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We model shock chemistry in the inner wind of the oxygen-rich Mira star IK Tau. We describe
the formation of several molecules pertaining to oxygen-rich environments using a chemical ki-
netic approach applied to the shocked gas layers above the stellar photosphere. The chemistry
also considers the formation of metal oxides and hydrides, and dimers of SiO and AlO which are
potential precursors of small silicate and alumina clusters. We perform quantum mechanic calcu-
lations to gain insight on small dust cluster structures, energetics, reaction mechanisms and finally
possible formation routes. The results for the gas phase agree well with the most recent observa-
tional data for IK Tau. Major "parent’ molecules form in the shocked gas under non-equilibrium
conditions and include CO, H,O, SiO, SiS, SO, SO,, CO, and HCN. In particular the model
abundances of silicon- and aluminum-bearing species agree with observations, thus leaving the
remaining amount of these elements available to form clusters of silicates (enstatite and forsterite)
and clusters of alumina. These results indicate that "parent” molecules and dust grains form under

non-equilibrium conditions in the inner wind of IK Tau.
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Shock chemistry in IK Tau

1. Introduction

The most prolific sources of cosmic dust are Asymptotic Giant Branch (AGB) stars. In oxygen-
rich AGB stars (M type, C/O < 1), dust grains of forsterite (Mg,SiO4), enstatite (MgSiO3), alu-
mina (Al;O3) and spinel (Mg AlO4) were observed [1 — 3], but the synthesis of such dust remains
poorly understood. Furthermore, large abundances of HCN and CS, which cannot be explained
by thermodynamic equilibrium (TE) conditions, are found around oxygen-rich AGBs and relate to
shock activity close to the photosphere [4]. In order to understand how dust grains form close to
the star, we build up a non-equilibrium physico-chemical model that also reproduces the prevalent
molecules in the gas-phase. In this study, we focus on the nearby galactic M-type star IK Tau which
is known for its chemical diversity.
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Figure 1: Left: Sketch of the model composed of thin chemical layer and deceleration (parcel) region.
Right: Stellar parameters used for modeling.

2. Model

Periodic shocks induced by pulsation with velocities of 10-32 km s~! enable a non-equilibrium
chemistry to take place between 1R, and 10R, above the photosphere. The impact of shocks on the
gas close to the star is modelled in two stages [5, 6]:

1. a thin "chemical’ dissociation layer corresponding to after the shock front, and

2. a hydrodynamic adiabatic cooling and deceleration region (see Figure 1).
Our best results for IK Tau are obtained for a one solar mass star of C/O = 0.75, shock speeds of
32 km s~!, a pulsation period of P ~ 470 days, and the photosphere with solar abundances.
We use a chemical-kinetic approach to describe the formation of 105 molecules pertaining to
oxygen-rich environments between 1R, and 10R.. The synthesis of precursors of silicate clus-
ters (forsterite, enstatite), metal oxides (e.g. alumina) and pure metal clusters. Density Functional
Theory is a method to determine the quantum ground state of a molecule and is thus used to assess
the most favourable cluster structures.

3. Results

Our modelled abundances for the prevalent species such as CO, H,0O, SiO, HCN, CS, SiS,
SO, AIOH and AlO agree well with observations (see Figure 2). Our modelled abundance for SO,
is lower by a factor 10-100. However, the observational abundance derived for SO, applies to the
50 — 400R, region and does not trace the species in the inner wind. At these large radii, other
chemical processes may be responsible for the formation of SO,. We show that sulphur is locked



Shock chemistry in IK Tau

Abundance

Radius [R*]

Figure 2: Gas phase molecules abundances and observational abundances (indicated by dots and error bars).

in hydrides (H,S and SH) within 2.5R,, then transforms to SiS and CS and finally is found in the

form of oxides (SO, SO,) at larger radii (see Figure 2).
Our results indicate that *parent’” molecules and dust grains form in IK Tau under the non-

equilibrium conditions that characterise the shocked inner region above the photosphere.

4. Conclusion and Outlook

Our findings reflect the importance of the shock-induced chemistry in the inner envelope. In
future investigations we will identify pathways to enstatite (MgSiO3) and forsterite (Mg>SiO4)
as well as alumina (Al,O3) dimers and couple the condensation phase to the chemical kinetic
nucleation phase, consider various cluster types, including spinel, and model oxygen-rich Mira
stars along the AGB considering different metallicity.
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Table 1: Predicted abundances (with respect to H,) of selected species: Given TE (Thermodynamic Equi-
librium) abundances at 1R,, modelled abundances at SR, and observed abundances.

Species TE(1R.) Modelled (5R.) Observed Reference
CcoO 8.06 x 107* 1.07 x 1073 1.0x 10~* [7] + ref. therein
H,O 1.87x10°* 6.17 x 107 6.6 x 107 [8]

SiO 7.48 x 107> 200x 107>  8.0x107%—2.0x107" [7] + ref. therein
HCN 720x10°'""  1.33x1077 (1.5—-7.1)x 1077 [9], [7] + ref. therein
CO, 291x10°8 1.63 x 1077 59x10°8 [10]

CS 1.61x10710  3.07x1078 4.0x 1078 [7] + ref. therein
SiS 3.27x 1077 1.90x 1077 55x107%—4.0x107° [7] + ref. therein
SO 2.54x 1078 1.60 x 1077 2.0x 1077 [7] + ref. therein
SO, 6.69x107'2  2.02x10°8 1.0x 10°° [7] + ref. therein
H,S 7.62x1077  3.79x10°!2 1.0x 1077 [11]

SH 6.94x107%  6.84x 10712 1.0x 1077 [12]
NaCl 121x107"  2.80x107° 4.0x107° [13]

HCl  3.77x 1077 2.22x 1077 1.0x 1078 [12]

A0  5.68x107° 4.62x10°10 6.0x107° [14], [15]

AIOH 1.23x10°8 2.53x 1077 1.0x 1077 [16]

PN 1.08 x 107° 5.67x 1077 3.0x 1077 [17]
PO 7.32x 1078 1.13x 1077 (0.5—-3.0) x 1077 [17]
TiO 1.91 x 1077 2.20x 1077 2.51x107° [18]
TiO, 9.07x10°13  4.19x10°8 3.16 x 10710 [18]
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