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Lifecycle	of	Dust	
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Sources	of	Dust	with	GalacXc	Age	

A	young	galaxy	age		
<	400	Myr,		z	≥	6	

• 	Intermediate	mass	stars	have	not	yet	reached	
the	AGB	phase	
• 	SNe	are	only	sources	of	condensed	dust	

An	old	galaxy	age		
>	1	Gyr,	z	≤	5	

• 	AGB	stars	may	be	important	sources	of	
condensed	dust	

Dwek,	Galliano,	&	Jones	2009	

AGB	

SNe	
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Dust	Masses	in	High-Redshie	QSOs	
J1148+5251	

z=6.4		

3x108	M¤	

4x108	M¤	

1x108	M¤	

Dust	Masses	

LFIR	≈	2x1013	L¤	

Milky	Way:				
Mdust			≈	3x107	M¤	

Dwek,	Galliano	&	Jones	2007,	ApJ,	662,	927	

High-z	galaxies	4	≤	z	≤	6.4	show	high	dust	masses	of	more	than	108	M⊙		 4	



(Dwek,	Galliano	&	Jones	2007,	ApJ,	662,	927)	
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Required	SN	dust	producXon	rate	for	J1148+5251	

SN	1987A	

E.	Dwek	
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Models	predicts	SN	forms	0.1	–	1	M¤			with	
2-20%	surviving	the	reverse	shock		
	

(Kozasa	et	al.	1989,	1991;	Clayton	et	al.	1999,	2001;	Todini	and	Ferrara	2001;	Nozawa	et	al.	2003;	Bianchi	and	
Schneider	2007;	Kozasa	et	al.	2009,	Cherchneff	and	Dwek	2010,	Sarangi	&	Cherchneff	2015	)	

Grain	size	and	survival	
depend	on	SN	type	

Mass	dominated	by	grains:	

>	0.03	μm	in	Type	IIP	SNe	

<	0.006	μm	in	Type	IIb	SNe	

	(Kozasa,Nozawa	et	al.	2009)	

Kozasa	et	al.	2009	

Type	IIP	 Type	IIb	

Dust	FormaXon	in	Supernovae:	
TheoreXcal	PredicXons	
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Emission	originates	from:	

• 	IS/CS	dust	swept	up	by	SN	blast	wave	
• 	Dust	condensed	out	of	SN	ejecta	

Shocked	Regions	in	Cas	A		

Ennis	et	al.	2006	

Dust	Emission	from	Supernova	Remnants	

High	resoluXon	oeen	required	to	
idenXfy	SN	dust	

Collisionally	heated	dust	grains:	
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Warm	SN	dust	confirmed	in	only	a	handful	
of	remnants	with	Spitzer		(e.g	Rho	et	al.	2009;	
Ghavamian	et	al.	2009,	Temim	et	al.	2010,2012	)	

	Cas	A 	 						0.02	-	0.05		M¤	
	E0102 														0.007	-	0.015	M¤	
	N132D 														>	0.008	M¤	

									G292.0+1.8										0.002	M¤	
								

Dust	Masses	in	SNRs	

Herschel	observaXons	revealed	cold	dust!		

Cas	A 	>	0.1		M¤ (Sibthorpe	et	al.	2010,	Barlow	et	al.	2010,	Arendt	et	al.	2014,	De	Looze	et	al.	2017)	

SN	1987A 	0.5	M¤ (Matsuura	et	al.	2011,	Indebetouw	et	al.	2013,	Dwek	&	Arendt	2015)	

Cas	A	

8	



Sibthorpe	et	al.	2010	
Barlow	et	al.	2010	

Akari/Blast/Herschel		
warm	(~	35	K)	dust	

≈		0.08	M¤	

Cold	dust	in	Cas	A	

Dust	emission	spaXally	coincides	with	the	X-ray	
emiwng	ejecta:		Md	>	0.1	M¤ 

 (Arendt	et	al.	2014,	De	Looze	et	al.	2017)	

0.8	–	1.0	M¤	of	dust	formed	iniXally	and	
12-16%	will	survive		
(Miceloxa,	Dwek	&	Slavin	2016)	
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Dust	Mass	in	SN	1987A	

Total	dust	mass:	0.5	Msun	

Matsuura	et	al.	2011,2015	

• 	ALMA	confirms	dust	is	associated	with	ejecta	

Indebetouw	et	al.	2013	

Dwek	&	Arendt	2015	
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• 	SN	dust	easier	to	idenXfy	

• 	Typically	radiaXvely	heated	

• 	Not	processed	by	shocks	

• 	Not	mixed	with	ISM	

• 	SomeXmes	the	only	place		
ejecta	are	detected	

PWN	

Dust	

Ennis	et	al.	2006	

SN	Ejecta	&	Dust	Around	PWNe	
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3C	58	

B0540-69.3	

Crab	Nebula	

Kes	75	

G21.5-0.9	

Herschel [C II]	157	µm	

Herschel 70 µm	in	red 	

Some	Examples	

12	



Dust	concentrated	along	the	ejecta	filaments	

Temim	et	al.	2012	
Spitzer	24	μm,	dust	emission	

Dust	in	the	Crab	Nebula	
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H	

€ 

H =
πa2 Lυ∫ Q(υ,a)dυ

4πd2

€ 

L = 4πa2 πBυ (T)∫ Q(υ,a)dυ

HeaXng	rate	

Cooling	rate	

Lν	à	non-thermal	spectrum	of	the	PWN	

Hester	2008	

Grains	of	different	sizes	heated	to	
different	temperatures	à	affects	
the	total	dust	mass	

Crab	Nebula:	PWN-heated	Dust	

Temim	&	Dwek	2013	

Power-law	grain	size	distribuXons	of	the	
form		

	 	F(a)	=	a-α
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Two-temperature	fit	 Pulsar	wind-heated	model	

15	Temim	&	Dwek	2013	



Silicates: 	 	Carbon:	
	

	α	=	3.5 	 	 	α	=	4.0	
	amax	>	0.6	µm		amax	>	0.1	µm	
	

Best-fit	parameters:	

Md	=	0.13	+	0.01	M¤ silicates	
Md	=	0.02												M¤ carbon	

A	factor	of	two	to	six	less	dust	
than	previous	models	

Revised	Dust	Mass	in	the	Crab	

+	0.01	
-	0.003	

Temim	&	Dwek	2013	

Most	of	the	dust	mass	is	in	
the	larger	grains	à	consistent	
with	Type	IIP	SN	

16	Temim	&	Dwek	2013	



Chandra	X-ray		
IRAC	8	µm		
MIPS	24	µm	NASA/CXC/SAO/Temim	et	al.	2010	

• 	Emission	lines	broadened	
to	1000	km/s	
• 	PWN	overtakes	ejecta	
with	vs	~	25	km/s		

Spitzer	line	emission	

Dust	around	the	PWN	in	G54.1+0.3	
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58	K	

51	K	
Differences	in	spectral	shapes	
likely	due	to	temperature	
variaXons	

Cas	A	

Spitzer	IRS	spectrum	

Dust	composiXon:	Mg0.7SiO2.7	
(MgO/SiO2	=	0.7)	
	

Same	as	in	Cas	A		
(Arendt	et	al.	2014)		
	

Chandra	X-ray		
IRAC	8	µm		
MIPS	24	µm	

Dust	around	the	PWN	in	G54.1+0.3	
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Chandra	X-ray		
IRAC	8	µm		
MIPS	24	µm	

19	



5.8	µm	 8.0	µm	

24	µm	 70	µm	

• 	Power	law	distribuXon	of	grain	sizes,	and	a	grain	mass	density	of	0.007	M¤/pc3,		heated	by	
a	main	sequence	B0	star	with	T=30,000	K		
• 	Model	shows	that	ejecta	dust	heated	by	main	sequence	stars	can	produce	IR	emission	
resembling	point	sources	at	24	µm	

RADIUS	(arcsec)	

SU
RF

AC
E	
BR

IG
HT

N
ES
S	

----	PSF	Profiles	

24	µm	

70	µm	
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The Astrophysical Journal, 774:5 (9pp), 2013 September 1 Kim, Koo, & Moon
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Figure 8. Observed and best-fit SEDs of the IR-excess stellar objects. The open symbols and solid lines represent the observed and fitted SEDs, respectively, and
the filled symbols and dashed lines are those for the extinction-corrected values adopting the interstellar reddening law of RV = 3.1 (Draine 2003). The dotted line
of Object 1 is a model SED assuming a binary system comprising two early-type stars of T = 24,000 K (see Section 4). Object 2, which does not have enough data
points, is excluded from the fitting.

Table 4
Spectral Types and Extinctions Derived in the SED Fits Using Photometric

Observations with Fixed Distance of 6 kpc

Object Temperaturea,b Spectral AV χ2
red

(K) Type (mag)

1 32000 O9.5 7.4 ± 0.1 2.7
2 . . . . . . . . . . . .

3 20000 B2.5 8.0 ± 0.2 2.3
4 23000 B1.5 7.6 ± 0.2 3.0
5 27000 B0.5 7.4 ± 0.1 13.0
6 33000 O9 11.0 ± 0.2 11.0
7 25000 B1 8.0 ± 0.1 6.8
8 26000 B1 7.0 ± 0.2 4.0
9 21000 B2 8.1 ± 0.2 6.6
10 24000 B1.5 7.3 ± 0.1 12.2
11 22000 B2 7.1 ± 0.1 6.0

Notes.
a The effective temperatures of the MS stars are adopted from Martins et al.
(2005) for O-type stars and those of Schmidt-Kaler (1982) for stars later than
B0.
b The 1σ uncertainty of temperature is less than temperature interval in the
fitting.

5, 10, and 11 are somewhat lower than expected from the
model calculations. The origin of these discrepancies in the
R band is not clear, although the slightly loose photometric
calibration in the USNO-B1.0 catalog and/or the conversion
between the USNO photographic magnitude system (Monet
et al. 2003) and the standard Johnson–Cousin system may be
responsible. Table 4 contains the resulting best-fit parameters
derived in the SED fits with their reduced χ2 values. The
spectral types are taken from models of Martins et al. (2005; for
O-type stars) and Schmidt-Kaler (1982; for B-type stars), which
are mapped to the best-fit temperatures of the Kurucz models.

All the IR-excess stellar objects are early-type stars of similar
spectral type between O9 and B2.5, which is consistent with the
previous results from their JHKs colors and also with the results
from the NIR spectral analyses.

The best-fit SED temperatures of the IR-excess stellar objects
in Table 4 are similar to those derived from the EWs of their
NIR absorption lines (Section 3.2), except for those of Objects
1 and 5 which show relatively large discrepancies: 26,000 K
(from the EWs) in contrast to 32,000 K (from the SED fits) for
Object 1, and 33,000 K (from the EWs) in contrast to 27,000 K
(from the SED fits) for Object 5. As we explain in Section 3.2,
we consider this temperature difference of ∼6000 K, which is
roughly equivalent to two spectral subclasses, to lie within the
uncertainty range inherent in the classification of the spectral
types of the IR-excess stellar objects. Comparing Objects 1 and
5, however, we note that the former has stronger H absorption
lines, which would indicate a lower temperature (Figures 3
and 4), even though it has a higher SED temperature (Figure 8
and Table 4). One possible explanation for this is that Object 1 is
a binary system of two early-type stars, similar to Object 2. The
dotted line of Object 1 in Figure 8 shows such an example where
we calculate the expected SED of a binary system comprising
two early-type stars of T = 24,000 K.

Table 4 also contains the extinctions of the IR-excess stellar
objects, where the six objects (1, 5, 7, 8, 10, and 11) with the
obtained NIR spectra show almost identical extinctions to those
in Table 3. The extinctions of all the IR-excess stellar objects
are between AV = 7 and AV = 11 mag, and Objects 3, 4, 6, 7,
and 9, which have extinctions of AV ! 8.0 mag, appear to be
located in the western part of the IR loop (Figure 1). This is
consistent with their relative faintness as listed in Table 1 and
their non-detection in the B band, which is the most sensitive
to increased extinctions. The increased extinctions indicate a
potential enhancement of matter in the western part of the IR
loop, and the relatively smaller (AV ∼7 mag) extinctions of the

7
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Figure 8. Observed and best-fit SEDs of the IR-excess stellar objects. The open symbols and solid lines represent the observed and fitted SEDs, respectively, and
the filled symbols and dashed lines are those for the extinction-corrected values adopting the interstellar reddening law of RV = 3.1 (Draine 2003). The dotted line
of Object 1 is a model SED assuming a binary system comprising two early-type stars of T = 24,000 K (see Section 4). Object 2, which does not have enough data
points, is excluded from the fitting.

Table 4
Spectral Types and Extinctions Derived in the SED Fits Using Photometric

Observations with Fixed Distance of 6 kpc

Object Temperaturea,b Spectral AV χ2
red

(K) Type (mag)

1 32000 O9.5 7.4 ± 0.1 2.7
2 . . . . . . . . . . . .

3 20000 B2.5 8.0 ± 0.2 2.3
4 23000 B1.5 7.6 ± 0.2 3.0
5 27000 B0.5 7.4 ± 0.1 13.0
6 33000 O9 11.0 ± 0.2 11.0
7 25000 B1 8.0 ± 0.1 6.8
8 26000 B1 7.0 ± 0.2 4.0
9 21000 B2 8.1 ± 0.2 6.6
10 24000 B1.5 7.3 ± 0.1 12.2
11 22000 B2 7.1 ± 0.1 6.0

Notes.
a The effective temperatures of the MS stars are adopted from Martins et al.
(2005) for O-type stars and those of Schmidt-Kaler (1982) for stars later than
B0.
b The 1σ uncertainty of temperature is less than temperature interval in the
fitting.

5, 10, and 11 are somewhat lower than expected from the
model calculations. The origin of these discrepancies in the
R band is not clear, although the slightly loose photometric
calibration in the USNO-B1.0 catalog and/or the conversion
between the USNO photographic magnitude system (Monet
et al. 2003) and the standard Johnson–Cousin system may be
responsible. Table 4 contains the resulting best-fit parameters
derived in the SED fits with their reduced χ2 values. The
spectral types are taken from models of Martins et al. (2005; for
O-type stars) and Schmidt-Kaler (1982; for B-type stars), which
are mapped to the best-fit temperatures of the Kurucz models.

All the IR-excess stellar objects are early-type stars of similar
spectral type between O9 and B2.5, which is consistent with the
previous results from their JHKs colors and also with the results
from the NIR spectral analyses.

The best-fit SED temperatures of the IR-excess stellar objects
in Table 4 are similar to those derived from the EWs of their
NIR absorption lines (Section 3.2), except for those of Objects
1 and 5 which show relatively large discrepancies: 26,000 K
(from the EWs) in contrast to 32,000 K (from the SED fits) for
Object 1, and 33,000 K (from the EWs) in contrast to 27,000 K
(from the SED fits) for Object 5. As we explain in Section 3.2,
we consider this temperature difference of ∼6000 K, which is
roughly equivalent to two spectral subclasses, to lie within the
uncertainty range inherent in the classification of the spectral
types of the IR-excess stellar objects. Comparing Objects 1 and
5, however, we note that the former has stronger H absorption
lines, which would indicate a lower temperature (Figures 3
and 4), even though it has a higher SED temperature (Figure 8
and Table 4). One possible explanation for this is that Object 1 is
a binary system of two early-type stars, similar to Object 2. The
dotted line of Object 1 in Figure 8 shows such an example where
we calculate the expected SED of a binary system comprising
two early-type stars of T = 24,000 K.

Table 4 also contains the extinctions of the IR-excess stellar
objects, where the six objects (1, 5, 7, 8, 10, and 11) with the
obtained NIR spectra show almost identical extinctions to those
in Table 3. The extinctions of all the IR-excess stellar objects
are between AV = 7 and AV = 11 mag, and Objects 3, 4, 6, 7,
and 9, which have extinctions of AV ! 8.0 mag, appear to be
located in the western part of the IR loop (Figure 1). This is
consistent with their relative faintness as listed in Table 1 and
their non-detection in the B band, which is the most sensitive
to increased extinctions. The increased extinctions indicate a
potential enhancement of matter in the western part of the IR
loop, and the relatively smaller (AV ∼7 mag) extinctions of the

7

Kim	et	al.	2013:	Stars	in	G54.1+0.3	shell	are	late	O-	to	early	B-type	stars		

Progenitor	mass:	
18-35	M¤	

21	



Gelfand,	Slane	&	Temim	(2015)	

G54.1+0.3:	Expanding	Ejecta	

Vej	=	500	km/s	at	RPWN	consistent	with					
Mej	=	10-15	M¤	and	E51	~	0.1	–	0.2	

22	



Follow-up	ObservaXons	

•  SOFIA	–	spaXal	resoluXon	crucial	for	
tesXng	the	radiaXvely-heated	ejecta	dust	
scenario	

•  Herschel	–	70-500	µm	wavelength	
coverage	to	detect	colder	dust	and	
characterize	the	dust	mass	

23	



4 TEMIM ET AL.

24 µm 19.7 µm 

31.5 µm 34.8 µm 

70 µm 100 µm 

250 µm 350 µm 

160 µm 

500 µm 

25.3 µm 

15 µm 

Fig. 2.— Imaging observations of the infrared shell in G54.1+0.3, including the AKARI 15 µm, SOFIA 19.7, 25.3, 31.5, and 34.8 µm,
Spitzer MIPS 24 µm(Temim et al. 2010), Herschel PACS 70, 100, and 160 µm, and Herschel SPIRE 250, 350, and 500 µm images. All
images are shown on a linear color scale. The integrated background-subtracted flux densities of G54.1+0.3 are listed in Table 1.

the 31.5–100 µm images do show some structure and re-
gions of enhanced emission, there is no clear evidence
for point-like emission. At 160 µm and above, the shell
emission appears more uniform, partly due to the lower
resolution at these wavelengths. While a full shell is still
apparent in the 160 and 250 µm images, the emission at
350 and 500 µm primarily arises from a more localized
region in the western part of the shell. This may sug-
gest that there is either a higher fraction of colder dust
present in this region of the shell, leading to a higher
flux density at 500 µm, or that there is more mass, and
therefore higher emission, concentrated in the western
region. The shell morphology in the mid- and far-IR ap-
pears to be di↵erent. The emission at 70 and even at
100 µm appears more circular, while the shell structure
at 250 µm appears more elongated in the north/south

direction. This is most apparent in the two-color image
shown in the third panel Figure 1, in which the 70 µm
image shown in teal has been convolved to the resolution
of the 250 µm image shown in red. The 160 µm emission
in Figure 2 seems to be a blend of these two morpholo-
gies. In later sections, we will show that the emission
in the far-IR either arises from distinct dust component
than the one producing the mid-IR emission, or that it
is associated with background emission.

4. ORIGIN OF THE IR SHELL

The study of the Spitzer IR imaging and spectroscopy
of the shell in G54.1+0.3 concluded that the emission
most likely arises from newly formed dust in the SN
ejecta (Temim et al. 2010). In this scenario, the IR emit-
ting material is the inner SN ejecta that the PWN is

SOFIA	&	Herschel	(+	AKARI	&	Spitzer):	

24	



		24	µm		
		70	µm	
160	µm	
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Temperature	(K)	 	Dust	Mass	(M¤/pixel)					
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At	least	0.3	M¤	of	SN	dust!	

We	esXmated	dust	masses	for	a	range	of	secondary	
component	composiXons:	

Massive Dust Shell in SNR G54.1+0.3 5

Mg0.7SiO2.7 
+ Carbon 

Position 1: 
47.6 K 

147 K 

Position 2: 
58.3 K 

152 K 

Mg0.7SiO2.7 
+ Carbon 

Position 1: 
Mg0.7SiO2.7 
+ Silicates 

47.2 K 

146 K 

Mg0.7SiO2.7 
+ Silicates 

Position 2: 
58.2 K 

133 K 

Fig. 3.— The high-resolution, line-subtracted Spitzer IRS spectra from two positions shown in Figure 1 fitted with the Mg
0.7SiO2.7 dust

component shown by the dotted curves, plus a carbon (silicate) component in the top (bottom) row shown as the dashed curves. The gray
bands represent the statistical uncertainties in the spectrum. The wavelength region between 11 and 13 µm represented by the gray solid
line contains PAH features and was excluded from the fit. The fits are consistent with a hotter carbon or silicate dust component emitting
at a temperature of ⇠ 150 K and ⇠ 140 K, respectively, plus a Mg

0.7SiO2.7 component emitting at ⇠ 47 K at position 1 and ⇠ 58 K at
position 2. The di↵erent shapes of the IR spectra at the two positions can be explained by variations in the temperature of the Mg

0.7SiO2.7
dust component.

Mg0.7SiO2.7 
Silicates 
Carbon 
SiO2 
Al2O3 

Fig. 4.— Mass absorption coe�cients for the dust species used
in the fits, with Mg

0.7SiO2.7 in purple (Jäger et al. 2003), silicates
in blue (Weingartner & Draine 2001), amorphous carbon in red
(Rouleau & Martin 1991), SiO

2

in orange (Henning & Mutschke
1997), and Al

2

O
3

in green (Begemann et al. 1997).

expanding into and that has not yet been reached by
the SNR reverse shock. In addition to the complemen-
tary morphologies of the PWN and the shell that suggest
that they are interacting, modeling of the observed IR
line intensities from the shell implies that the PWN is
driving a 25-30 kms�1 shock into the ejecta. In one par-
ticular location (coinciding with Region 2 in Figure 1),
the measured gas density is as high as 500–1300 cm�3.
This region coincides with a brightness peak in the MIPS
24 µm image and may represent ejecta material that has
been compressed by the shock driven by the pulsar’s jet
(Temim et al. 2010). Another piece of evidence that sug-

gests that the shell material is composed of SN ejecta is
the composition of the dust itself (see Section 6.1).
Temim et al. (2010) argued that the IR excess in the

point sources in the Spitzer 24 µm image (see Figures 1
and 2) is not stellar in origin, but that the emission in-
stead arises from ejecta dust that is being radiatively
heated by early-type stars belonging to a stellar cluster
in which the SN exploded. The stars heat the dust in
their immediate vicinity to higher temperatures, giving
rise to a mid-IR excess that appears point-like due to
the limited spatial resolution. This scenario is consistent
with the morphology of the images in Figure 2, in which
we see that the regions with enhanced brightness in the
long wavelength SOFIA and the MIPS 70 µm images and
longward do not appear point-like, but are instead more
extended. Kim et al. (2013) classified the spectral type of
each star in the shell and concluded that they are indeed
late O- and early B-type stars with no evidence for any
emission lines that are typically associated with Herbig
Ae/Be stars. This provides further evidence that the 24
µm point-like emission is not intrinsic to the stars.
The evidence outlined above strongly suggests that the

IR shell is not circumstellar in origin and that the mid-
IR point sources are not YSOs. An additional argument
against a circumstellar origin is the lack of any X-ray
thermal emission that would results from the interaction
of the SN blast wave with the surrounding dense mate-
rial. Additionally, a reverse shock would have formed
as the SN blast wave encountered the cloud and signif-
icantly disrupted the PWN. However, the well-defined
torus and jet structures and the modeling of the PWN
evolution (Gelfand et al. 2015) strongly suggest that this
has not occurred and that the material that we observe
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Dust	mass	and	composiXon	indicate	a	16-27	M¤	progenitor	
(consistent	with	Kim	et	al.	2013	&	Gelfand	et	al.	2015)	 29	



MIPS	24	µm	
Chandra	X-ray	

Herschel	70	µm	Chandra	
X-ray	

Kes	75:	A	dusty	shell?	

Temim	et	al.	2012	

Pulsar	age	~	800	yr,	among	
youngest	in	the	Galaxy	(GoDhelf	
et	al.	2000)	
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[O I]	63.18	µm	line,	FWHM	=	1000	km/s	

Ejecta	velocity	of	~	500	km/s	

Kes	75:	Herschel	Spectroscopy	

Chandra,	Herschel	70	µm	

[O I]	63.18	µm	line	image	

Temim	et	al.	2017	
31	



Spitzer	24	µm	

Herschel	
[C II]	157	µm	line								
ejecta	velocity=	400	km/s	

G21.5-0.9:	A	shell	of	ejecta	and	dust	

Chandra	X-ray	

Tanaka	&	Takahara	2011	

Far-IR	excess	24	–	500	µm	à	PWN-heated	dust?		 32	



Emission	from	SN	material	around	pulsar	wind	nebulae	
provides	informaXon	on	PWN/SNR	dynamics,	the	ejecta	
properXes,	the	progenitor	star,	and	the	properXes	of	SN-
formed	dust.	
	
Future	modeling	and	searches	for	PWN-heated	dust	will	
help	characterize	composiXon,	mass,	and	size	distribuXon	
of	prisXne	SN	dust	à	give	insight	into	the	survival	of	grains	
and	the	contribuXon	of	core-collapse	SNe	to	the	dust	
budget	in	galaxies.	

Summary	
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