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Abstract. The synthesis of organic molecular anions in TMC-1 and IRC+10216 is investigated.
Modelled CoH™, CN7, C3N7, C;N™ and C;N~ column densities are sufficiently great that
these species might be observable in IRC+10216. Density-enhanced shells in the outer envelope
of IRC+10216 are found to enhance the CoH™ and CN™ column densities by shielding these
anions from destruction by UV radiation. From a newly-derived upper column density limit of
6.6x10'° cm~2 for CoH™ in IRC+10216 we deduce the primary production mechanism for this
anion to be CoHy +H™ — CoH™ + Hsy. In TMC-1, due to the low radiative electron attachment
rates calculated for CoH™, CN™ and CH;CN™, these species have modelled column densities
below the detection threshold. They could, however, be produced in reactions we have not yet
considered.
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1. Introduction

The molecular anions C4H™, C¢H™ and CgH™ have recently been detected in large
quantities in the envelope of the carbon-rich AGB star IRC+10216 (McCarthy et al. 2006,
Cernicharo et al. 2007, Remijan et al. 2007). C¢H™ and CsH™ have also been detected in
the cold, dense interstellar cloud TMC-1 (McCarthy et al. 2006, Briienken et al. 2007),
and C4H™ and CgH™ in the protostellar source L1527 (Sakai et al. 2007, Agindez
et al. 2008). Fractional abundance ratios of the anions relative to their neutral parents
of up to 0.1 indicate that anions may play a more significant role in interstellar physics
and chemistry than previously believed.

The possibility that a relatively large fraction of interstellar molecular material might
be in the form of anions was first suggested by Herbst (1981) who pointed out that
carbon chain molecules and other radicals with large electron affinities may have high
radiative attachment rates, leading to interstellar anion-to-neutral ratios of the order of
a few percent. Using detailed chemical models (Millar et al. 2007) we have previously
considered the formation of hydrocarbon anions in TIRC+10216 and TMC-1 and were
able to reproduce the large observed anion abundances. In these proceedings, results
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Table 1. Calculated anion and neutral molecular column densities (N/cm™2) from chemical
models of TMC-1 and IRC+10216. Anion-to-neutral ratios R = N(X7)/N(X) are also given.
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are presented from updated models of these environments, which include the additional
anions CoH™, C3H™, CN—, C3N—, CsN—, C;N~ and CH,CN™.

2. TMC-1

We modelled the chemistry of TMC-1 using the time-dependent model described by
Woodall et al. (2007), augmented with the C,, H™ anion chemistry from Millar et al. (2007)
extended down to n = 2. Electron radiative attachment rates for C, H species are from
Herbst & Osamura (2008). Chemical networks for Cy,, 1N~ species are from the model
by Millar et al. (2000), with an additional C3N~ formation channel involving dissocia-
tive electron attachment to HNCj3 (the chemistry for which has been taken from the
OSU database (Harada & Herbst 2008). CHyCN ™ is assumed to be formed by radiative
electron attachment to CHyCN, the rate for which was calculated using the phase-space
approach discussed by Herbst & Osamura (2008). The electron affinity of CHy;CN was
taken to be 1.55 eV (Lykke et al. 1987), and the necessary vibrational frequencies were
estimated to be the same as those of the isoelectronic NHyCN. The G value, expressing
the ratio of the electronic degeneracy of the anion to that of the reactants was set to
1/4. The rate coefficient k, for radiative stabilization of the anion was estimated to be
500 s~! based on calculated values of analogous ions, while the rate coefficient k_; for
dissociation of the anionic complex was calculated to be 1.79 x 10® s~'. Since k_; is much
greater than k,, radiative attachment to CHyCN is relatively inefficient.

Anions in the TMC-1 model are destroyed predominantly in reactions with atomic H,
C, N and O. Results are shown in Table 1.
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3. IRC+10216

We have updated the chemical model of IRC+10216 (Millar et al. 2000, Millar et al. 2007)
to be consistent with the chemical reaction rates in the (dipole-enhanced) RATE06
database (Woodall et al. 2007). Initial CoHy and HCN abundances are from Fonfria
et al. (2008). Anion chemistry has been updated to include the additional species men-
tioned in Section 2. Further, the following CN~ and CoH™ formation reactions have been
included (with rate coefficients from Prasad & Huntress 1980, Mackay et al. 1977):

HCN + H- — ON~ + H, (3.1)

CQHQ + H — CQH_ + HQ (32)

These processes are important in IRC+10216 (and not in TMC-1) due to the large abun-
dances of HCN and CyHs in the stellar outflow.T Dominant anion destruction mechanisms
are by reaction with H and photodetachment by the interstellar radiation field. Photode-
tachment rates were calculated according to Eq. 2 of Millar et al. (2007).f The model
(which will be explained in detail by Cordiner & Millar 2008), includes density-enhanced
shells of gas and dust which have been observed in the stellar outflow (Mauron & Hug-
gins 2000, Dinh-V-Trung & Lim 2008). Seven concentric shells are included; each is 2”
thick with a gas and dust density 5 times greater than the underlying density distribu-
tion and an inter-shell spacing of 8”. The presence of shells increases the shielding of the
inner envelope from interstellar UV radiation, which allows CN~ and CoH™ to survive
photodetachment for longer and raises their column densities (by about a factor of two)
compared to models without shells.

Results of the IRC+10216 model are shown in Table 1. Notable new species included
in this model that have sufficiently high column densities to be detectable with current
instruments include Cy,, 1N~ (for n =1 to 4). CoH™ is predicted to be detectable, and
during the preparation of this article new data were recorded at the Caltech Submillimeter
Observatory which place a 3¢ upper limit of 6.6 x 10'° cm™2 on the column density of
CoH™ in IRC+10216. This value was obtained from a preliminary analysis of a J = 3 —2
spectrum, using an estimated Einstein A coefficient of 7.44 x 10™* s~! and an assumed
(LTE) rotational temperature of 20 K for the molecule. This upper limit is consistent
with our modelled column density of 6.1 x 10'% cm—2.

To produce CoH™, we have also considered reactions of the kind (Mackay et al. 1977)

CoHy + X7 — CyH™ + XH (33)

for the various anions X~ in our model. However, such reactions cannot be rapid (with the
exception of Eq. (3.2), i.e. X=H), because they would result in a modelled CoH™ column
density ~ 100 times greater than the observed upper limit. It is therefore hypothesised
that reaction 3.3 is endothermic for anions X~ with high electron binding energies such
as C,H™ and C;,.

4. CH>CN™ and dipole-bound electronic states

CH5CN™ has been included in these models due to the suggestion by Cordiner &
Sarre (2007) that this molecule could be the carrier of the 8037 A diffuse interstellar
band. In both TMC-1 and TRC+10216 the modelled CH;CN~ abundance is very low
due to the small rate of anion formation by radiative electron attachment. Unless an
alternative, more rapid, production mechanism exists for this anion, its low calculated

+ H~ is produced in the model mainly by cosmic-ray dissociation: Hy + CR — H" + H™.

1 The CN™ photodetachment rate used here is ~100 times less than the value in the RATE06
database.
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abundances suggest that the oscillator strength of the responsible transition must be
exceptionally high for CHyCN™ to be the carrier of any DIBs. It has been suggested
(see, e.g., Sommerfeld 2005, Cordiner & Sarre 2007) that dipole-bound electronic states
(possessed by strongly dipolar molecules) may assist in the formation of some anions by
acting as a doorway through which rapid radiative stabilisation can occur. This effect
might increase the abundance of potential DIB-carrying anions such as CH,CN™ in
the diffuse ISM, and may also be important in radiative electron attachment to C,H
species with dipole moments 2 2.5 D (i.e., n # 1,2, 4), perhaps reconciling some of the
discrepancies (see Agindez et al. 2008) between current observational and theoretical
anion-to-neutral ratios.

5. Summary

Our new chemical models calculate abundances of CN~, CoH™ and C3N™ that suggest
these species may be observable in IRC+10216 but not in TMC-1. CsN~ and C; N~ might
be observable in both sources due to their high calculated anion-to-neutral ratios of ~5%.
There is some uncertainty in these predictions due to the uncertain nature of the adopted
rate coefficients. Further experimental and theoretical work is needed to constrain these
rate coefficients, together with further observational studies of anions in a variety of
extraterrestrial regions.
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Discussion
ZIURYS: You said that having anions helps you create cations as well. No one has really
seen many cations in IRC+10216. There was a tentative detection of HCO™ and that was

it. Did you actually predict the abundance of the cations like HCO' from your model of
IRC+102167

CORDINER: Yes. Incorporating anions does give us a better fit between the model and
the observations for HCO™ by reducing its abundance.
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