Supernova Ejegta and Dust Around
Pulsar Wind Nebulae

Collaborators: .
Eli Dwek (GSFC)

Rick Arendt (GSFC)

Patrick Slane (CfA)

Steve Reynolds (NC State)

Kazik Borkowski (NC State)

John Raymond (CfA) " Te a Te m i rr.‘

George Sonneborn (GSFC)
Yosi Gelfand (NYU Abu Dhabi)
Bob Gehrz (UMN) (STSC | )

SOFIA Community Tele-Talk Series, March 22, 2017



Lifecycle of Dust
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Sources of Dust with Galactic Age
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Dwek, Galliano, & Jones 2009

A young galaxy age * Intermediate mass stars have not yet reached

<400 Myr, 226 ‘ the AGB phase
* SNe are only sources of condensed dust
An old galaxy age — * AGB stars may be important sources of

>1Gyr,z<5 condensed dust ’



Dust Masses in High-Redshift QSOs
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Dwek, Galliano & Jones 2007, ApJ, 662, 927

High-z galaxies 4 < z < 6.4 show high dust masses of more than 102 M, \



Required SN dust production rate for J1148+5251

(Dwek, Galliano & Jones 2007, AplJ, 662, 927)
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Dust Formation in Supernovae:
Theoretical Predictions

Models predicts SN forms 0.1 -1 Mg with Grain size and survival
2-20% surviving the reverse shock depend on SN type
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Kozasa et al. 2009

(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 )



Dust Emission from Supernova Remnants

Emission originates from:

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

Collisionally heated dust grains:

H=ma’n<v> Eaep

L=ma’cT; <Q>

High resolution often required to
identify SN dust

Shocked Regions in Cas A
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Dust Masses in SNRs

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 Mg
E0102 0.007 - 0.015 Mg,
N132D >0.008 M

G292.0+1.8 0.002 Mg

Cas A

Herschel observations revealed cold dust!

CasA >0.1 M @® (Sibthorpe et al. 2010, Barlow et al. 2010, Arendt et al. 2014, De Looze et al. 2017)

SN 1987A 05 M 0) (Matsuura et al. 2011, Indebetouw et al. 2013, Dwek & Arendt 2015)




Cold dust in Cas A

70 pm (cool dust)
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Dust emission spatially coincides with the X-ray
emitting ejecta: M > 0.1 Mg

- " (Arendt et al. 2014, De Looze et al. 2017)
» 0.8 — 1.0 M, of dust formed initially and
g P % will surv
12-16% will survive

(Micelotta, Dwek & Slavin 2016) o



Dust Mass in SN 1987A

Total dust mass: 0.5 Msun

ALMA Band 7, 870:m

Dwek & Arendt 2015

Ring dust
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* ALMA confirms dust is associated with ejecta 10



SN Ejecta & Dust Around PWNe

Unshocked CSM

10,000 km/s

6000 km/s dense ejecta
fading ejecta

* SN dust easier to identify

* Typically radiatively heated
* Not processed by shocks
* Not mixed with ISM

e Sometimes the only place < 5000 km/s |
yp un<horked ejecta JustEshocked ejecta

ejecta are detected Xeray. and radio

Ennis et al. 2006
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Some Examples
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B0540-69.3

Crab Nebula
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Dust in the Crab Nebula

1 00) Temim et al. 2012
Spitzer 24 um,

Dust concentrated along the ejecta filaments
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Crab Nebula: PWN-heated Dust

Heating rate

ma’ [ L,O(w,a)dv
- 4 71

Cooling rate

L = 47a® [ 7B, (T)Q(v,a)dv

Power-law grain size distributions of the
form

F(a) =a*

Temim & Dwek 2013
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L, = non-thermal spectrum of the PWN

Grains of different sizes heated to
different temperatures - affects
the total dust mass
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Two-temperature fit
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Revised Dust Mass in the Crab

A factor of two to six less dust
than previous models

My=0.13+0.01 Mg silicates
M, =0.02 0003 Mg carbon

Temim & Dwek 2013

Best-fit parameters:

Silicates: Carbon: Most of the dust mass is in

a=3.5 a=4.0 the larger grains = consistent
Amax = 0.6 UM agax > 0.1 um with Type [IP SN

Temim & Dwek 2013 16



Dust around the PWN in G54.1+0.3

Spitzer line emission
[SII] Position 1 » .
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* Emission lines broadened
to 1000 km/s

* PWN overtakes ejecta
with v, ~ 25 km/s .

Chandra X-ray

IRAC 8 um

NASA/CXC/SAO/Temim et al. 2010 o



Chandra X-ray

Dust around the PWN in G54.1+0.3 RAC.8

Dust composition: Mg, ,SiO, , :
(Mg0/si0, = 0.7) L

Same asin Cas A
(Arendt et al. 2014)

Spitzer IRS spectrum
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Differences in spectral shapes
likely due to temperature
variations
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Pulsar’s jet compressing
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Stars in the cluster heat the SN dust
dust and ejecta (red)

as it blows past, giving rise to point-
like IR emission (yellow)



---- PSF Profiles

SURFACE BRIGHTNESS

RADIUS (arcsec)

* Power law distribution of grain sizes, and a grain mass density of 0.007 Mg/pc3, heated by
a main sequence BO 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 um
20



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

Table 4
Spectral Types and Extinctions Derived in the SED Fits Using Photometric
Observations with Fixed Distance of 6 kpc

Object Temperature®-? Spectral Ay Xéd
(K) Type (mag)

32000 09.5 74 +0.1 2.7
Progenitor mass:

23000 BL5 7.6 0.2 18-35 |\/|@
27000 BO.5 74+0.1
33000 09 11.0+0.2
25000 Bl 8.0+0.1
26000 Bl 7.0£02
21000 B2 8.1+0.2
24000 BLS5 73+£0.1
22000 7.1£0.1

20000 B2.5 8.0+0.2 23
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G54.1+0.3: Expanding Ejecta

10 05 00
log (E\n/ 10°" ergs)

V; = 500 km/s at Ry, consistent with
My, = 10-15 Mg and E5;~ 0.1 - 0.2

Gelfand, Slane & Temim (2015)
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Follow-up Observations

SOFIA — spatial resolution crucial for
testing the radiatively-heated ejecta dust
scenario

Herschel — 70-500 um wavelength

coverage to detect colder dust and
characterize the dust mass
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SOFIA & Herschel (+ AKARI & Spitzer):

24



24 um
70 um
160 um

1.0°
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Temperature (K) Dust Mass (M/pixel)

r T Y Y _

40 42 44 45 47 49 51 52 54 56 57 .00008 0.00028 0.00048 0.00068 0.00089 0.001089 0.00129 0.00149 0.00170 0.00190 0.0021
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We estimated dust masses for a range of secondary
component compositions:

Mg, ;SiO, ; +

Silicates Mg, 7SiO, ;
Silicates

Carbon
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At least 0.3 M of SN dust!
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TABLE 3
DusT MASSES ALLOWED BY NUCLEOSYNTHETIC YIELDS

M. (Mg) M;/ (Mo) Nng/Ns;i Mg (M

C O 1g : 31 Mgo.7SiO2.7 MgO+SiO2 Al203 Mge.7Si0O2.7+C

Woosley & Heger (2007):
13.0 0.0949 0.5712
14.0 0.1154 0.7229
15.0 0.1336 0.8380
16.0 0.1577 0.9371
17.0 0.1768 1.3604
18.0 0.1960 1.6358
19.0 0.2077 1.8711
20.0 0.2336 1.9604
21.0 0.2701 2.5558
22.0 0.2591 2.5249
23.0 0.2986 2.5480
24.0 2825 3.0035
25.0 . 3.3841
26.0 . 3.7727
27.0 .315 4.0532
28.0 0.3793 4.1549 0.2012 X 0.1631
29.0 0.3828 4.8632 0.2474 .0285 0.1788
30.0 0.4324 5.1512 0.3411 .03: 0.1671
40.0 0.4501 6.4855 0.3656 .0396 0.1627
60.0 6.1495 6.5599 X 0.2096

Sukhbold et al. (2016):

12.7 0.1101  0.3886 .0 .0022  0.0481
13.4 0.1177 0.5650 . .00: 0.0551
13.8 0.1265 0.6189 . .00: 0.0600
14.3 0.1365 0.7046 X . 0.0606
14.7 0.1493 0.7608 X .004 0.0615 0.220
15.4 0.1718 0.9740 .062 .00¢ 0.0825 ’ 0.279
16.2 0.1908 1.1489 . .0052 0.0994 . 0.328
16.6 0.1973 1.2113 . : .005 0.1047 .8 0.347
17.0 0.2054 1.2862 X .008 0.1102 .8 0.364
17.5 0.1974 1.5079 .1 .0083 0.0790 .78 0.368
18.1 0.1959 1.6296 .149: .0136 0.1044 0.469
19.0 0.2133  1.9239 12 .0108 0.1426 0.508
20.1 0.2426 2.1250 .09¢ . 0.3170 0.835
20.7 0.2278 2.4074 L . 0.2163 0.683
21.4 0.2670 2.4646 L . 0.0954 0.420
25.4 0.3765 3.5207 105 . 0.4236 1.078
25.9 0.3518 3.7937 .14 . 0.4278 1.159
26.3 0.4097 3.7250 . 018 0.2861 0.845
27.2 0.4449 4.0087 . 0.2071 0.714
60.0 0.7750 3.4600 0.1234 0.01: 0.1071 0.430

0.316
0.339
0.366
0.311
0.604
0.544
0.633
0.809
0.676
0.882
1.063
1.117
1.300
1.024
1.182
0.890
0.943
0.956
0.960
6.806
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Dust mass and composition indicate a 16-27 M, progenitor
(consistent with Kim et al. 2013 & Gelfand et al. 2015)



Kes 75: A dusty shell?

Pulsar age ~ 800 yr, among
youngest in the Galaxy (Gotthelf
et al. 2000)

Herschel 70 um Chandra
X-ray

MIPS 24 um
Chandra X-ray

Temim et al. 2012 30



Kes 75: Herschel Spectroscopy

Ejecta velocity of ~ 500 km/s
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[O 1] 63.18 um line, FWHM = 1000 km/s

[O I] 63.18 um line image
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G21.5-0.9: A shell of ejecta and dust

Herschel

[CII] 157 um line

ejecta velocity= 400 km/s
=

Chandra X-ray

G21.5-0.9 (Model 1) ' [ 7 4
& { .

vF\,[ergs/cmz/sec]

Tanaka & Takahara 2011
Far-IR excess 24 — 500 um = PWN-heated dust? Spitzer 24 um
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Summary

Emission from SN material around pulsar wind nebulae
provides information on PWN/SNR dynamics, the ejecta
properties, the progenitor star, and the properties of SN-
formed dust.

Future modeling and searches for PWN-heated dust will
help characterize composition, mass, and size distribution
of pristine SN dust = give insight into the survival of grains
and the contribution of core-collapse SNe to the dust
budget in galaxies.
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