


Figure 1: (a: left) Schematic illustration of evolution of reionization fraction and dust contents in
early Universe, showing importance of supernova dust. The ionization fraction of the universe (solid
black line: fully ionized until the epoch of recombination, then reionized after the formation of the
first stars), the integrated starlight, based on galaxy count (dashed blue: approximately trace the
increase in metalicity), and the integrated light from AGB stars (dotted red: approximately trace the
dust produced by such stars). (b: right) The 21 µm dust map of Cas A shows remarkable similarity
to the Ar ejecta map, showing that dust is formed in the ejecta.

the dust in early Universe (Bertoldi et al. 2003, Kotak et al. 2009).

Submillimeter observations of the young supernova remnants (YSNRs) Cas A and Kepler
with SCUBA (Dunne et al. 2003, 2009; Morgan et al. 2003) provided a natural explanation for
this discrepancy and suggested the presence of large amounts of cold dust (! 0.3"2 M! at 15–
20 K). Observations have since strengthened and weakened these findings, questioning whether
or not the submm structures are material along the line-of-sight, unrelated to the remnants or
due to exotic dust grains (Gomez et al. 2005). Krause et al. (2004) showed that much of the 160
µm emission observed with Multiband Imaging Photometer for Spitzer (MIPS) is foreground
material, suggesting there is no cold dust in Cas A. Wilson & Batrla (2005), however, used
CO emission towards the remnant to show that up to about a solar mass of dust could still
be associated with the ejecta rather than with foreground material. New submm polarimetry
data confirms that a significant fraction (>30%) of the submm flux originates from within the
remnant (Dunne et al. 2009). If present, a cold dust component would dominate the dust mass
but disentangling submm structures from the foreground is di!cult due to poor sensitivity,
atmospheric absorption at these wavelengths and poor angular resolution. Observing in the
infrared is currently the only method which will distinguish between dust formed within the
supernova ejecta and unrelated material.

The case for a significant amount of freshly-formed dust in supernova ejecta was strength-
ened by our recent Spitzer observations of Cas A (Figs. 1b and 2) and E0102 (Fig. 3). In
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Evolution of galaxies:  production of stars, metals, and molecules

IN A GALAXY FAR AWAY ...



Blue - and red-shifted lines (Colgan et al. 1988)  

CO First overtone band 
(Spyromilio et al. 1988) 

CO detection in SN1987A   
(wooden et al. 199) 

Observational evidence of dust 
formation comes from SN 1987A and  
Cas A. However, the observed mass 
 is controversal; from 3x10-3~10-6  M
(Lagage 1996; Douvion et al. 2000, 
Arendt 1999) to a few tenth with 
SCUBA (Dunne et al. 2002);but the latter 
contains foreground clouds. 



21µm-peak Dust: 
 SiO2+ Mg protosilicate +FeO 
Weak 21µm dust: Carbon + 
FeO + Al2O3 

Featureless Dust 
Fe, C, Al2O3 (FeO) 

Distribution of Dust 
Composition in Cas A 

Total dust mass with Spitzer:  0.02-0.054 M  (Rho et al. 2008) 
Dust mass with Herschel data:  0.075 M  (Barlow et al. 2010)   





Search for freshly formed dust using Spitzer archival data 
Funded by Astrophysics Data Analysis Program (ADAP) 
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Table 3
IRAC and MIPS Fluxes

Wavelength Flux Extinction Corrected
(µm) (Jy) Flux (Jy)

5.8 !0.2 !0.3
8.0 !0.6 !1.0
24 23.7 ± 2.4 40 ± 4
24–IR knot 3.8 ± 0.4 6.5 ± 0.7
70 76 ± 15 · · ·

Notes. IRAC fluxes were estimated based on the average flux
density at selected positions scaled to the size of the shell. The
uncertainties include IRAC and MIPS calibration uncertainties,
but do not account for the uncertainties in the extinction correc-
tion. The extinction correction was applied using the extinction
curve of Chiar & Tielens (2006).

shell. The western jet structure, in particular, appears to extend
directly into a void region in the IR nebula, terminating at the
brightest region in the 24 µm MIPS image, i.e. the IR knot. This
is best shown in Figure 3, where the MIPS 24 µm emission is
shown in blue, MIPS 70 µm emission in green, radio emission in
red, and Chandra X-ray contours in white. The most interesting
features of the 24 µm image are 11 point sources embedded in
the diffuse shell that are arranged in a ring-like structure (Koo
et al. 2008). The positions of the point sources are marked in
Figure 4. The two northern point sources are outside of the ring
structure, but appear to be located at the tips of faint ridges of
emission that trace back to the shell structure. The IRAC and
MIPS fluxes from the IR shell and the knot are listed in Table 3.
Since the shell region in the IRAC images is crowded with stars,
the fluxes were estimated by scaling the average flux density
from several positions on the shell by the total area of 4 arcmin2.
In measuring the flux from the IR knot, we used a background
region from the diffuse shell emission east of the knot.

3.3. IR Spectroscopy

The high- and low-resolution IR spectra of G54.1+0.3 are
shown in Figures 8 and 9, and the positions of the IRS slits
are shown in Figure 4. The low-resolution spectrum shows a
rising continuum longward of 15 µm, and a broad emission
feature peaking at approximately 21 µm. This feature is more
pronounced in the high-resolution spectrum of the bright knot,
while it is less pronounced in the spectrum from the diffuse
shell (Figure 8). The high-resolution spectra also reveal a broad
emission feature around 12 µm, and a narrow emission feature
around 11.3 µm that may be associated with PAH emission
or other carbonaceous grains. The high-resolution slit from
which the background spectrum was extracted is located in a
region of low background emission, and it underestimates the
contribution from the emission in the vicinity of the IR shell that
is evident in the IRAC 8 µm image (Figure 5(b)). However, the
background regions for the low-resolution spectrum are more
representative of the local background emission. Since the low-
resolution spectra were extracted from the entire SL and LL slits,
they are not characteristic of the point-to-point spectrum along
the slits that varies spatially. The sharp peak around 7.5 µm is an
artifact caused by a mismatch between orders, and was trimmed
from the residual source spectrum.

There are a total of ten emission lines present in the spectrum
of the IR shell; the molecular hydrogen H2 S(2) (12.3 µm), and
H2 S(1) (17.0 µm) lines, and ionic lines of [Ar ii] (6.99 µm),
[S iv] (10.51 µm), [Ne ii] (12.81 µm), [Cl ii] (14.37 µm), [S iii]

Figure 8. High-resolution Spitzer IRS SH and LH spectra of the IR shell in
G54.1+0.3. The fainter spectrum is from position 1, the interface between the
PWN and the shell, and the brighter spectrum is from position 2 at the IR knot
(see Figure 4).

Figure 9. Low-resolution Spitzer IRS spectra extracted from the entire LL slit
(top panel) and SL slit (bottom panel). The solid gray spectra represent spectra
before background subtraction, dashed gray spectra are from the background
extracted from the off-source nod positions, and the black spectra are the
background-subtracted source spectra. The peak at around 7.5 µm is due to
an order mismatch at the edges, and was trimmed in the final spectrum.

(18.71 µm), [Fe ii] (25.99 µm), [S iii] (33.48 µm), and [Si ii]
(34.82 µm). The position of the line at 14.37 µm that we identify
as [Cl ii] is near the position of [Ne v] 14.32 µm, but since we
do not detect Ne iii in our spectrum, we are confident that the
line is produced by chlorine. The line-fitting parameters for the
LH and SH modules are listed in Table 4, where positions 1
and 2 correspond to spectra from the diffuse shell and the bright

Temim et al. 2010: 0.06 M 
based on equation and Qabs 

Rho et al. (2010 Cosp and in prep.) 



SHARCII (350µm) of G54.1+0.3 

MIPS 70 

IRAC4 
X-ray 

LABOCA (870µm)  SHARCII (350µm)  



Dust Spectral fitting with submm 
Dust mass ~0.1 M⊙�

Mass is sensitive to dust composition: 
SiO2, Mg2SiO4, Al2O3 (FeS and Si)  



Why are the dust masses from YSNR larger than those of SNe? 



Spitzer IRAC images 
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Positions of AKARI spectra 



-AKARI Japanese mission during warm phase with IRC 
-Observations on Jan and Jul, 2009 towards 4 positions of Cas A 
-Grism  in red (prism in green) with an area of 3”x9” (5”x9”) and R=220 (150) 
CO Fundamental Band dominant spectra: no other lines. 
CO is observed in unshocked ejecta (CO formation in early SNe) 

Unshocked ejecta 

AKARI 



Iν=n2 A21 hν21 Φ /4π where  Φ is the  line profile 
Iν~Bν(T)  τν  for τν << 1 

In LTE,  temperature determines the fraction of total number 
of  Molecules (N) in the excited state (Goorvitch 1994) 

T=1500 K 
Optical depth =0.1 
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tau 



Optically thin 

Optically thick 





 Large residual in the fit indicates CO is in non-LTE 
 Residual (band heads) of 2 velocity component fit shows 
higher T or tau 

Non-LTE 

Two velocity- 
 component fit 
includes higher  

temperature or tau 



CO Fundamental Band Map: 

CO map is similar to ejecta  or dust maps 
Total CO mass :  6 x 10-7 M (LTE) using scaling factor from 
 the mass within the slit and CO fundamental map 
 Lack of microscopic mixing in ejecta. 
Lower temperature CO at unshocked ejecta. 

IRAC band 2 map 
is largely CO 
fundamental band: 
background and 
synchrotron 
radiation 
subtracted image 1200 
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Ar (red) Ne (green)  SiO2 dust (red) CO (green) 

Ne Moon 



SiO2 dust (red) CO (green) 

Ne Moon 

X-ray map  Si, S, Fe   



•  CO knot was not dissociated  by high E particle or He+ in ejecta. 
•  CO clumps propagation into ISM.  
•  CO knots from SNe can change ISM dust structures  
       clumping molecules in low density 

CO X-ray 



          DeLaney et al. (2010) 
Ar (IR)  SiII(IR) g: Fe K (X-ray) Si 
XIII (X-ray) optical 

See http://chandra.harvard.edu/photo/2009/casa2/animations.html 






