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Abstract. We have constructed two gas-phase models to study the chem-
istry of circumstellar envelope surrounding the carbon-rich variable star
IRAS 15194-5115. The network used consists of 3893 reactions involv-
ing 397 gas-phase species. The derived fractional abundances for many
molecules are in excellent agreement with values obtained from observa-
tions. The predicted column densities from the two models go well with
the observed values of carbon star IRC + 10216. The dominant formation
routes for three groups of species are discussed through the inner and outer
envelopes.
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1. Introduction

IRAS 15194-5115 is the third brightest carbon star at 12 um and the brightest one
known in the southern hemisphere. The object was identified as a carbon star from
optical and infrared spectroscopy (Meadows et al. 1987), and from its position in the
[K-L, 12 um-12 pum] color—color diagram (Epchtein et al. 1987). Le Berte & Epchtein
(1990) have monitored the star in the near-infrared and derived a period of 578 days.
Feast et al. (2003) presented JHKL observations for this star extending over about
18 years. Based on their data, the pulsation period of IRAS 15194-5115 is 575 days
and has remained essentially constant over this time span. Their results suggest that
there are obscuration changes due to the formation of dust clouds of limited extent
in the line of sight. From the radio and far-infrared observations given by Ryde et al.
(1999), they suggest that the object appears to be a highly evolved AGB-star, but the
carbon star properties combined with inferred low '>C/!*C ratio make the evolutionary
status of this star uncertain. It may have been a J-star for which the '2C/!3C ratio has
remained low, or it may be a star of 5 to 8 solar masses, which has recently become a
carbon star due to the quenching of hot bottom burning.

IRAS 15194-5115 in the infrared region shows similarities to the well-studied car-
bon star IRC + 10216. However, the mass-loss rate of IRAS 15194-5115 is higher
than the average carbon stars. Schoier & Olofsson (2001) measured a median mass-
loss rate for carbon stars of ~ 3 x 1077 My /yr. As reported by Woods et al. (2003,
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hereafter WSNO), this suggests that IRAS 15194-5115 is going through the super-
wind phase evolution at the end of the AGB, and will soon eject its entire stellar man-
tle. Nyman et al. (1993, hereafter NOJBCW) have used radio observations to study
the molecular species of IRAS 15194-5115 and found that circumstellar abundances,
except for a few species, are comparable to those in IRC + 10216. The most strik-
ing difference between these two objects was the '2C/!3C ratio, which appears to be
at least five times lower in IRAS 15194-5115. A millimeter molecular line survey
for IRAS 15194-5115 and six other high mass-loss carbon stars have been presented
by WSNO. Their reported abundances for 24 molecular species in the seven stars
agreed to within a factor of five of each other, indicating that circumstellar envelopes
(CSEs) around carbon stars have similar molecular compositions. The derived abun-
dance ratio of IRAS 15194-5115 relative to IRC 4 10216 given by WSNO is higher
by a factor of ~ 4 as compared with the data presented by NOJBCW. This was
explained by WSNO as being due to the difference in mass loss rates of the two
stars.

Circumstellar envelopes of carbon-rich stars are very rich in molecular species.
More than 50 different molecular species have been observed to date in IRC + 10216.
In addition to simple carbon-bearing molecules, large carbon-chain molecules like
cyanopolyynes, hydrocarbon radicals, carbenes, and sulphur and silicon bearing
species have been detected in its envelope (Guelin et al. 1998; Olofsson 1997; Olof-
sson 1994; Cernicharo et al. 1991). These species can be divided into parent and
daughter molecules. Parent molecules are formed in thermodynamic equilibrium in
the stellar photosphere and are ejected with the outflowing material. When the ejected
gas reaches the external layers of the envelope where UV photons can penetrate,
parent molecules are dissociated into reactive daughter products that give rise to the
outer envelope chemistry (Fuente ef al. 1998).

Early chemical schemes of carbon rich CSEs based on models of interstellar chem-
istry were published by Glassgold et al. (1986), Nejad & Millar (1987) and Glassgold
et al. (1987). These types of models are in reasonably good agreement with obser-
vations, but they could not explain the generation of the larger molecules. Recently,
several new models have been proposed for predicting the larger molecules for the
brightest carbon rich star IRC + 10216. Millar et al. (2000), developed a new chem-
ical model of the outer CSE of IRC + 10216 in which carbon-bearing molecules
up to 23 carbon atoms were included. This work was an extension of the earlier
work of Bettens & Herbst (1995). In their new model, they extended standard mod-
els of gas-phase interstellar chemistry to produce unsaturated molecules as large as
fullerenes. The chemical network used in the previous model have been used to
model the enhanced density shells around IRC 4 10216 (Brown & Millar 2003) and
the synthesis of benzene in the protoplanetary nebula (PPN) CRL618 (Woods et al.
2002).

Since the chemistry of IRAS 15194-5115 did not study theoretically up till now, the
goal of the present paper is to study the chemistry of this object. For this purpose, we
have developed two gas-phase models. The first model (model 1) is constructed to com-
pare with the observations reported by NOJBCW, while the second model (model 2)
is to compare with the recent observations of WSNO. The purpose of these two mod-
els is to predict the fractional abundance and some physical parameters observed for
this object. In section 2, we present the initial parameters of the two models, equations
used to calculate gas density, temperature and visual extinction and chemical network
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Table 1. Initial parameters for models 1 and 2.

Model 1 Model 2
Mass loss rate 5 x 107 Mg /yr (NOJBCW) 1 x 107> Mg /yr (WSNO)
Expansion velocity 22km/s (NOJBCW) 21.5km/s (WSNO)
Initial radius 5x 105 cm
Final radius 5x 107 cm
UV radiation Standard interstellar value
ITonization rate (&) Standard interstellar value
H, See equation (1)

C/O 1.19

database. In section 3, we show the results of the two models and discuss the chemistry
of several species in inner and outer parts of the envelope. Conclusions are given in
section 4.

2. Physical models

For this study, we have assumed that the gas in IRAS 15194-5115 expands in a
spherically symmetric outflow with constant velocity. We have adopted the expansion
velocity and mass-loss rate of (NOJBCW) for model 1 and (WSNO) for model 2 (see
Table 1). The gas density of H; is estimated as

M
Arrlv.my’

ey

ny,(r) =

where A;[ is the stellar mass loss rate, v, is the expansion velocity, r is the distance
from the star and my is the mass of molecular hydrogen (Willacy & Millar 1997).
The temperature is given as a function of the shell radius according to the following

temperature profile
F\ 079
T (r) = max |:1OO (—) , 10:| , 2)
ri

where r; is the initial radius of the shell (Millar & Herbst 1994). The visual extinction,
A,, is estimated according to the relation

N
A—HZ =10*'cm™2 mag_l, 3)

where the column density of Hj is given by

Nu, =ng,(r)r. @)
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Table 2. Adopted initial
fractional abundances of par-
ent species with respect to

n(Hy).

Initial fractional
Species abundance
He 0.15
Cco 6.0E — 4
N, 2.0E—4
C,H, 2.0E—-5
HCN 1.OE — 5
CS 1.0E — 6
CH,4 2.0E—-6
H,S 1.0E — 6
SiHy 4.0E -6
SiS 3.0E—-7

The calculations of the radial distribution of molecular abundances start at a radius
of 5 x 10" cm, until the outer radius of 5 x 10!” cm. According to equation (2), the
temperature varies from ~ 100 K at the inner radius to 10 K at the outer radius in both
models. Most of the predicted species give their peak values between 9 x 10'> cm and
9 % 10'6 cm, where the temperature varies from ~ 60 to 10 K. This range of temperature
roughly agrees with the observed kinetic temperature range of ~ 30 to 10K given
by WSNO and that given in Fig. 4 of Ryde et al. (1999). With respect to the density
derived from equation (1) in the range 9 x 10" cm to 9 x 10'¢ cm, models 1 and 2
give density range of ~ 8.0 x 10* to 8 x 10>cm™2 and ~ 5.0 x 10° to 5 x 10> cm~2
respectively. These values are compatible with the observed density range ~ 103 to
10? cm~2, given by WSNO.

Initial parameters like mass loss, expansion velocity, UV radiation and cosmic ray
ionization rate are given in Table 1 for our two models. Initial fractional abundances
of parent species with respect to n(H;) are given in Table 2. These values are typical
of carbon-rich AGB stars. We take into account the effect of self-shielding for H,
and CO molecules against the photo-dissociation. We have used the chemical reaction
network and rate coefficients (RATE 95 data base) of Millar et al. (1997). The chemical
network has 3893 gas-phase reactions and 397 species.

3. Results and discussion

3.1 Comparison between observations and calculations

The results of model 1 show excellent agreement with the observation given by
NOJBCW. Table 3 displays a comparison between calculated and observed fractional
abundances. The calculated abundances of all species, except for C3N and C4H, are
in the same order of magnitude as the observed values. The ratios between calculated
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Table 3. A comparison between calcu-
lated (model 1) and observed (Nyman
et al. 1993) fractional abundances of
IRAS 15194-5115.

Species NOJBCW Model 1

CN 1.70E — 06 1.90E — 06
CS 1.20E — 06 1.00E — 06
SiO 4.80E — 07 3.00E — 07
SiS 9.70E — 07 9.80E — 07
HCN 1.00E — 05 9.90E — 06
HNC 9.50E — 08 5.40E — 08
SiC, 9.00E — 07 4.00E — 07
CH 1.60E — 05 1.60E — 05
C;H 3.60E — 08 3.70E — 08
C4H 7.40E — 06 1.30E — 07
Cs;H, 9.60E — 08 4.80E — 08
C3N 1.70E — 07 7.10E — 10

HC3N 6.40E — 07 2.50E — 07

and observed abundances for most species vary from ~ 0.4 to 1, while abundances for
C3N and C4H are two orders less than the observed ones.

The results of model 2 are compared with the recent observations given by
WSNO. The results given in Table 4, agree well with the observations. The
predicted fractional abundances agree within 1-2 orders of magnitude with the
observed values. CN, CS, SiO, SiS, HCN, HNC, C;H, C;H, CsH, and HC;N
indicate good agreement with similar observed species. The ratios between cal-
culated and observed values for the previous species vary from 0.1 to 1. The
observed species C3N, HCsN, C,S, C3S and CH3CN are given as the upper limit,
therefore our results of these species could possibly be reasonable. SiC, and
C4H the only two species show less agreement with observations. Their abun-
dances are up to two orders of magnitude less than the observations. In general,
the obtained predictions using model 1 match more closely the observations than
model 2.

Table 5 shows good agreement between the column densities derived from our two
models and the observations of IRC + 10216. We compared our results with that
of IRC + 10216, because there are no observed column densities published for the
species of IRAS 15194-5115. The first column of Table 5 is the observed column
densities given by WSNO, while the second column shows the observations col-
lected from other sources. The calculated column densities for most species given in
Table 5 fit well with the observed ones, except for the following species: CoH which
is one order of magnitude larger than the observed values, C3N is about one order
less than the observed value and the large molecules HCsN, HC;N and HCyN are
1-3 orders less than the observed values. The large value of C;H in our object com-
paring with IRC 4 10216, could be due to the observed fractional abundance of this
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Table 4. A comparison between calculated
(model 2) and observed (Woods et al. 2003)
fractional abundances of IRAS 15194-5115.

Species WSNO Model 2

CN 1.20E — 06 2.50E — 06
CS 2.00E — 06 9.90E — 07
SiO 1.70E — 06 3.00E — 07
SiS 4.60E — 06 1.00E — 06
HCN *1.20E — 05 9.90E — 06
HNC 3.30E — 07 4.90E — 08
SiC, 8.10E — 06 5.60E — 07
CH 1.50E — 05 2.00E — 05
Cs;H 9.20E — 08 6.90E — 08
C4H 2.80E — 05 8.20E — 07
Cs;H, 6.00E — 07 3.40E — 07
C3N < 4.80E — 07 6.70E — 09
HC;3N 2.10E — 06 4.90E — 07
HCsN < 4.50E — 06 1.50E — 08
C,S < 3.00E — 08 4.20E — 09
C3S < 7.20E — 08 4.80E — 09

CH;CN < 1.20E — 06 1.30E — 09

*HCN = 5.5 x H'3CN.

molecule in our object which is about 5 times that of IRC 4 10216 (see Table 9 of
WSNO).

Bachiller et al. (1997, Fig. 5) reported that the abundances of CN, HNC and HCO™"
increase dramatically when the star transits from the stage of AGB, through the proto-
PN and PN phases. CN/HCN ratio has a wide varying range from 0.07-0.68 for
high mass-loss AGB stars (WSNO), while it has very narrow range ~ 0.65-0.7 in
low mass-loss stars (Olofsson et al. 1993). Our derived ratio of CN/HCN from both
models fit well with the observations of NOJBCW and WSNO. The observed val-
ues of CN/HCN given by WSNO and NOJBCW or our derived values from mod-
els 1 and 2 indicate that IRAS 15194-5115 is an early type carbon star (Table 6).
Our predicted HNC/HCN ratio also fits well with the observations of NOJBCW and
Omont (1993). This value increases by two orders of magnitude in PN phase as com-
pared to CSE. The molecular ion HCO™ has not been observed in our object, but
its derived column density given in Table 5 fits well with the observed values of
IRC + 10216. As given in Table 6, the ratio of HCO™ relative to HCN matches the
observed value given by Omont (1993). The previous three ratios, in addition to the
12C0O/"3CO ratio, can be used to estimate the evolutionary status of carbon stars. As
the star evolves along AGB, the ratio 12CO/ 13CO, which depends on stellar mass,
is expected to increase gradually from an initial low value of ~10-15 (Abia et al.
2001).
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Table 5. A comparison between observed (IRC + 10216) and calculated (IRAS
15194-5115) column densities (cm™2).

Observations Predictions

Species WSNO Other sources Model 1 Model 2

CN 83E+ 14 2.74E 4+ 15 1.22E + 15
CS 7.80E + 15 1.93E + 15
HCN 7.72E 4 16 1.93E + 16
HNC 2.0E+ 13 7.78E 4+ 13 2.38E+ 13
SiO 2.34E 415 5.85E + 14
SiS 7.64E + 15 1.46E + 15
SiC, 7.92E 4+ 13 1.62E + 14
CH 8.9E + 14 3 -5E+15(1,2,3) 2.30E + 16 3.24E + 16
C;H 2.1E+ 13 3E +13(1,4) 5.33E+ 13 1.12E + 14
C4H 9.3E + 14 2 —9E +15(1, 3,4,5) 1.87E + 14 1.20E + 15
CsH 2 — 50E13(1, 4) 1.58E + 13 5.54E+ 13
CgH 3 —30E13(1,4) 3.89E + 12 2.95E+ 13
CsH, 1.2E+ 13 2E + 13(4) 3.53E+ 13 1.65E + 14
C3N 2.0E+ 14 2 —4E14(4, 6) 493E+ 11 3.26E 4 12
CsN 3E + 12(6) 1.58E + 13 1.58E + 12
HC;3N 9.1E+ 14 1 —2E15(4, 6) 4.95E + 14 7.15E + 14
HCsN 5.8E+ 15 2 — 3E14(4, 6) 7.78E + 12 2.19E+ 13
HC;N 1E14(4) 6.12E 4+ 10 3.82E+ 11
HCyN 3E + 13(4) 1.73E + 09 1.15E + 10
HCO™ 3E + 12(7) 1.28E + 13 1.66E + 12
CH;CN 9.9E + 12 6E + 12(8) 3.60E + 12 9.36E + 11

References: (1) Guelin et al. (1997); (2) Groesbeck et al. (1994); (3) Avery et al. (1992);
(4) Kawaguchi et al. (1995); (5) Dayal & Bieging (1993); (6) Guelin et al. (1998);
(7) Olofsson (1997); (8) Guelin & Cernicharo (1991).

Table 6. A comparison between observed and calculated ratios of CN, HNC and HCO*
relative to HCN.

NOJBCW WSNO Omont 1993 Model 1 Model 2
CN/HCN 0.17 0.1 0.075 0.19 0.25
HNC/HCN 9.5E — 03 27E —-02 4.0E -3 5.5E-03 4.9E - 03
HCO*/HCN - - <2.0E -4 89E — 4 23E—-4

3.2 Molecular formation

The chemistry through the circumstellar envelope was thought to be consisting of
three stages: the inner chemistry, where the parent molecules begin to dissociate; the
middle chemistry, where the daughter molecules reach their peak abundances and the
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outer chemistry, where interstellar photons dissociate all molecules (Willacy & Millar
1997). Shock waves were thought to affect the dynamics and chemistry of the inner
layers of CSE (Kerschbaum & Olofsson 2001). A dynamical and chemical model
was established for the inner wind of carbon-rich star IRC + 10216 by Willacy &
Cherchneff (1998). This model takes the effect of pulsation-driven shocks on the gas
envelope close to the stellar photosphere.

3.2.1 CN, HCN and HNC species

CN is the daughter product of the parent molecule HCN. Its formation occurs due to
the photo-dissociation of HCN only in the inner envelope and both HCN and HNC in
the outer envelopes. The parent molecular ion HCNH™ is responsible for the formation
of HCN and HNC via dissociative recombination with electrons in the inner and outer
envelopes. The main formation routes of CN, HCN and HNC in the inner part are
initiated by reactions involving HJ .

H <2 HCo™ X5 HONHT —> HCN = CN. (5)
1 2 Heot X5 HONHT —S> HON. 6)

In the outer envelope the dominant formation routes for the previous three species
are initiated by carbon ion C*

ct M ont 22 Hont 2 HONHY =% HNC 2 CN. 7)

ct M oNt 2 HON' 5 HCNH' -5 HCN. ®)

CN radial abundance distribution shows an increase and then a gradual decrease
through a peak at 2 x 10'% cm (Fig. 1). HNC has the same behaviour as CN, except
that its peak is at 3 x 106 cm.

3.2.2 Organo—nitrogen species
The main route that produces cyanopolyynes in the inner envelope occur via reactions
between CN and C,,H,, where n = 1, 2, 3 and 4,

on &t HC,,N. )

In the outer region, the following main routes are responsible for the formation of
cyanopolyynes series:

cf 5 ot B GHE S HyGNT =S HGSN. (10)

cf 5 ospt S Nt B HONY B H,0NT =S5 HON. (1)

CeHy

CN — HCyN. 12)

CsH,

CN — HGyN. 13)
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Figure 1. The radial distribution of CN, HNC and organo-nitrogen species (model 2).

Figure 1 shows the radial distribution of the fractional abundances for organo-
nitrogen species HCN, HC3;N, HCsN, HC7N and HC9N. HC3N and HCsN molecules
peak at about 1 x 10'®cm, while HC;N and HC9N molecules roughly peak at
2 x 10 cm.

3.2.3 Hydrocarbon species

The formation of hydrocarbon species C,H, C3H, C4H, CsH and C¢H in the inner
envelope occur according to the following routes:

C,H, 2 C,H. (14)

+ CyH,

C2H2 —) C2H+ —> C2H C4HJr —) C3H4 —> C3H2 —> C3 (15)

CH 2% c,H, % C,H. (16)
CH, 2% oHf 5 ouf 2% HycyHt

SRoyny 2% osHf -5 osH, 2 CsHL (17)
CH 2% i, 2 CHF 28 CHf -5 CoHL (18)

The route schemes 15 and 17 initiated by photo-dissociation of acetylene C,H,,
followed by ion-neutral reactions, dissociative recombination with electrons and end
by photo-dissociation. While route scheme 18 is initiated by neutral-neutral reactions
of C,H; with its primary daughter C,H, followed by ion-neutral reactions and ends
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Figure 2. The radial distribution of hydrocarbon species (model 2).

by dissociative recombination with electrons. In the outer envelope, hydrocarbons are
formed mainly as follows:

CoH, =% C,H. (19)

ct 28 of B ot B gHE -5 GH, 25 GH. (20)

ot S5 of B ot B oHf =S5 oH. @1)

cr 2B o B oot B oar 28 oHE -5 GH, 25 GH. (22)
+ Cg + Hz + €

C" — ¢ — GH" — CgH. 23)

These routes are started by photo-dissociation of C,H; or ion-neutral reactions of
C™, followed by ion-neutral reactions of Hj, dissociative recombination with elec-
trons and photo-dissociation. Figure 2 displays the predicted radial fractional abun-
dances distribution of hydrocarbons. The peak abundance of these species ranges from
~ 9 x 10"-2 x 10'S cm.

4. Conclusion

We have developed two gas-phase chemical models for the carbon star IRAS 15194—
5115. These two models represent the first theoretical trial to model the chemistry of
this object. The results of the theoretical models predict clearly the observed species
in IRAS 15194-5115. The fractional abundances for several species are derived and
compared with observed values. The column densities were also derived and com-
pared with those from the observation of carbon star IRC + 10216. The results of
both fractional abundances and column densities show very good agreement with the
observations, except for very few species. In general, model 1 predicts the observa-
tion better than model 2. The ratios of CN/HCN, HNC/HCN and HCO™ /HCN are



Chemistry of Carbon Rich Star IRAS 15194-5115 409

in good agreement with observations of carbon rich stars. Finally, we presented the
dominant formation routes responsible for producing CN, HNC, organo-nitrogen and
hydrocarbon species in the inner and outer layers of the envelope.
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