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Abstract. The first molecules detected at infrared wavelengths in the ejecta of a Type II
supernova, namely SN1987A, consisted of CO and SiO. Since then, confirmation of the formation
of these two species in several other supernovae a few hundred days after explosion has been
obtained. However, supernova environments appear to hamper the synthesis of large, complex
species due to the lack of microscopically-mixed hydrogen deep in supernova cores. Because these
environments also form carbon and silicate dust, it is of importance to understand the role played
by molecules in the depletion of elements and how chemical species get incorporated into dust
grains. In the present paper, we review our current knowledge of the molecular component of
supernova ejecta, and present new trends and results on the synthesis of molecules in these
harsh, explosive events.
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1. Introduction

Type II supernovae (SNe) are the end stage of the evolution of massive stars with initial
masses on the Zero Age Main Sequence greater than 8 M. These explosive events deposit
a tremendous energy to the surroundings with typical explosion energy of 10°! ergs per
event. The explosion releases a burst of neutrons and synthesised elements heavier than
iron through rapid neutron capture (i.e, r-process). The explosion shock wave crosses the
helium core, induces a reverse shock at the interface between the heavy elements core
and the hydrogen envelope of the stellar progenitor, and reprocesses the ejecta a few
hours after explosion. This reverse shock triggers the onset of Raleigh-Taylor instabilities
and results in macroscopic mixing between the various core layers. The nebular phase
of the SN is reached after ~ 100 days when the luminosity is sustained essentially by
the radioactive decay of *®Co. Assuming v-rays full trapping, the bolometric light curve
declines according to the mean lifetime of °®Co decay into °Fe (t55 = 111.3 days). In
view of this very harsh environment, the detection of molecules in the nebular phase a few
months following the explosion of a SN came as a surprise. The locus of the first detection
of molecules and dust in a SN event shortly after outburst was the Type II supernova
SN1987A in the Large Magellanic Cloud. Indeed, the fundamental band Av = 1 of carbon
monoxide, CO, at 4.65 pum was observed between day 135 and day 260 (Catchpole et al.
1988), while the CO first overtone transition Av = 2 in the region of 2.3 um was detected
at day 100 after explosion (Danziger et al. 1988). Excess emission around ~ 9 pym was
attributed to the fundamental band Av = 1 of silicon monoxide, SiO, and was observed
as early as day 160 (Aitken et al. 1988). Other molecular candidates were proposed as
carriers of some unidentified bands in the IR spectrum and included CS (3.88 yum band),
H3" (3.4 pm and 3.53 ym bands) and CO* (2.26 pm band). However, claims for their
presence were not confirmed by theoretical models.

Since then, carbon and silicon monoxide ro-vibrational emission bands have been ob-
served in other Type II SNe as well and appear to be the only molecules detected in
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Table 1. A summary of current CO and SiO observations in Type II supernovae. The — sign
refers to a non-detection of the molecular species.

Name CO 1st overtone CO fundamental SiO fundamental Reference
[2.3 pm] [4.65 pm] [8.1 pm]
SN1987A X Spyromilio et al. (1988)
Catchpole et al. (1988)
X Aitken et al. (1988)
X X Danziger et al. (1989)

Roche et al. (1991)

SN1995ad X Spyromilio & Leibundgut (1996)
SN1998S X Gerardy et al. (2000)

X Fassia et al. (2001)
SN1998dl X Spyromilio et al. (2001)
SN1999em X Spyromilio et al. (2001)
SN2002hh X Pozzo et al. (2006)
SN2004fj X Kotak et al. (2005)

X - Szalai et al. (2011)

SN2005af X X Kotak et al. (2006)
SN2004et X X Kotak et al. (2009)

SN ejecta to date. This restricted number of observed species may point to the specific
environment of SN ejecta characterised by harsh conditions, the presence of helium ions,
and the lack of microscopically-mixed hydrogen. This hydrogen-deprived medium fosters
a ‘poor’ chemistry. Indeed, because of the absence of radicals like hydrides (OH, CH etc.),
a fast, hot chemistry that builds up larger, more complex species (e.g., hydrocarbons,
water or carbon dioxide) cannot proceed, as it is the case in other circumstellar environ-
ments [e.g., AGB stellar winds (Cherchneff 2006)]. The chemical species thus formed are
essentially simple diatomic molecules like CO and SiO.

2. Observations of molecules and existing models

The detection in the near IR of the first overtone band of CO has been positive in
several Type IT SNe at epochs ranging from 90 to 130 days after explosion. Along with the
first overtone, the red wing of the fundamental band Av =1 at 4.65 pm is also detected
in the mid-IR (e.g., Kotak et al. 2005). Models of the CO bands indicate conditions
in the ejecta close to those provided by explosion models ~ 130 days post-outburst.
i.e., gas temperature close to 5000 K. The CO molecule is always present in SN ejecta
some 100 days after outburst, pointing to an efficient chemical pathway to its synthesis
at high temperatures. In SN1987A, the CO first overtone band flux peaks around 180
days before declining by several orders of magnitude up to day 600 where it became
unobservable (Danziger et al. 1989). A similar behaviour is observed in other SNe, for
example, SN2005af (Kotak et al. 2005). This decrease can be ascribed either to a change
in CO mass with time or to different excitation conditions owing to the change in gas
temperature, or both. In SN1987A, the fundamental band of CO is also observed to
decrease in absolute strength with time but at a much smaller rate than the first overtone
band (Danziger et al. 1989). The different behaviour of these two bands may indicate
that they arise from different zones in the ejecta.

Silicon monoxide, SiO, has been detected in the mid-IR in three SNe through its
fundamental band around 8.1 pum. Its first detection in SN1987A showed that emission
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was apparent from day 160 to day 520 (Aitken et al. 1988, Roche et al. 1991). No emission
was recorded at later times and this decline coincided with the onset of dust formation
at ~ 530 days (Lucy et al. 1989). The depletion of SiO into dust was therefore proposed
as a scenario for SiO emission decline. A similar behaviour was observed in SN2004et by
Kotak et al. (2009).

Other molecular species have been proposed to explain unidentified bands in the IR
spectrum of SN1987A. For example, the broad emission feature at 3.88 pum appearing at
late time was proposed to come from carbon monosulphide, CS, by Meikle et al. (1993).
These assignments were mainly made on wavelength coincidence and confirmation by
chemical models was difficult (e.g., Liu (1998) for CS, Gearhart et al. (1999) for CO™).
As to the unidentified emission bands in the near-IR at 3.4 pm and 3.53 pm, Miller
et al. (1992) ascribed the emission to Hj, while Yan & Dalgarno (1998) modelled the
chemistry of a cool molecular clump where Hj could form in large enough amount to
satisfactorily reproduce the emission band intensity. However, their model assumed that
the composition of the molecular clump comprised both hydrogen, H; , CO and OH.
As mentioned in Section 1, the scarcity of molecules observed in SN ejecta entails the
unlikely presence of microscopic mixed hydrogen with atomic carbon and oxygen in the
ejecta, thereby invalidating H}L as a potential carrier for these bands. Therefore, the only
two molecular species with unambiguous identification in SN ejecta remain CO and SiO,
and their detection status is summarised in Table 1.

Chemical models have been attempted to explain the formation of CO and SiO in the
ejecta of SN1987A. Petuchowski et al. (1989) and Lepp et al. (1990) proposed the first
chemical models of the O- and C-rich zones including ion-molecule reactions, radiative
association processes, and reactions with the fast Compton electrons created from the col-
lisional degrading of v-rays. They found that helium could not be microscopically mixed
in the different layers because the reactive ion Het destroyed any molecular species. The
prevalent formation processes for molecules were radiative association reactions whilst
destruction was provided by collisions with Compton electrons. Liu et al. (1992) and
Gearhart et al. (1999) modelled the emission bands of CO while Liu & Dalgarno (1994,
1996) modelled the emission bands of SiO. All models assumed similar chemical processes
as Lepp et al. (1990) to derive molecular abundances and masses. Finally, Liu & Dalgarno
(1995) explored the impact of molecular cooling in the ejecta as CO and SiO are strong
coolants through their ro-vibrational lines. Their study of the O-rich core showed that
the kinetic temperature could indeed drop from 5000 K to 1500 K when CO cooling was
introduced in their model.

Central to these chemical models was the assumption that steady-state was quickly es-
tablished for the chemistry at early times. However, this assumption was later disproved
by Cherchneff & Lilly (2008) and Cherchneff & Dwek (2009) in their study of the chem-
istry of primitive SNe in the early universe. Based on a more extended chemical network
(see Section 3), they showed that the chemical times of key formation and destruction
processes were often shorter than the dynamical time, implying that an active chemistry
could take place at time greater than 100 days post-outburst. For SN ejecta other than
SN1987A, no chemical models have been attempted so far. We therefore present in the
next section preliminary results for the non-equilibrium chemical kinetic model of a SN
ejecta with a 15 M progenitor mass of solar metallicity.

3. New model for stratified, homogeneous ejecta

We study the chemistry of the ejecta associated with a 15 Mg progenitor of solar
metallicity. A schematic view of conditions in the ejecta is given in Fig. 1. A pre-supernova
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Table 2. Mass zones of the helium core for the 15 Mg progenitor of solar metallicity. The
mass cut is 1.78 My and the ejected mass is ~ 3.79 My for a total He-core mass of 5.57 Mg .

Zone Position (Mgy) Mass (Mp) Major constituants

1A 1.79 - 1.89 0.1 Si-S-Fe
1B 1.89 - 1.98 0.09 Si-O

2 1.98 - 2.27 0.29 0O-Si-Mg
3 2.27 - 2.62 0.35 O-Mg-Si
4A 2.62 - 2.81 0.19 0-C

4B 2.81 - 3.04 0.23 O-C-He
5 3.04 - 3.79 0.75 He-C-N

core explodes and experiences the passage of a blast wave which triggers a reverse shock
at the base of the hydrogen envelope. This shock propagates inward and leaves a reversed
pressure-gradient in its wake that produces Rayleigh-Taylor instabilities and macroscopic
mixing in the helium core. The mixing has ceased after a few days (Joggerst et al.
2010) and the partial fragmentation of the helium core proceeds with time. Radioactive
%Ni decays into *°Co on short time scales, and the later decay of *°Co in %Fe creates
~v-rays that propagate in the ejecta. These v-rays degrade to X-rays and ultraviolet
(UV) photons by Compton scattering and create a population of fast Compton electrons
in the ejecta. These Compton electrons ionise the elements, including helium. Typical
temperatures and densities are also indicated as a function of time in the ejecta.
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Figure 1. A schematic view of the ejecta of a Type II supernova. On the upper left-hand
corner, the pre-supernova core reflects the various stages of nuclear burning and the stratified
lay-out of the heavy-elements in shells (Zinner 2007). A few hours after the explosion, the helium
core experiences Rayleigh-Taylor instabilities, mixing and fragmentation (Kifonidis et al. 2006).
Other quantities are explained in the text.
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Following Cherchneff & Dwek (2009), the ejecta is assumed homogeneous and con-
sists of several mass zones characterised by an initial chemical composition taken from
Rauscher et al. (2002) for their study of a 15 Mg progenitor of solar metallicity. The
elements in each zone are assumed to be microscopically mixed but no elemental mix-
ing between zones is considered. We assume that the helium core is hydrogen-free as no
microscopic mixing of hydrogen takes place inward in the core. Hydrogen thus stays con-
fined to the most external layer that corresponds to the progenitor envelope. The zoning
considered in this study is briefly summarised in Table 2. We model the formation of
several key molecules, including CO, SiO, Oy, SO and SiS, as well as small molecular
clusters of various solids (e.g., SiOq, FeS, pure metals, carbon chains and rings) as in
Cherchneff & Dwek (2010). We study the chemical processes active after outburst from
100 days to 1000 days, a time span relevant for the study of molecule and dust synthe-
sis in the ejecta. They include the formation of molecules by termolcular reactions and
by bimolecular processes like neutral-neutral reactions, radiative association reactions
and ion-molecule reactions. The destruction processes include ionisation and dissocia-
tion processes by Compton electron and the UV radiation field, ion-molecule reactions,
neutral-neutral processes and thermal fragmentation.

4. Results on molecules

The mass of SiO formed in the ejecta as a function of time is illustrated in Figure 2. For
comparison, we have included the SiO masses derived from observations of various Type
IT SNe. Zones 1B, 2 and 3 are the prevalent providers of SiO through formation processes
including neutral-neutral and radiative association reactions. The SiO mass variation
with time agrees well with the decline of the observed SiO mass, in particular that of
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Figure 2. The mass of SiO as a function of post-explosion time for the various helium core mass
zones (see text). SiO masses derived from observational data for several SNe are also shown.
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SN2004et (Kotak et al. 2009). However, this agreement implies that the effective and
steady conversion of gas-phase SiO into small molecular clusters of SiOy and Si proceeds
at early time (~ 150 days post-outburst) for the three zones where SiO efficiently forms.
In this regard, the SiO molecule is a direct tracer of the formation of silicate dust in SN
ejecta. Observations of SiO at several post-explosion times thus probe the effectiveness
of dust synthesis in these environments.

Results for CO as a function of mass zones and time are shown in Figure 3. CO masses
derived for SN1987A from models by Liu et al. (1992) and Liu & Dalgarno (1995) are
also plotted for comparison. However, a 15 Mg progenitor model may not be appropriate
for SN1987A, for which a more massive progenitor has been proposed (Woosley 1988).
The metallicity of SN1987A progenitor is also sub-solar and similar to that of the LMC.
The trends of the CO masses derived for SN1987A | i.e., an effective formation of CO in
large amounts at very early times, are reproduced by our results although we produce
more CO in the 15 Mg ejecta. CO is prevalently formed in the two outer zones 4A
and 4B where oxygen is still overabundant with respect to carbon and where helium is
absent (zone 4A) or exists in small amounts (zone 4B). From our results, there exits
no direct link between the presence of CO in the ejecta and carbon dust. The latter is
traced by the formation of carbon chains and rings in our model, and forms in the outer,
He/C-rich zone 5, when the Het abundance has diminished, either due to its effective
recombination with thermal electrons or to non-effective ionisation of helium by Compton
electrons. Small amounts of CO are formed in zone 5 but most of the carbon is either in
atomic form or in carbon dust precursors. Therefore, CO formation is not linked to the
condensation of carbon solids and CO is not a tracer of carbon dust in SN ejecta. CO is
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Figure 3. The mass of CO as a function of post-explosion time for the various helium core
mass zones (see text). CO masses derived by Liu et al. (1992) and Liu & Dalgarno (1995) from
observational data of SN1987A are shown.
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just the prevalent molecule that forms in zones rich in oxygen and carbon, and poor in
helium, whatever the initial C/O ratio of the zones.

Other molecular species are produced in large amounts in the ejecta and trace the
specific chemical composition of their formation zones. In the inner most mass zone
1A, silicon sulphide, SiS, forms efficiently from radiative association and neutral-neutral
reactions, pumping about 34% of the atomic Si present in the zone. The SiS mass at day
1000 is ~ 3 x 1072 My,. Because zones 2 and 3 are very rich in free atomic oxygen, the
formation of dioxygen, Os proceeds as early as 300 days. In zone 1B and 2, sulphur is
still abundant and its reaction with Oy induces the formation of sulphur monoxide, SO,
as soon as Oo forms. The final masses of Oy and SO at 1000 days post-explosion are
~3x 107! Mg and ~ 1.5 x 1072 M), respectively.

5. Discussion

The ejecta of SNe form two types of molecular species, those directly involved in
the formation processes of dust (e.g., SiO) and those only depleting gas-phase elements
(e.g., CO, Oq). Members of the first category are rapidly depleted in the synthesis of
dust and are thus direct tracers of the dust formation processes. Therefore, dedicated
observational surveys of these specific species at various times after outburst would be
extremely useful to directly assess the efficiency with which the SN ejecta produces
dust. Molecules of the second kind are of great interest as well. For the present 15
M, progenitor model with solar metallicity, they represent ~ 17% of the ejected mass
at day 1000 and include CO, O, SiS and SO. Somewhat larger mass fractions of ejected
molecules were derived for zero-metallicity SNe in the early universe (Cherchneff & Dwek
2009). These large molecular fractions impact the gas in two major ways. Firstly, the
depletion by molecules of elements entering the processes of dust synthesis takes place
and needs to be considered when assessing the amount of dust formed in SNe. This is
well exemplified by the formation of gas-phase S and SiS in zone 1A, which depletes
atomic sulphur, thus impacting on the formation of FeS clusters. Secondly, molecules like
CO are strong coolants through their ro-vibrational transitions and their presence will
affect the thermal history of the environment where they reside. The cooling provided
by CO molecules in O/C-rich clumps applied to the ejecta of SN1987A was addressed
by Liu & Dalgarno (1995). They considered clumps with equal masses of atomic O and
C and where 1% of the mass was in CO. The cooling provided by CO could decrease
the gas kinetic temperature down by a factor of three compared to CO-free gas where
cooling was essentially provided by the 6300 A and 6363 A forbidden lines of [O]]. In the
present model, the CO mass corresponds to ~ 2% of the O-rich core mass (i.e., zones 2
and 3) at day 400, where the mass fraction reaches ~ 24% of the CO formation zone (i.e.,
zones 4A and 4B) at a similar time. The cooling provided by CO molecules must thus
be strong as derived by Liu & Dalgarno (1995). Such a cooling will favour more efficient
molecule and dust synthesis in the ejecta dense clumps.

Species of the second category are also crucial to the study of the SN ejecta evolution
at very late time, i.e., in young SN remnants like Cas A. Molecules like CO or SiS are
expected to survive in the dense, cool clumps where they formed and young remnants
that have not yet been shocked by the reverse shock are expected to bear such a molec-
ular signature. These species should thus be detectable at sub-millimetre wavelengths in
young SN remnants and would not only provide clues on the local kinetics and the chem-
istry active in clumps or filaments but also on their chemical synthesis in the prior SN
stage.
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Discussion

PoscH: How efficient do you expect dust formation by supernovae to be in the end,
considering dust destruction in supernova remnants?

CHERCHNEFF: My impression is that they are efficient dust makers in the end. But an
answer to your question requires accurate models of dust formation in supernovae and
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the impact of the reverse shock on dust in the remnant. Those models do not yet exist.
Existing studies consider the classical nucleation theory to model dust formation which
is not appropriate for the case of a supernova ejecta. The fragmentation and clumpiness
of the medium must also be taken into account. In the remnant, the impact of the
reverse shock on ejecta dust has also been studied, but assuming a homogenous ejecta.
Destruction efficiencies vary between 70% and 99% of the initial dust mass depending on
the pre-shock gas density. So a very quick assessment of the dust mass surviving in the
remnant would be between 0.001 My and 0.03 Mg assuming an average dust mass of
0.1 M synthesised by a 20 M, progenitor. These values are comparable to the amount
of dust produced by a carbon star over its lifetime. Furthermore, recent observations
with Spitzer and Herschel of Cas A have detected warm and cool dust in the remnant.
And supernova dust is extracted from meteorites. So somehow, supernovae form dust and
some of it survives in the remnant and continues its journey to the interstellar medium.
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