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The effects of high-density dust shells on the chemical distribution of molecules in the circumstellar envelope of the carbon–rich star IRC+10216 were modeled. This asymptotic giant branch (AGB) star is particularly chemically complex with many molecules having been detected, due to its proximity. Observations have shown the presence of high-density dust shells around IRC+10216. The new chemical reaction network model includes these shells and shows nontrivial changes in the distribution and abundance of the molecules, which increases the agreement with current observational data. The primary effects of enhanced density shells are the alignment of the high-density regions of many different molecules and the narrowing of the range of high abundance radii, in agreement with observations.  Shells also occur in the envelopes of other stars and this research should be relevant to other objects.

Introduction

The circumstellar chemistry of asymptotic giant branch (AGB) stars is particularly interesting. Asymptotic giant branch stars are chemically active due to their high metallicity, which fosters the creation of complex molecules. Giants are at a point in their evolutionary track where they have burnt their hydrogen core. The resulting gravitational collapse provides the densities necessary to begin helium burning. The star begins to accumulate a carbon and oxygen core with helium and then hydrogen in shells around the core. Helium burning occurs in short phases when conditions become suitable. These helium flashes create convection zones, which permit the carbon and oxygen from the core to move to the surface. Upon reaching the star’s surface, the metals are blown into the interstellar medium, along with the surface hydrogen and helium, by the star’s massive wind.

IRC+10216, also known as CW Leo, is the most well-known example of a carbon-rich AGB star due to its proximity, about 200 pc from Earth. It is not a high mass star and probably began its life on the main sequence with a mass not much greater than that of the Sun. CW Leo will finish its life as a white dwarf and during its lifetime on the asymptotic giant branch will rapidly lose mass. This provides a steady stream of material to the surrounding interstellar medium. Much work has already been done modeling the chemical distributions in the outer envelope as the material flows out to the interstellar medium. (Millar, Herbst and Bettens (2000), etc.). However, the recent discovery of high-density shells in the outer envelope of IRC+216 by Mauron and Huggins (1999) in two B and V band photographs taken by Crabtree et al. (1987) (see Figure 1) created the need for new models. 

 Previously the rings were thought to be scattered Galactic light from a dust envelope. However, high-density shells have been theorized to surround carbon-rich AGB stars and are known to surround oxygen-rich stars. The mechanism for the formation of these shells is unknown although a variable mass loss rate could well account for the shells. The inner envelope is known to be subjected to pulsations. The complex structure seen in planetary nebulae, the final stage of AGB mass loss, suggests that variable mass loss and higher density shells are typical for AGB stars.
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Fig. 1. V (left panel) and B (right panel) images of IRC+10216. The field is 223" x 223". North is at the top, East to the left.




Figure 1. The enhanced density shells around IRC+10216 in the V and B bands. (Crabtree et al. 1987)

Experimental

The computer program used in this chemical kinetic modeling project consists of a reaction network containing 407 chemical species and 3851 reactions (UMIST database, Millar et al. 2000). The program assumes a spherically symmetrical distribution and thus can calculate along a single radial path without loss of generality. The abundances of parent species such as C2H2, CO and HCN are input into the program based on observational estimates. The program then calculates the amount of UV light from the interstellar UV radiation field reaching the parent molecules. The surface of the AGB star is cool so the star itself does not emit UV light. The UV light creates radicals, which are highly reactive and form new molecules. The program iterates outwards using the abundances from the previous radius to calculate the next one. Since the material is moving outwards with the stellar wind, this calculation should be a reasonable model. To model the high-density shells, only the UV extinction was changed. In the radial region of 1016 cm where these reactions occur, the effects of the amount of UV light dominate those due to density. The high-density shells of dust primarily affect the amount of UV light that reaches each radius from the external field. While the higher densities also increase the collisional reaction rates, densities at these radii are small enough to make the effect negligible. Thus, the density shells were only included in the calculation of the UV extinction. 

Results

The revised model was run using several sets of starting parameters to determine the effects of each one. A mass loss rate of 3.0x10-5 MSun  yr-1 was used, although a lower limit mass loss rate of 1.0x10-6 MSun yr-1 was tested and found to be affected very little by the shells. Density enhancements of the dust of 3 and 6 times the radial H2 distribution were used. Obviously, the larger the density enhancement produces greater changes than the smaller one. The exact enhancement in the shells is unknown although 6 is at the high end of the estimated range and 3 is more likely. Single shells had a small effect but the greatest changes in distribution occurred with multiple shells. Shell positions of 3.1, 13, 20, 44, 53 and 75 arcseconds were used to approximate the positions of the shells in the Crabtree et al. (1987) photograph (see Figure 2). The star was assumed to be at a distance of 200 pc, implying star radii of 9.3x1015, 3.9x1016, 6.0x1016, 1.3x1017, 1.6x1017, and 2.3x1017 cm. The shells at 6.0x1016 cm and 1.3x1017 cm had the greatest effects since they are just outside of the range of highest chemical activity. The exact position and density enhancement of these two shells could radically change the chemical abundances and distributions in the circumstellar envelope.
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Figure 2. The effects of density enhancement on molecular distribution. Enhanced density shells were placed at positions in agreement with observations (Mauron and Huggins (2000)). The x-axis is radius in logarithmic centimeters [16.0-18.5]. The y-axis is fractional abundances compared to H2 also plotted logarithmically [-20 to –6]. No density enhancement (left) for a mass loss rate of 3X10-5 and (right) a density enhancement of 6 times the 1/r2 hydrogen distribution for the same conditions.

The shells allow observations to be matched more closely. Using the known positions of the shells (Mauron and Huggins 2000) the models matched almost exactly the newly determined positions of chemicals such as HCO+, C2H, C4H and HC5N from millimeter observations positions of Guélin et al. (2000) (see Figure 3). Another effect of enhanced density shells is the narrowing of the radii over which the peak abundances occurred. Previous models tended to have the molecules spread out over a larger range of radii than observations would suggest. The density shells also lead to a narrowing of the range of high abundance radii, in agreement with observations. Thus, the effects of enhanced density shells are extremely important to models of the circumstellar distribution in stars such as IRC+10216. 
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Figure 3. Brightness temperature distributions of HC13CCN (left) and HC5N (right) around IRC+12016 taken at a wavelength of 3 mm with the IRAM interferometer. The similarity of the distribution in these two molecules is striking and is consistent with the results of the new model that includes circumstellar shells. (Guélin et al. 2000) 

Conclusions

High-density shells have a significant effect on chemical abundances and need to be included in chemical models of the circumstellar envelopes of evolved stars. The new model aligns the peak abundances in agreement with observations. The new model also narrows the range of high abundance radii in agreement with observations.
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