al. 2009). The distribution of the mid-IR emission overlaps
that of the radio continuum emission in the western and southern
shells (Figure 2), supporting the interpretation that it represents
swept-up dust at the boundary of the SNR. On the other hand, the
far-IR emission is similar to the near-IR emission with only the
western shell being readily identifiable. The coexistence of

the far-IR emission from the cold dust and the near-IR line
emission form shocked molecular gas in the western shell sug-
gests that the bright far-IR emission of Kes 17 in this region
is also related to the interaction of the source with a nearby
molecular cloud.

The far-IR luminosity of Kes 17 (∼8100 d2
8 L"; Section 3)

makes it one of the most luminous SNRs in the far-IR wavebands
and the second (after Cassiopeia A) Galactic SNR detected up
to 160 µm in the IR wavebands (Sibthorpe et al. 2010). For
comparison, only eight SNRs were detected by the Infrared
Astronomical Satellite at 100 µm with far-IR luminosity larger
than Kes 17 (Saken et al. 1992), five of them interacting with
molecular clouds (e.g., Koo & Moon 1997; Reach & Rho 1999;
Keohane et al. 2007; Hewitt et al. 2009). Our observations also
strongly suggest that the far-IR emission of Kes 17 is originated
from the dust in a molecular cloud interacting with the SNR.
However, molecular shocks producing strong H2 lines in a dense
molecular cloud cannot directly generate bright far-IR dust
continuum emission. This is because, in the non-dissociative
molecular shock with shock speeds of < 50 km s−1, the gas
temperature does not rise above a few thousand degrees (Draine
1981). This is inadequate to heat the dust grains sufficiently
high enough to emit bright far-IR continuum emission. Instead,
if a molecular cloud is clumpy, composed of clumps and inter-
clump medium, then the far-IR emission may be produced by
faster shocks propagating in the inter-clump medium of lower
densities. Even though the density of inter-clump medium is
lower than that of the H2 emitting clumps, it can still be
high enough to contain large amount of dusts and reduce
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Fig. 1. Left panel: XMM-Newton color image of the X-ray emission in the 0.3–10 keV energy range (in blue) of G304.6+0.1 with the radio
contours (in white) at 843 MHz overlaid. The extraction regions used for the spectral analysis are also indicated as yellow circles. Central panel:
IRAC three-channels composed image of G304.6+0.1 with the radio contours (in white) at 843 MHz overlaid. Right panel: composite color image
of the radio, mid-infrared, and X-ray emissions of G304.6+0.1. All images are in equatorial coordinates J2000.

We report an X-ray study of SNR G304.6+0.1, using the
greatly enhanced sensitivity of the XMM-Newton mission. An
instrument with these characteristics offers a unique opportunity
to detect X-ray emission from distant and obscured SNRs. Radio
and infrared observations were also used for a multiwavelength
study of the source. This work is part of a program aimed to iden-
tify and study X-ray emission from SNRs. The structure of the
paper is as follows: in Sect. 2 we describe the XMM-Newton ob-
servations and data reduction. X-ray analysis and radio/infrared
results are presented in Sects. 3 and 4, respectively. In Sect. 5,
we discuss the implications of our results. Finally, we summarize
the main conclusions in Sect. 6.

2. Observations and data reduction

The field of SNR G304.6+0.1 was observed on 2005 August
25 by the XMM-Newton X-ray satellite during revolution
1046 (Obs-Id. 0303100201), with a total integration time of
26.8 ks. The observation was centered on (α, δ)J2000.0 =
(13h05m46.s0,−62◦43′40′′), and acquired by the EPIC-MOS
(Turner et al. 2001) and EPIC-PN (Struder et al. 2001). The
data were taken with a medium filter in full-frame (FF) imaging
mode. The data were analyzed with the XMM Science Analysis
System (SAS) version 9.0.0 and the latest calibrations.

To exclude high background flares, which could eventu-
ally affect the observations, we extracted light curves of pho-
tons above 10 keV for the entire field-of-view of the EPIC, and
discarded time intervals in which background flares occurred
for subsequent analysis. We finally used a total of 21.181 ks,
23.962 ks, and 23.957 ks for the PN, MOS-1 and MOS-2, respec-
tively. To create images, spectra, and light curves, we selected
events with FLAG = 0, and PATTERNS = 12 and 4 for MOS
and PN cameras, respectively. Hereafter we use clean event-files
in the [0.3–10] keV energy band.

3. X-ray analysis of G304.6+0.1

3.1. Image

In Fig. 1 (left panel) we show the X-ray image of G304.6+0.1 in
the 0.5–0.8 keV energy range. The total unabsorbed X-ray flux
for this band (after the fit to the X-ray spectrum, see Table 1 for
details) is FX(0.5−8.0 keV) = 7.11(±0.36)× 10−11 erg cm−2 s−1.

The image reveals diffuse and extended X-ray emission with
an irregular filled-center and possible arc-like features. No com-
pact point-like X-ray source was found within the diffuse emis-
sion. Assuming a central source with a typical compact central
object (CCO) spectrum (Γ ∼ 5), we obtain a flux upper limit
of 6.5 × 10−15 erg cm−2 s−1 in the 0.5–8 keV band. Clearly the
X-ray emission seems to correlate well with the internal part of
the NW radio shell. An irregular region of X-ray emission is also
observed at (α, δ)J2000.0 = (13h05m35.s0,−62◦44′00′′).

3.2. Spectral analysis

The X-ray spectrum of G304.6+0.1 was extracted from the EPIC
cameras. We used the SAS task  with appropiate pa-
rameters for the PN and MOS 1/2 cameras. The extraction re-
gions used were circles with radii 1.4, 1.8, and 0.75 arcmin (see
Fig. 1, left panel). Background spectra were extracted from a
region where no X-ray emission was detected.

Figure 2 shows the background-substracted EPIC-PN spec-
tra obtained from the XMM-Newton observation for three dif-
ferents regions (i.e., north, center, and south). We grouped the
extracted EPIC PN and MOS spectra with a minimum of 25
and 16 counts per spectral bin. Ancillary response files (ARFs)
and redistribution matrix files (RMFs) were calculated. At high
X-ray energies (above 7 keV), the full spectrum shows features
with low statistical significance (1 to 1.5σ), which are prob-
ably related to fluorescence lines in the background spectrum
of XMM-Newton (e.g. De Luca & Molendi 2004). The spec-
tral analysis was performed with the XSPEC package (Arnaud
1996). The X-ray spectrum of the remnant exhibits emission
lines at energies of 1.54 keV (Fe XXIII+Fe XXIV+Mg XIV),
1.85 keV (Si XIII), and 2.45 keV (S XV). However, the quality
of the data prevents a further refined analysis of the abundances
of each single ion.

The X-ray spectrum was fitted with various models: (i) a
 non-equilibrium ionization model with constant tem-
perature (Mazzotta et al. 1998); (ii) a  emission model
from hot diffuse gas (Mewe et al. 1985); and (iii) a single power-
law (PL) model. Each model was modified by a low-energy ab-
sorption model WABS (Morrison & McCammon 1983). Several
combinations were tentatively used to fit the spectra in these
regions. We initially varied individual parameters: absorption
(NH), temperature (kT ), Γ index, ionization time scale (τ), and

Page 2 of 5

X-ray[blue] IR[red]: MMSNR 
(Combi et al. 2010) 
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Figure 3. IRS spectra and MIPS SEDs for the SNRs before line subtraction and de-reddening. Note that the scale of G349.7+0.2 has been changed by a factor of 10.

radiation can then be modeled through the Case B recombination
case (Osterbrock & Ferland 2006). The relative strengths of the
lines are adopted from Osterbrock & Ferland (2006), assuming
a temperature of 104 K and an electron density of 104 cm−3.
The hydrogen recombination spectrum is relatively soft, lacking
short wavelength emission compared to the local ISRF. Figure 4
shows the different radiation fields scaled to the same total
intensity. For computational reasons, the Case B radiation field
is smoothed to a continuum. The absorption coefficients behave
smoothly as a function of wavelength in this regime and the
smoothed spectrum is sufficient to characterize the radiation
field.

The equation for collisional heating is derived in Dwek &
Arendt (1992) and is given by

Hcoll = πa2ne

√
8kT

πm

e−S2

2S

∫ ∞

0

√
εe−ε sinh(2S

√
ε)kT ξdε,

(3)
where S = m

2kT
v2

gr, ε = mv2

2kT
, and ξ is the efficiency of energy

transfer from the electron to the grain, assumed here to be 1

Figure 4. Two types of radiation field are shown; the solid line is the standard
interstellar radiation field in the solar neighborhood (Mathis et al. 1983), whereas
the dashed line is the Case B radiation field, smoothed to a 64-element resolution.
The radiation fields have been scaled to the same integrated flux. Detailed
comparison is given in the text.
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Figure 3. IRS spectra and MIPS SEDs for the SNRs before line subtraction and de-reddening. Note that the scale of G349.7+0.2 has been changed by a factor of 10.
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Spitzer IRS & MIPS SED spectra 
(Andersen et al. 2011) 



Dust in western shell 

¤  Two Temperature modified BB fit 
¤  Grain: Milky way (Draine 2003) 

 
 
 

¤  Luminous FIR emission or Large amount of dust! 
¤  Note: hot gas mass: 8-15 M⊙ (XMM, Combi et al.  2011) 
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Table 5
Surface Brightness of the Observed H2 lines

Line Wavelength A B1 B2 C1 C2
(µm) (10−5 erg cm−2 s−1 sr−1)

H2 1–0 O(3) 2.80 11.6 (4.8) 9.7 (4.3) 12.4 (4.7) 2.8 (2.0)
H2 1–0 O(5) 3.24 4.3 (3.1) 10.6 (6.6) 16.4 (4.5) 10.3 (3.1) 5.7 (2.9)
H2 1–0 O(6) 3.50 4.2 (2.0) 7.8 (4.0)
H2 0–0 S(14) 3.72 2.5 (1.9) 2.9 (1.7)
H2 1–0 O(7) 3.81 2.6 (1.4) 5.8 (2.2) 6.1 (3.3) 2.2 (2.3)
H2 0–0 S(13) 3.85 6.9 (2.3) 8.4 (2.2) 7.7 (2.4) 3.5 (1.4)
H2 0–0 S(12) 4.00 3.6 (1.7) 1.7 (1.4)
H2 0–0 S(11) 4.19 7.1 (2.5) 16.0 (2.7) 18.6 (2.3) 17.1 (2.1) 10.7 (2.2)
H2 0–0 S(10) 4.41 8.5 (2.6) 14.0 (2.4) 14.5 (2.5) 15.3 (2.5) 7.8 (2.1)
H2 0–0 S(9) 4.69 13.1 (3.7) 35.1 (1.9) 39.5 (2.9) 37.5 (1.9) 18.5 (1.7)

Note. The numbers in parentheses are measured errors.
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Figure 3. IR fluxes of the western shell of Kes 17: the triangles are measured
fluxes; the squares are color-corrected fluxes. We use the line-subtracted fluxes
except 140 and 160 µm band fluxes where the line contributions are insignificant
(see Section 3). The two dotted curves show the modified blackbody radiation
of 79 ± 6 K and 27 ± 3 K. The solid curve shows the combination of the two
dotted curves.

the background obtained outside the shell structure and integrate
them over the bandpass. The estimated line contributions are
75% ± 21% (15 µm) and 38% ± 10% (24 µm for both AKARI
and Spitzer), respectively. The line emission in these bands
is dominated by H2 and ionic lines. We also estimate the
contribution of line emission of the 60 and 90 µm bands to
be 16% ± 8% and 3% ± 2%, respectively, using Spitzer MIPS
SED 52–97 µm spectra. The line contributions in these bands
are mostly due to [O i] at 63 µm. For the 140 and 160 µm
bands, we expect the line contributions to be less than 5% by
scaling the flux of the [O i] 63 µm line that we obtain above
to those of [O i] 145 µm and [C ii] 153 µm lines in a shocked
region (Hollenbach & McKee 1989; Allen et al. 2008). Figure 3
shows the flux distribution of the western shell excluding the
line contributions.

The IR synchrotron flux expected from an extrapolation
of the radio fluxes applying synchrotron power-law index of
−0.54 (Shaver & Goss 1970) is less than a few percent of the
measured IR values, supporting that the observed continuum is
dominated by dust emission. In order to calculate temperatures
of the dusts responsible for the mid- and far-IR emission of
Kes 17, we perform the spectral energy distribution (SED) fits

of the flux distribution (Figure 3) with two modified blackbody
components. For the emissivity of the dusts in the SED fits, we
adopt a mixture of carbonaceous and silicate interstellar grains
(Draine 2003). As a result, we obtain acceptable fit (reduced
chi-square <2) with dust temperature components of 79 ± 6 K
and 27 ± 3 K (Figure 3). The mass of the hot (79 K) dust is
(6.2 ± 4.6) × 10−4 d2

8 M# and that of the cold (27 K) dust is
6.7 ± 4.0 d2

8 M#. The luminosities of the dust emission are
(9.5 ± 6.1) × 102 d2

8 L# and (8.1 ± 5.0) × 103 d2
8 L# for the

hot and cold components, respectively. It is worthwhile to note
that the hot dust temperature could have been overestimated if
there is any contribution from stochastically heated small grains
to the 15 and 24 µm continuum fluxes (Dwek 1986).

4. NEAR-INFRARED SPECTROSCOPY AND
BRIGHT H2 LINES

Figure 4 shows near-IR (2.5–5.0 µm) AKARI spectra of five
points (A, B1, B2, C1, and C2 in Figure 1) in the western shell of
Kes 17 obtained after subtraction of the background spectrum.
(See Table 4 for their coordinates.) We detect several H2 lines
in the spectra including the pure rotational transitions of 0–0
S(9–14) and ro-vibrational transitions of 1–0 O(3, 5, 6). Table 5
lists the observed intensities of the line emission.

Figure 5 presents the excitation diagram of the pure rotational
and ro-vibrational H2 lines of B2 between the upper energy
level of 6000 K and 20,000 K. For this we correct the extinction
effect using the H column density of 3.6 × 1022 cm−2 estimated
in previous X-ray observations of Kes 17 and the Galactic
extinction curve (Hewitt et al. 2009; Draine 2003). The linear
correlation between the upper energy level and the upper column
density represented by a straight line in Figure 5 indicates the
level population of the local thermodynamic equilibrium at the
excitation temperature of 2200 ± 400 K. The spectra of other
positions, which have smaller number of detected lines, show
similar excitation temperatures to that of B2.

5. DISCUSSIONS

5.1. Origin of Bright Infrared Emission of Kes 17

The IR emission of Kes 17 shows the existence of both the
western and southern shell structures. The former is visible in
all the IR bands, whereas the latter is visible only in the mid-IR
bands of 15 and 24 µm. The near-IR emission of the western
shell is dominated by H2 line emission (Figure 4), which sug-
gests that Kes 17 is interacting with molecular gas in this region,
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L ~ 8000 L⊙ 
T ~ 27 K 
M ~ 6.7 M⊙    

T ~ 79 K 
M ~ 6.2 x 10-4 M⊙    

Line contributions are subtracted 
using Spitzer IRS & MIPS SED spectra 



Possible origin of FIR emission 

¤  Assuming clumpy structure  
¤  H2 clump + less dense inter-clump (102-104 cm-3 ?) 

¤  Shock-heated dust in swept-up inter-clump medium 

¤  Large grain size 

 

¤  Ejected dust from evaporating cloud 

¤  Efficiency 

¤  Shock becomes radiative and its radiation illuminates dust 

¤  Southern shell 

a ↑ ⇒ Td ↓ (Dwek & Arendt 1992) 



Summary  

¤  SNRs in AKARI all sky survey 

¤  Three young SNRs 
¤  SN type IIL/b 

¤  Small amount of dust 

¤  If newly formed dust exists, such SNR may be bright even in 
AKARI survey in general !  

¤  SNRs in dense medium 
¤  Bright IR emission 

¤  Bright at 9 and 18 um  

¤  Mechanism of bright FIR is unclear 

¤  If shock-excited, it suggests large grain size  


