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1. Introduction

Supernovae (SNe) are often seen as the bad guys in relatiba toterstellar dust life-cycle,
with shock waves destroying dust grains in galaxies [1]ey@lence is building that dust formation
in SN ejecta may be ubiquitous. Other evidence also leads bslteve that SNe should be an
important source of dust: first, without SNe there is a dusiget crisis in the Milky Way and
other galaxies [2—6]. The dust produced in the cool stetl@moapheres of intermediate-mass stars,
combined with current predictions for how much dust is d&td in shocks, yields far less dust
than is observed in the interstellar medium. Either anatbarce of dust must be present to account
for the observed dust in the interstellar medium (e.g. sup&re and/or interstellar grain growth),
or dust destruction is negligible [4,5,7—-11]. Second, withSNe as significant sources of dust, it is
difficult to explain the large quantities of dust found in suliimetre (sub-mm)-selected galaxies
and quasars at high redshift ( [9, 12, 13] and referencegitherThere is not sufficient time for
dust from evolved intermediate mass stars to form in sugjelguantities even when incorporating
realistic and bursty star formation histories (e.g. [11).14

The conditions following a SN explosion are thought to bedtmive to the formation of
dust [15, 16]: the abundances of heavy elements are higls @ idensity; temperatures drop
rapidly in the expanding ejecta, quickly reaching levelswing the sublimation of grain mate-
rials. Theoretical estimates (Fig. 1) predict that corbapse SNe should produce a significant
quantity of dust, approximately.D— 2 M, per star (ignoring destruction, Fig. 1), depending on the
metallicity, stellar mass and energy of the explosion [1I]-Zhese models are based on classical
nucleation theory where all types of dust can form. Modgllitust formation using a chemical ki-
netic theory approach however, predicts lower dust masse®(ghly a factor of 10) e.g. [22—-24]
partly attributed to chemically modelling the type of malkxs available for grain formation in the
gas. Including dust destruction in the dust-formation n®deduces the dust mass drastically due
to sputtering in the shock waves (see the dashed line in FighL[19]).

In this review, | will focus on what we've learnt since our s meeting in 2008Gosmic
Dust - Near and Fae.g. [18,25]), in particular | will describe how our undersding of the origin
of dust in the nearby SN remnants (SNRs) Cassiopeia A (ltergaés A), Tycho, Kepler, the Crab
Nebula and SN1987A has evolved over the last five years sirecadvent of theéderschel Space
Observatoryand ALMA.

1.1 How dowe detect supernova dust?

There are a number of ways to detect or infer the presencestird&N ejecta, these include:

1. a decrease in the luminosity.

2. A red-blue asymmetry in optical line profiles. These orage from material moving away
(on the far side of the remnant) being reddened by dust in jgteemore than material
moving towards us (self extinction).

3. The detection of onset of dust formation via an increas® iemission;

4. Highly polarised emission from dust aligned with the metgnfield in the remnant.

Methods 1, 2 and 3 have all been applied to early-time SNRS0Q0 days) e.g. [26—30]. Methods
3 and 4 provide a direct measurement of the dust mass (withabeat of unknown grain emis-



Dust in Supernovae Remnants Haley Gomez

. Nozawa+12
Mg,Si0, Todini&Ferrara0l

\/ Bianchi&Schneider07 |

Sarangi&Chercheffl3 -

Kozasa+2009

=
=3
S

MgSiO,

ISN1987A

dust mass (Mg)
=)
A
Dust Yield (M)
o
S

001  ___o--- -

V3 n ~ L P L il
10 15 20 25 30 35 40
Stellar Mass (M)

enclosed mass (Mg)

Figure 1:Left: The mass of different dust species formed in the ejecta oéarétical SN 1Ib model [20].
The total mass of dust formed 480.17 M. Right: A comparison of the dust yields from different theo-
retical supernova models in the literature verus their pnitgpr mass - black [17]; purple [19]; green [18];
blue [21] and red [23]. The dashed line includes dust destmudy the reverse shock [19]. The shaded
regions show the observed dust masses for Cas A [32-35]rt#teNzbula [36] and SN1987A [37, 38].

sivity when converting from flux to dust mass e.g. [31]). Altiygh methods 1 and 2 only provide
indirect evidence of SN dust they are particularly usefullétecting the onset of dust formation
at early times. With these observational signatures, oderstanding of dust in SNe and SNRs
were limited to the interpretation of near and MIR studiesefrby SNRs and extremely young
(<1500 days) SNe at distances up to 20 Mpc. These observayipieslty found 104 —10"3M,,

of warm dust (200—450 K), 1000 times lower than (i) predid¢tetbrm in theoretical models (Fig. 1)
and (ii) required if SNe are to make a significant contributto ISM dust in galaxies. Conse-
qguently, SNe were often dismissed as a source of dust. Otepifrcool dust at temperatures
< 40K exist in SNRs, it is possible that near and mid-IR measergs with telescopes such as
SpitzerandAKARIwould have missed this component. FIR and sub-mm obsengtiensitive to
emission from cooler dust grains, could therefore be exgtgimportant in determining thiotal
dust mass in SNRs.

2. What we knew in 2008

A decade ago, the Submillimetre Common User Bolometer A{B3UBA) was used to observe
the Galactic SNR Cas A. A large excess of submillimetre (supemission well above the extrap-
olation of the synchrotron component was detected (Figr®panel) and interpreted as emission
from 1— 2M,, of cold (20K) dust [32]. The dust was assumed to be associaitbdthe rem-
nant due to the high spatial correlation between the sub-missgon and the forward and reverse
shocks as traced in X-rays. Subsequently [39] used linestonigind absorption towards the rem-
nant to argue that most of the sub-mm emission in [32] arises Lnrelated foreground clouds,
concluding that there is no longer significant evidence fggicus amounts of dust in the Cas A
remnant.

Although there was clearly an issue with contamination afi-8& dust from intervening
clouds along the line of sight towards Cas A, [34] reasoned ifhthe sub-mm emission origi-
nates within the remnant, then it would likely be polariséd aigher value than the general ISM,
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Figure 2:IR and sub-mm views of the Cassiopeia A remnant. From lefigiatr The SpitzerlRS obser-
vations of shocked ejecta gas (argon, green) and warm dastge) from [33]. The similarity between the
two not only suggests that the warm dust is formed from thetajmaterial, but is also being heated by
the reverse shock. 8%0m (blue) image with SCUBA [32] (note this emission contaishbthermal dust
emission and non-thermal synchrotron radiation). @&0after subtraction of the synchrotron component
with sub-mm polarisation vectors overlaid [34].

and the polarisation vectors would trace the magnetic fieldas A. However, if the sub-mm flux
originated from line-of-sight spiral arm material, thereomould expect the vectors to be more-or-
less randomly orientated (with typical interstellar p@ation fractions of 2—7%). Consequently,
observations of Cas A were made with the SCUBA polarimetdetermine the level and direction
of polarisation from the sub-mm emission - see final panelign E [34] found that the sub-mm
emission is polarised to amprecedentedraction of 30%. They tested whether this could be due
to contamination from synchrotron polarised signal cregm at the longest sub-mm wavelengths,
but found that the polarised signal seen in the radio is faefpat only 3.7% on average. Assuming
that only the polarised flux seen in the SCUBA map (Fig. 2) ifinithe remnant, then the revised
dust mass in the Cas A ejecta is still a massivé M. Unfortunately, the whole of the remnant
was not mapped with the polarimeter as SCUBA was taken offlietly after these observations
were taken, in preparation for its successor SCUBA-2.

With no further access to SCUBA or high sensitivity obsdorat in the sub-mm, there was
much interest in investigating the warm dust emission see8NRs (emitting at 24- 70um).
Detailed Spitzerobservations of Cas A revealed dust emission peaking an2{Fig. 2, second
panel) with remarkably similar structure and location te sinocked argon ejecta [33] (Fig. 2, first
panel). The mass of dust responsible for this component stasated to be @2— 0.054 M., at
temperatures of 60 120K. These results were (at the time) the first unambiguerstification of
more tharn> 10~3M,, of dust in the SN ejecta.

Despite evidence pointing towards larger dust masses tortial remnants compared to the
near-IR estimates made previously, valid questions weedasy the community. These included
guestioning what appeared to be the uncomfortably largerdasses estimated from the sub-mm
emission for the Cas A remnant. Whether it could be possibteexample, that the dust seen was
actually formed in the massive star (pre-SN) or simply sweptSM? Some questioned whether
a dust mass of the order of a solar mass was unphysical siigsinilar (if not exceeding) the
predicted mass of metals in core-collapse ejecta (TableQther possible causes proposed for
the high dust masses included flux contamination from linéssion from both the gas in the
mid-FIR and CO in the sub-mm. Or whether the dust emissivityhie ejecta (via differences
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SNR type age progenitor mass ejected metal mass dust mass Ref
(yrs) (Mg) (Mg) (Mg)

1987A 112 27 18-207 1.3-3.09 0.4-0.7 [37], [38], [63]

CasA IlbP 333 13-20° 0.7 - 3.09 0.1-0.7 [35], [33], [34], [44]

Crab lIn-P¢ 960  8-10%,9-12f 0.4-0.89 0.1-0.25 [36]

Kepler la9 410 N/A 1.2-1.3 .. [54]

Tycho la® 442 N/A 1.2-1.3 .. [54]

Table 1: A summary of dust masses demonstrated to be associatedjgadita emission in SN1987A, Cas
A, Crab, Tycho and Kepler SNRS. Also provided are the pragemasses, ages and predicted metal yields.
a[64]; 2 [65]; € [66]; 9 [67]; € [68]; f [69], 9 [10]; " range of metals predicted for deflagration and detonation
models in general [70, 71].

in composition or structure) is orders of magnitude highantthe typical ‘astronomical silicate’
and ‘amorphous carbon’ used to convert the flux into dust m&sse suggestion included iron
needles/whiskers [40], though further work raised someeisswvith this proposal [41]. There is
also the fact that it is difficult to envisage how such cold40K) dust could form and survive
in the hot, harsh environment of the ejecta. As a consequenary of us looked forward to the
launch of theHerschel Space Observatofd2], an ESA led mission covering a wavelength range
of 55-210um and 190-67@:m, allowing us to fully sample the FIR and sub-mm regime with
unprecedented resolution.

3. What we know now: The Herschel and ALMA era

3.1 Cassiopeia A

Cassiopeia A was observed witterschelas part of the guaranteed time programme MESS (Mass
loss from Evolved StarS - Pl Martin Groenewegen [43], see Bjg After subtracting the non-
thermal and warm dust components (as seen alrea@phlizer[33]), a new cool dust component
was revealed witll ~ 33K and mass 075+ 0.028 M., located across the central, western and
southern parts of the remnant [35]. Combining this new coolgonent with the warrSpitzer dust
yields an ejecta dust mass ofl0/,. [35] found no evidence for cold dust in ti#erscheldata but
this is compounded by the large amount of cirrus seen acdnessdrschelimage (Fig. 3), arising
from unrelated interstellar material emitting at tempares of~20 K. Note that this is not the same
as saying there iso cold ejecta dust in Cas A, instead it is simply too difficultdistinguish SN
dust from unrelated dust along the line of sightitting at approximately the same temperatuith
photometric information alone. This is often a problem whdagues théderschelobservations

of SNRs (see Fig. 5 and Section 3.4) and different techniquesbe required to disentangle dust
within the ejecta and dust towards or behind the source. dlagimetry observations (as described
above) are one way to overcome this problem. The results fhigrstudy of Cas A (A M, of
highly polarised dust) is supported by the high levels dkerlinction in observed [Fe II] lines in
the remnant [44], thought to be the result & 6 1.0 M, of dust within the ejecta.
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Figure 3:Three colourimage of Cas A witherschel 70 um (blue), 10Qum (green) and 25Qm (red) from
[35]. Note the negligible mass of hot ejecta dust shininghity in blue (previously seen witBpitzer{33]).
The faint green glow in the centre is the newly discovered dast component. The red emission seen all
over the image is from cold dust-@0K), demonstrating the difficulty with disentangling esi@ from
unrelated interstellar dust in the vicinity of, or in frorft®NRs, withHerschel

3.2 TheCrab Nebula

Spitzerobservations of the Crab Nebula found onlg 2 10-3M,, of dust in the ejecta [45].
To determine if any cold dust was formed, the Crab was obdemith Herschelas part of MESS
(Fig. 4, [36]). Remarkably (unlike with Cas A, Tycho and Kept Section 3.4), the area around
the remnant is relatively ‘clear’ from foreground or baakgnd interstellar dust. Therefore the
emission seen in Fig. 4 (left) is clearly associated witht dughe Nebula. The combination of
Spitzer Herscheland Planck (observing at frequencies from 30-857GHz, [46]) alloweel tiid-
FIR-mm spectral energy distribution (SED) to be fully saeahlenabling the synchrotron emission
at these wavelengths to be characterised (see Fig. 4,.rigideed, the synchrotron power law
slope was found to be steeper than previously estimated.c@im@mination from line emission
to the mid-FIR fluxes was determined from additioBalitzerandHerschelspectroscopy (Fig. 4),
contributing less than 5% to the integrated flux beyong @4 After removing line and synchrotron
emission, the remaining flux was attributed to two companefitdust, a warm component with
mass 103M, at 63K and a cool component at 34 K with mas$-00.2M., (depending on the
dust composition). The dust is distributed within the welbwn filaments, located in the densest
ejecta gas.

Subsequent works have investigated more complex methodsriving the dust mass in the
Crab. [47] fitted the SED with a large number of modified blamkies at a range of grain sizes
(and temperatures) with a more realistic heating sourcey Tévised the dust mass in the Crab to
0.02—0.13 M., with the upper end of their range consistent with the twoygonent fitting in [36],
and the lower end suggesting an order of magnitude less ldastthe previous work. However,
the biggest difference in the dust masses derived in [47l& td a choice of different optical
constants compared to those used in [45] and [36]reidhe multi-temperature SED modelling
Furthermore, the optical constants used to derive 2M., of dust (taken from [48]) have no data
beyond 30um, crucial for determining the total dust mass from coldgéagrains. Instead, the



Dust in Supernovae Remnants Haley Gomez

10°

herschel

{ [‘ #¥ Planck

10°

synchrotron

Flux density (Jy)

Spitzer

2

100 . L " . il L "
102 10? 10° 10! 10? 10° 10* 10° 10°

Wavelength (um)

Figure 4:Left: Wide field view of the Crab Nebula witHerschel[36] demonstrating both dust emission in
the remnant and the lack of cirrus in the region. The compasiage consists of warm dust (blue) and cold
dust (yellow and orange). These images have had the synchramission subtractedRight: The entire
mid-IR - radio SED of the Crab [36] usingpitzer Herscheland Planckphotometry with literature values
(grey). The inset box also includes tBpitzerandHerschelspectra and the dot-dashed lines show the warm
and cool dust components.

optical constants required to model the SED in the sub-mm haen estimated by an extrapolated
power-law which could severely underestimate the massdregtjto fit the SED. Indeed the silicate
fit to the SED in [47] underestimates the observed FIR-subrure§l (see their Section 3). Given
the cut-off imposed for large grains in their model combimeth the lack of optical constant data
in the sub-mm, it is therefore not surprising that [47] fincdbevér dust mass. Recent attempts at
modelling the affects of a multi-temperature SED model caragd to the canonical two-component
fit used in [36] shows that this creates (at most) a factor ofdifference in the derived dust masses
[31]. This supports the claim that using a more realistictirtamperature grain model for the SED
is not responsible for the order of magnitude decrease inrdass suggested by [47].
Subsequent radiative transfer modelling of dust in thetejgt9] (which encompassess vary-
ing grain size distributions, gas geometry and a more phibieating source) derives ejecta dust
masses consistent with the parameters in [36] and the umpkeofethe range quoted in [47]. If
the ejecta is clumpy, the radiative transfer models immpbre dust is required to fit the SBERIth
0.4— 0.6 M, of amorphous carbon grains in the debris [49]. At the timeH#rschelobservations
of the Crab Nebula [36] provided the cleanest view of dust8N&, due not only to the relatively
low column density of intervening interstellar dust, bigathe ability to resolve out the different
emission components in order to pin down the contributiomfthermal dust emission.

3.3 SN1987A

Spitzerobservations of SN1987A ( [37] and references therein)daamly 104 M., of warm dust
originating in the ring structure (where the shockwave fitbim explosion is sweeping up the pre-
supernova circumstellar material). Given the insignificamount of dust seen previously, it was
originally assumed that the remnant would not be detectddealongerHerschelwavelengths.
Nethertheless, a bright unresolved source was clearlplgisit the location of the remnant in the
HERITAGE map of the Large Magellanic Cloud - see Fig. 5. Hezschelsource was attributed to
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Figure 5: Left panel: Herschelcomposite image of 100m (blue), 16Qum (green) and 250m (red)
with the unresolved SN1987A circled. Zoomed-in HST imag8ABNASA-JPL/Caltech/UCL) nset (a):
Further zoom in on HST view of the inner ring and the centraty. Inset (b): The nail in the coffin:
ALMA 450 um observations of SN1987A demonstrating the cold dust éomiswzriginally detected with
Herschelis resolved into the innermost ejecta region [38pp right: Three colour SN1987A showing
the inner ejecta (red) and the outer ring. Cold dust from ALBtAI50um (red-orange, [38]) with optical
(green), and soft X-ray (blue)Bottom right: Three colour image of SN1987A witHa (blue), [Fe II]
ejecta (green) and CO inred (ALMA, [52]). Credits: R. Ind&hav et. al., A. Angelich (NRAO/AUI/NSF);
NASA/STScl/CfA/R. Kirshner; NASA/CXC/SAO/PSU/D. Burreet al.

0.4—0.7M, of cold dust €20 K) in SN1987A. Given such a large mass, [37] proposed thistm
be part of the metal-rich ejecta (just as with the Galactionants, the swept-up mass is predicted
to be two-three orders of magnitude lower than this). Thisldcuggest that not only is dust for-
mation efficient in SN ejecta, batmost all of the predicted metals in the ejecta must be iridia

of dust(Table 1). It became clear that higher resolution sub-mnesagions would unequivocally
rule out the possibility that the unresolved FIR emissiandgyHerscheloriginates from swept-up
material, line contamination, or a background source etwe ifleal opportunity to address these
issues presented itself in the form of ALMA (the Atacama leakdjllimeter/submillimeter Array),
an interferometer observing from 4@@n to 3 mm with resolutions of 0.7 to 4’8

ALMA observations of SN1987A have since confirmed that a massmount of dust seen
initially with Herscheloriginates from the SN ejecta and not from another sourcesssppernova
mass-loss [38]. Fig. 5 (top right, see also [50, 51]) showestltinee colour image of optical, X-ray
and cold dust in SN1987A. The emission as seen by ALMA origimdrom> 0.2M, of dust at
26 K and is clearly concentrated in the centre of the remrihetdust has not yet been affected by
the reverse shock. The ALMA observations [52] also showatlttie maximum contribution from
line emission to the sub-mm and mm fluxes is negligiktel@%, see also Section 4 and Fig. 5
(bottom right)). This provides unambiguous confirmatioattmassive amount of cold dust was
formed in the ejectavithin the last 20 years
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Figure 6:Left: The theoretical dust mass (indformed (and destroyed) over time within a Type la ejecta
based on the W7 deflagration model [53]. The two curves itdiegecta expanding into interstellar gas
with densityn = 0.3cm 23 (red) andn = 1cm 2 (black). The grey vertical line represents the age range
for the Tycho and Kepler SNRs and the dotted horizontal lindgcates the dust masses observed with
Hersche] though these are attributed to swept up dust and not otigiin the ejecta [54]Right: Three
colour image of Tycho’s SNR composed of X-rays (blue - frorocdfheated swept up ISM and green -
from the ejecta) and.Bﬁ:g x 10~3M, of hot dust & 90 K) seen byHerschelin red. Credit: NASA/CXC;
ESA/Herschel/PACS/MESS Consortium/H L Gomez, createl thi¢ software package APLpy [55].

3.4 Typela SNRs

The environment of a Type la remnant is likely to be harshan th core-collapse SN, with higher
radioactive heating in the ejecta resulting in increaseirdetion of dust grains or even inhibiting
the formation of dust and molecules. Furthermore, the tdenéithe expanding shell drops more
rapidly than in core-collapse ejecta, with gas densitiesgtlorders of magnitude lower which may
also inhibite the condensations of dense clumps in the gasint&resting question is whether,
despite these harsher conditions, dust still forms in Typejécta. The presence of ejecta dust in
these kind of explosions could affect the interpretatiorSdf light curves, and any lack of dust
would provide crucial information on the required condisdor dust formation.

A theoretical model of dust formation in the Type la ejectess\weesented in [53] assuming
a carbon deflagration explosion with ejecta mass.4ML, - see Fig. 6 (left). @M, of dust is
predicted to form in this model with the grains completelgtd@yed over a timescale of 49ears.
Also shown in Fig. 6 is the expected evolution of dust massrfodels in which the gas is expand-
ing into ambient gas with densities= 0.3 and 1cm?3, since this will affect the amount of dust
destroyed in the shock waves. Using the relative ages ofdkepld Tycho (410 and 440 years) and
assuming that the ejecta is expanding into an ambient gasitgeri 1 cni 3, the model predicts
dust masses of 88 or 84x 10-3M, respectively.

As part of the MESS programme, the Galactic remnants Tyctdapler were observed with
Herschel Hot dust was detected ‘in’ both remnants (at temperatuirg8-e 90 K) arising from dust
masses of & 10~2 and 6x 103 M, respectively [54] (see also [56]). This is an order of magpht
lower than the hot dust mass predicted from the theoreticalein(Fig 6). Careful comparisons
with the spatial location of the hot dust in Tycho with the Ketay gas (Fig. 6 right) arising from
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the ejecta (green) and the shocked swept-up surroundingrialgblue), indicates that the dust is
only seen at the edges of the expanding bubble of gas whidbuglping through the ISM at high
speeds. This tells us that the hot dust in this image was eattenl in the explosion itself [54]
but is instead swept-up interstellar dust. This is furthgr®rted by the interaction seen between
Tycho'’s forward shock and surrounding molecular cloude (Sig. 10 in [54], also [57,58]). A
similar result is seen with Kepler, though in Kepler's cdsemass of swept up material is so large
(and given the low interstellar densities at the locatiothefremnant) the hot dust likely originates
from swept upcircumstellar dus{54].

Whether or not cold dust exists in the Tycho and Kepler SNR$ i more difficult to de-
termine given the large amounts of interstellar dust detkeicross the maps and in front of the
remnants [54] (similar to Cas A - Fig. 3). Careful comparigath the ejecta tracers in optical and
X-ray shows no evidence of sub-mm emission from cool or caolst doincident with the debris.
In summary then (and contrary to the theoretical predistidtig. 6 (left)), sub-mm observations
of Tycho and Kepler showmo evidence of dust formation (see also [60—62]). Instead, ne fi
the observed dust emission originates from swept-up ieléasand circumstellar material respec-
tively. It is possible that the explosions responsible fygechio and Kepler are in fact detonation type
([57,72]) rather than the deflagration model assumed in [B8]predicted mass of dust formed in
detonation ejecta may be very different to the model showkidn6 (left). For example, a detona-
tion explosion has a more rapid decline in density early ahiatess well mixed compared to the
deflagration, with the outermost carbon-rich layer quidklyned through, severely restricting the
amount of metals available for dust formation.

On afinal note, Type la’s produce most of the iron found in gak (ejecting 6 M., per ex-
plosion), and interstellar gas-phase depletions in th&MNay (where iron is depleted by factors
of 10-100 [73, 74]) indicate that large amounts of iron iskiea up in dust grains. It is therefore
somewhat surprising that we find no evidence for iron dusihgria la ejecta. By 400 years, the
reverse shocks in Tycho and Kepler have not yet swept up tegrimost iron-rich layer (where one
would expect iron grains could form - see Fig. 14 in [54]) sa #ignificant amount~ subsolar) of
iron grains had condensed in these SNRs, most of them wouwlddiecked and cold i.e. should be
clearly visible in theHerschel datgthough the interstellar material seen across these intagkss
it difficult to rule this out). The lack of dust in la’'s compalréo core-collapse remnants suggests
that significantly less dust forms in this environment, plgcstringent constraints on where dust
and potentially cool molecules can form.

The dust masses for the historical remnants Cas A, the Cib9& A, Tycho and Kepler
derived fromHerscheland ALMA observations are summarized in Table 1. In the lastyears,
we now have confirmation that significant amounts of cold tdastformed in the ejecta of Cas A,
the Crab Nebula and in SN 1987A.

4. A Serendipitous Surprise - molecular rich gecta

Perhaps one of the most surprising results to come odeofcheland ALMA studies of SNRs is
the presence of significant amounts of cool ejecta materigia form of cold dust and molecules,
despite the harsh environment expected within the ejedt@. pfesence of cool molecules in SN

10
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ejecta would be an important diagnostic of the propertie$ @memistry within the ejecta and
could imply inhomogeneities and clumping. FurthermoracsiCO is an effective coolant, any
detection of CO also suggests an environment which favauiteer molecule formation, complex
chemistry and also the formation and survival of SN dustrgra{Note that as well as enhancing
dust formation, the presence of molecules in the ejecta Isanihibit it e.g. [23, 24].) Recent
theoretical models following the chemistry of core-cofiapejecta suggests a 15Mrogenitor
could create> 0.1M, of CO [22]. This places an enormous 17% of the predicted &jeass in
cool molecular form only a few years after the explosion.

Although vibrationally excited (hot) molecules have beetedted in SN ejecta since the early
90’s, only recent observations have revealed the presdrmmmbmolecules. The first overtone and
fundamental bands from small amounts of hot CO was detecfed gears after the SN1987A
explosion [75], and more recently, in the 300-year old ej@ftCas A [76, 77]). The former result
suggests the formation of CO is efficient even in the highpermture ejecta at early times, and
the latter suggests that CO survives (or continually re®roenturies after the initial explosion.
Indeed, the detection of a dense knot of CO in Cas A's postisbas by [77] clearly demonstrates
that CO molecules dissociated by the reverse shock mustrbforened in the past several years.

ALMA has since revealed rotational transitions from cold @GN1987A [52] (with a partial
observation of SiO). The molecules were seen wittiroflthe inner debris (Fig. 5, bottom right
panel), demonstrating beyond a doubt that these molecritgrate from the ejecta. Asth@—1)
and(1—0) CO lines are optically thick, the observations requir8.01 M., of cold CO (where the
lower limit is derived using the optically thin assumption)

Aside from Cas A and SN 1987A, the Crab Nebula is also knownate tan abundance of
H> molecules within the filaments [78], bhterschelhas revealed another ‘fragile’ molecule in the
debris. FIR- sub-mm spectra across different locationkefirab were taken witHerschelas part
of the MESS survey [43] and revealed two unknown lines at 6B1&235 GHz [79]. Fig. 7 shows
the full spectrum wittHerschelfrom 447 - 1544 GHz. The first line to be identified was the OH
emission at 971 GHz, with radial velocities ranging from3&thd 1037 kmst. These velocities
suggest that the emission arises from different knots aachéhts in the ejecta; the emission from
the unidentified lines are strongest in the south of the remnfainciding with B knots and cool
dust). Given the expected frequency of Oat 971.8038 GHz it was relatively simple to correct the
two unknown lines to a ‘rest’ frequency of 6664+ 0.209 and 123486+ 0.643 GHz; the ratio of
these lines correspond to tf@— 1) and(1— 0) transitions from a simple diatomic molecule. [79]
realised (apparently oHerschel’sfinal day of taking observations) that these lines corregdgon
36ArH*, making this thdirst noble gas compound discovered in space

So the ejecta in the Crab Nebula (despite its large exparsgieads, harsh environment and
hot temperatures) provides exactly the right conditiorfetim noble gas molecules. The proposed
formation mechanism put forward in [79] is that argon prasthin the supernova is ionised in the
shockwaves, which also lead to the formation of cool filarm&eintaining H [78] and dust [36].
The argon is then mixed in the cool gas allowing noble gas camgs to form.

5. Conclusions

Evidence for dust formation in core-collapse supernovetajeas been known for some time, with
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Figure 7: The Herschel FTS spectra of the Crab Nebula from [79] withp: y-axis flux in units of
10 PWm=2Hz 1sr ! andbottom: y-axis flux in units of 1018Wm=2Hz 1sr 1. The OH lines indi-
cated enabled the identification of two unknown lines at 6182235 GHz which are the — 0) and(2—1)
transitions of®ArH* respectively.

observations in the optical and near-mid IR detecting omglsamounts (10* — 10~3M,,) of dust
at temperature¥ > 70K. With recent advances in sharper resolution, greateeleagth coverage
and superior sensitivity in the FIR-submillimetre regime have learned that:

e the flux contamination in the FIRA(>70 um) from line emission for SN 1987A and the Crab
Nebula is negligible{ 5— 12%) and cannot be wholly responsible for the FIR emissien se
in SNRs.

e Observations in the FIR with SCUBMerscheland ALMA have revealed significant amounts
of cool dust is also formed in the ejecta of core collapse supa.

e Observations and theoretical models both show that cdtepse supernova ejecta appear to
provide an environment in which efficient dust and molecatetfation occurs, suggestive of
clumping in the ejecta.

e These works suggest that within a few hundred years aftexplsion, nearly 100% of the
metals predicted to be in the ejecta is in the form of dust aokkcules.

e Observations of Type la SNRs indicate that they are notiagpatgnificant amounts of cool
SN dust in their ejectac@veatthis is based on a sample size of two). The small mass of
hot dust seen in the Tycho and Kepler remnants is not frefeiiged SN dust, instead these
arise from swept-up interstellar or cirumstellar matefiekpectively).

The large amount of cool dust (and now molecules) therefopears to be a significant fraction of
the ejecta metals in core-collapse SNe. Of course, it isiplesthat some, if not all, of this freshly
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formed dust is ultimately destroyed in the shock. Some dtmwn unknowns” include:

e how much of a difference would incorporating 3-D models ofé@tta make to the predicted
dust mass from theoretical models?

e Does dust formation occur in the aftermath of a deflagratigmeTa explosion?

e How long is the ejecta in a molecule and dust formation phasee®s this continue through-
out the evolution of the remnant?

e How much dust is destroyed after encountering the reveisek8h

e What is the net yield from SN dust to the ISM?

e What can we learn from IR-submm observations of the masspaosition and chemistry of
the warm and cool debris at different layers of the ejecta;oimparison with optical and
X-ray-emitting ejecta material?

e What will millimetre observations tell us about the 3-D sture of the SN debris given the
ability to now see the entire velocity range of the ejectdawit MA (e.qg. [52, 80, 81])?

A larger sample of FIR/sub-mm observations of SNRs, pddituwith ALMA would help
address some of these issues, including observing remwéthtages ranging from 1 - 300 years
after the explosion. This entails building up a sample oblkexi extragalactic SNRs, which re-
quires an even greater leap in resolution and sensitivity.

6. Next Steps

To separate out the different components in FIR images ofsSMRich include SN ejecta, swept-
up stellar winds, swept up ISM, synchrotron and line emigsiwve have seen that excellent sen-
sitivity and angular resolution is required. Resolved &si@lso allow one to investigate the com-
position of the dust - for instance, in the Crab, the dust caied in regions where the ejecta is
carbon-rich and is therefore likely to be composed of amawgltarbon [36]; in Cas A, the dust is
located in silicate-rich ejecta and is likely proto-siliean nature [33]. Since the emissivity of dust
depends on its chemical make-up (where amorphous carberbiiries as emissive as silicate)
this also has serious implications on the way we convert RIRifito dust mass [31].

Increased sensitivity and resolution would allow us to #tigate dust formation in SNRs at
different stages in their evolution, by resolving young nemts & 30 yrs) in the nearest galaxies
and also intermediate-age remnants, particularly in cetimg the 30-300 year gap in SNR age
from the current limited sample (Table 1). Current and fafacilities might also offer the ability to
observe and resolve dusty SNRs at even larger distancestiadly providing a statistical sample
of SNRs. In order to determine what may be possible with &itastrumentation, Table 2 lists
the fluxes of the warm, cool and cold dust components at 20 @@gr for Cas A, the Crab and
SN1987A and predicts the fluxes and angular sizes of theses 8MRo a distance of 10 Mpc. The
sensitivity and wavelength coverage of current and futuissions are displayed in Fig. 8 with
the expected mid-to-FIR SEDs of the Crab, Cas A and SN198&&as at a distance of 5Mpc.

Although JWSTwill have 8 times the angular resolution 8pitzerMIPs with a factor of 50
improvement in sensitivity, the wavelength coverage istéohto below 3Qum (Fig. 8). Given the

http://www.stsci.edu/jwst/science/sensitivity
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SNR Dust Model So Sioo So@ 1OMpC Sio0 @ 10Mpc 610Mpc
CasA warm 82K, 103M., 29Jy  64Jy 3.8y 7.4y 0.7
CasA cool 35K, M75M,, 5mly 25y 104 udy 2.9udy

Crab  warm 63K, 103M, 6Jy 44 Jy 0.24Jy 1.8udy 0.07
Crab cool 34K, QL1 M, 5mJy 101Jy 10% udy 4udy

1987A cold 26 K, MM, 0.01udy 0.1y 104 udy 2.5udy 4 mas

Table 2:The integrated fluxes at 20 and 106 from the warm and cool dust components from the ejecta
in Cas A [33, 35], the Crab Nebula [36] and for the cold dustNi1887A (estimated from the greybody fit

- see Fig 3in [38]). The predicted fluxes at 20 and i@®from these components at a distance of 10 Mpc,
along with the angular extenfJ of the ejecta material at this distance, are also listed.

SEDs of previously published SNRs (see Table 2 and FigI\®5Tbut will certainly be sensitive
enough to detect warm/hot SN dust with temperatuyeé) K even at distances of 5 Mpc (Fig. 8),
though the~60 K Crab and Cas A warm dust components would not be detebtae &0 within a

1 hour exposure beyond a distance of 100 kpc. As expedt®8,Tdoes not observe at wavelengths
required to detect emission from the coldest, most massiigt,component (e.g. the 26 K observed
in SN 1987A) even from SNRs in our own galaxy.

Itis, of course, still a worthwhile endeavour to continusetving the near and MIR emission
from SNRs (as demonstrated in [33, 76]), but it is worth rerberimg that this component is only
a tiny fraction of the dust mass. There is a silver lining hesve The sensitivity ofJWSTis good
enough at 11-2hm, that it could be used to detect and resolve the more massdlalust compo-
nent (~ 0.1 Mg, at ~30-40 K) seen in the Cas A and the Crab SNRs. The expectedaieegflux
at 20um from the cool Crab dust is 5mJy (Fig. 4, Table 2), well abdwee1-hour 5 sensitivity
limit. However, this is only possible if there is no warm/lehtst in the same location - taking the
Crab again as an example, the 2@ flux expected from the tiny mass of warm dust is 5Jy, i.e.
1000 times brighter than the expected cool component awidnglength. But if there are regions
in the ejecta where only cool dust exists (i.e. no warm or hwt)l thenJWST would be able
to detect the cool dust compondtttough there would be no information on the peak of the dust
spectral energy distribution).

To detect and characterize the very massive cold dust coemposampling of the SED beyond
100um is essential SPICAIs a proposed Japanese-European space mission in the FR.&in
diameter mirror actively cooled to 4 ISPICAwill provide a significant improvement in sensitivity
compared tdHerschel- by a factor of 200 in overlapping bands - but no improvemardngular
resolution.SPICAwill therefore be suitable for observing local (extendeal)rses {~arcminutes),
but will ultimately suffer from the same resolution issueHEsschel it will be extremely difficult
to measure the dust mass in distant SNRs because of Galaaig and the background emission
from host galaxies. Continued (and future) observatiorte WL MA will address many of these
uncertainties - its superior resolution and exquisite iseitg will allow us to disentangle the dif-
ferent thermal and non-thermal FIR and radio componentsaila¢tic and LMC/SMC SNRs on
unprecedented scales, providing a completely differeav\of the ejecta (e.g. as demonstrated
with Herschelfor the Crab Nebula [36] and with ALMA for SN 1987A [38]). Palarly with
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Figure 8: Sensitivity plot for currentilersche] ALMA Cycle 0) and future MIR-FIR telescoped\WWST
SPICA ALMA full, SPIRIT, FIRI) with 5-a, 1 hour limit (dashed lines). The predicted SEDs from Cas A,
the Crab and SN 19874t 5M pc are shown. The dark blue (top) SED is predicted from a geheti¢32 K)
dust model with mass 1§M.,. The light blue (second from top) SED is the total dust erois#h the Crab
Nebula ¢ 0.116 M., from the coolT = 34 and warm 6& components [36]). The purple SED (third from
top) is the cool dust in Cas A~(0.1M, T = 35K [35]). The pink SED (bottom) is the cold dust from
SN1987A ¢~ 0.2Mg, T = 26K [38]).

SN1987A, ALMA can be used to further investigate the logatod mass of dust, cool debris and
cool molecules within the ejecta (e.g. [52]). Perhaps mgsitiagly, given that the SN debris is
expanding at speeds ef 2000kms?, the ejecta is beginning to collide with the ring (Fig. 5) and
we can expect to see in real time the passage of ejecta (ag)diuist as these components collide.
This requires continued monitoring efforts with ALMA, bubtentially provides alirect test of
dust destruction via SN shocks

With respect to increasing the sample size and moving tameeixtragalactic studies of SNRs
in the FIR and sub-mm, improved sensitivignd sub-arcsecond angular resolution is needed
between 10-50Qxm, particularly to overcome confusion (Fig. 8). At 10 Mpcetlrab Nebula
ejecta extends over. @7’ with integrated flux at ofv 1.4uJy at 10Qum (Table 2), requiring sub-
arcsecond resolution and extremely high sensitivity atsiIBmm wavelengths.

ALMA will allow us to observe the cold dust in SNRs outside b&tMilky Way but it will
be difficult to detect SNRs at Mpc distances (Fig. 8) aboventhst galaxies. In its most extended
configuration (when the array is completed), the resolutidirange from an incredible 6—-37 mas.
and only in its full configuration will ALMA be able to resolvbe location of the dust (whether it is
ejecta or swept-up CSM and/or ISM) at such large distancks.néxt generation of proposed FIR
space missions are therefore designed to address the newmettir sensitivity, wider wavelength
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coverage and better resolution. The US-led SPIRIT [82] adeldgl FIRI [83] are proposed FIR
interferometers with design characteristics @2J resolution at 10Qum andu Jy sensitivity across
the wavelength range 25-40@n. Since confusion will not be a problem with these instruteen
deep-field exposures(10°s) in the sub-mm will be possible; finally Cas A and Crab-liKeéRS
at 10 Mpc will be routinely detected with FIRI at 50 in typical galaxy surveys.
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