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ABSTRACT 

An intensive observational program of Asymptotic Giant Branch (AGB) and post-

AGB stars has been conducted in order to investigate the role of metal-containing 

compounds in the circumstellar envelopes surrounding these objects. The role of metal-

bearing molecules in the chemical evolution of these envelopes was also examined. 

These studies have led to the detection of a new interstellar molecule, AINC, as well as 

the first identification of metal species in two new sources. Specifically, MgNC, AlF, 

NaCl, and NaCN were seen for the first time towards CRL 2688 and MgNC was also 

detected in CRL 618. These detections, and the non-detection of metal carbide or metal 

nitride species, indicate that metals preferentially form cyanide complexes in 

circumstellar clouds. The process of formation for these species is believed to be 

radiative association of a metal ion with a cyanopolyne chain followed by dissociative 

recombination. It has also been discovered that, as a star evolves, abundances of metal 

molecules in the inner circumstellar envelope decrease due to photo-destruction processes 

or adsorption onto dust grains. 

A new chemical code to study molecular abundances in the inner circumstellar 

envelope of AGB stars has also been developed. This new chemistry code is unique in 

that it is the first attempt to take a kinetic approach to the equilibrium problem. A system 

of reactions is used as a pathway to reach equilibrium at a specified temperature and 

density. This new technique allows the monitoring of abimdance changes over time and 

can be used as a foundation for non-LTE calculations. The model results were consistent 

with previous work and older methods. The abundances of metal halides and NaCN in 
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the AGB phase can be explained because of equilibrium processes at temperatures less 

than 1600 K for moderate to high densities. The model also demonstrated that AINC 

could be produced in equilibrium conditions in amounts greater than the observed 

abundance of this molecule in IRC+10216. Chemical changes with time were monitored 

and it was shown that equilibrium processes occur on timescales larger than the typical 

pulsational period of an AGB star. Finally, abundance predictions were made for several 

potential new circumstellar metal-containing molecules. 
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CHAPTER 1: INTRODUCTION 

The circumstellar envelopes (CSEs) of evolved stars play an important role in the 

chemical evolution of the interstellar medium (ISM). These objects are responsible for 

the return of a significant amount of processed mater to the ISM (e.g. Villaver et al. 

2002a, b). CSEs are also important because they contain heavy elements mixed from the 

interior of the star and ejected into the envelope (e.g. Forestini and Charbonell 1997). 

These objects are therefore important for the study of metals and metal-containing 

compounds. In particular, one question that has remained unanswered until this present 

work was how metal molecules evolve as the circumstellar envelope changes over time. 

The three objects considered in this study represent the evolutionary sequence 

from Asymptotic Giant Branch (AGB) stars to young Planetary Nebula (PN). As shown 

in the Hertzsprung-Russell diagram in Figure 1-1, IRC+10216, CRL 2688, and CRL 618 

trace the path of a star evolving from the cool red giant stage. IRC+10216 has an 

effective temperature of Teff ~ 2000 K and luminosity, L ~ 2 x 10'' L© at maximxun light 

(Groenewegen 1997). CRL 2688 is a more evolved source with Teff ~ 6500 K and L ~ 3 

X 10'* L® (Skinner et al. 1997). This F5 la object is a young proto-planetary nebula (PPN) 

that left the AGB just recently (~ 200 years ago) (Sahai et al. 1998a). CRL 618 is the 

most evolved source in this survey with spectral type BO (Schmidt and Cohen 1981). Its 

effective temperature is approximately 38,000 K and L ~ lO'^ L© (Trammel, Dinerstein, 

and Goodrich 1993; Goodrich 1991). This object is nearing the end of the proto-

planetary nebula stage. CRL 618 is believed to be a 'direct descendent' of CRL 2688 

since photo-ionization of hydrogen is not yet occurring in the latter source (Kastner et al. 
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2001). No prior work has been done on the role of metal-containing molecules as the 

envelope ages. 

CRL 2688^ IRC+10216 CRL 618 
10" --

V) 

'3 

"o {« 

VI 
O 
S 

v - 2  . .  

a 

100,000 30,000 10,000 6,000 3,000 

Surface Temperature (K) 

Figure 1.1 
Hertzsprung-Russell diagram showing the locations of the three sources considered in 
this study. The scale is not to size and all values are approximate. As the arrow 
indicates, IRC+10216, CRL 2688, and CRL 618 trace the late stage evolutionary path of 
a typical intermediate mass star. 

A distinction should be made between physical age of the object and the 

evolutionary state. The lifetime of a star is determined by its initial mass as well as the 

amount of material lost during the AGB stage, with more massive sources evolving faster 

(e.g. Blocker 1995). IRC+10216, CRL 2688, and CRL 618 had main sequence masses of 

less than 2, between 3 and 7, and greater than 6 solar masses, respectively (Kahane et al. 

2000; Speck et al. 2000; Skinner et al. 1997; Phillips et al. 1992). Thus the chemical 

timescales for the evolution of the circumstellar object in each of these sources is not the 

same. The effect of these varying timescales in relation to chemical changes in the CSE 
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is discussed in connection with CRL 618 more extensively in Chapter 3. Here we 

mention that more massive envelopes have less time to evolve and thus direct comparison 

between sources may not always be appropriate. However, the evolutionary sequence 

represented by IRC+10216, CRL 2688, and CRL 618 is well established as noted by 

previous authors (e.g. Herpin et al. 2002; Bujarrabal et al. 1988; Bachiller et al. 1997). 

IRC+10216, also known as CW Leo, is the classical example of an AGB star 

enshrouded within its CSE. This object is one of the closest C-rich stars, located 

approximately 150 pc from the earth (Weigelt et al. 1998; Groenewegen, van der Veen, 

and Matthews 1998; Crosas and Menten 1997). As one of the brightest 5 |im sources in 

the sky (Becklin 1969), IRC+10216 has become perhaps the best studied circumstellar 

envelope. A series of recent high resolution studies (e.g. Weigelt et al. 2002; Murakawa 

et al. 2002) indicate that CW Leo is near the end of its AGB phase and that a small 

bipolar outflow may be forming. In addition, multiple shells/arc-like structures have 

been seen in both the dusty envelope and clumpy gas surrounding the star (Mauron and 

Huggins 2001; Fong, Meixner, and Shah 2003). 

The enormous CSE of IRC+10216 contains a diversity of material. Low J CO 

observations indicate that the cloud of dust and gas surrounding the star extends out to > 

200", or > 3 X lO'^cm (~10^ AU) at 150 pc (Huggins, Olofsson, and Johansson 1988; 

Fong et al. 2003). In addition, the CSE contains up to one solar mass of material (Morris 

1975; Danchi et al. 1994). Over 50 molecules have been detected in this object to date 

(Glassgold 1999; Cemicharo, Guelin, and Kahane 2000), including common species like 

CO, CH4, HCN, and C2H2. An assortment of C-chains and Si bearing species have also 
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been seen, such as CnH (n=2 to 8), SiS, SiO, SiN, SiC2, and SiCN, as well as the 

cyanopolyne species HCin+iN (n=l to 5). Radical species are prevalent and probe the 

conditions in the cold outer envelope where photodissociation chemistry dominates. 

Vibrationally-excited molecules are also seen in the circumstellar envelope and are used 

to trace the conditions of the hot inner envelope. See, for example, the studies on 

rotational transitions of CS in the v = 1 mode in Appendix A. 

IRC+10216 is the first object where metal compounds were detected. AlCl, 

NaCl, KCl, and tentatively AlF were first discovered during a mm - wave survey of the 

source (Cemicharo and Guelin 1987). The detection of AlF was later confirmed by 

Ziurys, Apponi, and Phillips. (1994). In 1993, Kawaguchi et al. identified MgNC based 

on a careful study of unidentified astronomical lines and laboratory spectroscopy of the 

molecule. MgCN, the metastable isomer of MgNC, was later discovered by Ziurys et al. 

(1995). NaCN was first seen by Turner, Steimle and Meerts (1994). Most recently, 

AINC has been detected towards IRC+10216 (see Appendix B) after an extensive search 

using the IRAM 30 m telescope (Ziurys et al. 2002). 

The discovery of metal molecules in IRC+10216 has had important implications 

for the understanding of refractory chemistry in CSEs. The metal halides and sodium 

cyanide are believed to be formed in Local Thermodynamic Equilibriimi (LTE) processes 

in the inner envelope near the central star. Here densities and temperatures are 

sufficiently high ( T ~ 2000 K, n > lO" cm'^) that equilibrium is favored. This theory is 

supported by calculations performed by Tsuji (1973), for a standard composition, which 

indicate that AlF, NaCl, AlCl and KCl have peak abundances near 1200 K at relevant 
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stellar atmospheric densities. Furthermore, Plateau de Bure (PdB) interferometry maps 

ofNaCl and NaCN (Guelin, Lucas, and Neri 1997) show that these two molecules are 

confined to a small, ~ 5", spherical region centered on the star. PdB maps of MgNC in 

IRC+10216 (Guelin, Lucas, and Cemicharo 1993) have shown that this molecule is 

formed exclusively in the cold outer CSE. MgCN and AINC are also believed to be in 

this region, because these two molecules both exhibit cusped-shaped line profiles (Ziurys 

et al. 1995; Ziurys et al. 2002; Appendix B). The proposed mechanism for the formation 

of these metal cyanides/isocyanides involves a metal ion (M^ reacting with a 

cyanopolyne chain followed by radiative association of the transition complex (Petrie 

1996a; Dmbar and Petrie 2002); 

+ HC2„+iN MNC2„+iH^ +hv (1-1) 

MNC2n+iH^ + e" ^ MNC + C2nH (1-2) 

Larger cyanopolyne chains (n=2,3) are favored as the transition complex is stabilized due 

to the higher number of internal vibrational modes available. 

The primary goal of the present work is to trace the changes in metal compound 

circumstellar chemistry as a star evolves toward the PN stage. To accomplish this, metal 

molecules must first be detected towards objects other than IRC+10216. This aspect of 

the project is important in itself in order to confirm the identification of metal molecules 

as circumstellar/interstellar species—i.e. they are not unique to one object. Finally, few 

circumstellar envelope models include metal compounds. We have developed a new 

computer code to calculate LTE abundances, including metal molecule abundances, as a 

step toward a larger, comprehensive model of circumstellar chemistry. 
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The next chapters summarize the work completed. A list of publications related 

to the present study is given in Table 1.1 and several of these works can be found as 

appendices. Chapter 2 discusses our results towards the Proto-Planetary Nebula CRL 
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2688. This is the first object, other than IRC+10216, where metal compounds were 

detected. The discovery of MgNC in CRL 618 is reported in Chapter 3. A summary of 

metal compound searches and comparison of results between all sources is given in 

Chapter 4. Finally, the equilibrium chemistry code is presented in Chapter 5. 
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CHAPTER 2; BEYOND IRC+10216: METAL MOLECULES IN THE PROTO-
PLANETARY NEBULA CRL 2688 

2-1) Introduction 

Until recently, knowledge of metal compounds in the circumstellar envelopes of 

carbon rich stars was based solely on studies in IRC+10216. One other source of interest 

is the proto-planetary nebula (PPN) CRL 2688, also known as the Egg Nebula. Our 

studies in this object have led to the detection of four metal bearing species, specifically 

AlF, MgNC, NaCN and NaCl (Highberger et al. 2001; Highberger et al. 2003). This 

chapter summarizes our results. For additional details, see also Appendices C and D. 

CRL 2688 is a young PPN. In the visible region, Hubble Space Telescope images 

show the most prominent feature of this source, a bipolar reflection nebula surrounded by 

a system of concentric arcs (Sahai et al. 1998a, b). The central star is located at the center 

of these lobes where a dense cloud of gas and dust obscures it from view (Goto et al. 

2000; Latter et al. 1993; Hora et al. 1996). Encircling the star and bipolar lobes is the 

remnant AGB circumstellar envelope, estimated to contain between two and three solar 

masses of material (Skinner et al. 1997). From a measure of the linear extent of the 

bipolar lobes, Sahai et al. (1998a) estimated that CRL 2688 left the AGB only ~ 200 

years ago. 

As shown in Figure 2-1, for the present purpose, the Egg Nebula can be 

represented by two main regions, defined by the fast and slow stellar winds. The slow or 

low velocity wind (LVW) is attributed to the remnant CSE while the fast, high velocity 

wind (HVW) arises from the second stage of mass loss. The impetus for the beginning of 

this second mass loss stage is debated, but one hypothesis suggests that a binary 
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companion is involved (Sahai et al. 1998a; c.f. Weintraub et al. 2000). The bipolar 

outflows and jets in the inner regions of the CSE arise from the collimation of the HVW 

(e.g. Cox et al. 2000), which leads to a highly clumped and inhomogeneous structure (e.g. 

Goto et al. 2002). 

CRL 2688 Schematic 

LVW 

Dust Disk 

•v I Hj shock 

HVW 

Bipolar 
Lobe 
(optical) 

Figure 2.1 
Diagram showing the major morphological features of CRL 2688. Scale is approximate. 
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In addition to the optical studies, the inner bipolar wind region has been traced by 

several molecules. Ro-vibrational studies of the S(l) transition of H2 show that this 

molecule is found in the irmer regions of the CSE with a component of emission aligned 

along the bipolar lobes and a second outflow in the equatorial plane (Latter et al. 1993; 

Sahai 1998a). The cloverleaf structure traced by this species is also seen in CO (Cox et 

al. 2000). The diameter of the bipolar lobes is ~ 10-12" in extent with peak H2 emission 

at ~ 6-7". (Sahai et al. 1998a). CO studies show that the molecules in this region 

typically have high velocities of 100 km/s (Young et al. 1992). The impact of the HVW 

with the slower moving remnant gas creates shock zones with high temperatures and 

densities (T ~ 400-3000 K, n ~ 10^-10^ cm'^) capable of exciting the H2 molecule as well 

as high energy rotational lines of CO (Cox et al. 1996,1997; Justtanont et al. 2000). 

The majority of the molecular gas in CRL 2688 participates in the low velocity 

outflow. This circumstellar gas is attributed to mass lost during the early AGB phase of 

the star. Molecular emission profiles reveal that the LVW expands at ~ 16-22 km/s 

(Young et al. 1992; Jaminet et al. 1992; Yamamura et al. 1995). Low transition J = 1 ^ 

0 and J = 2 —»• 1 studies of CO indicate that this part of the CSE extends out to a radius 

of r ~30", approximately three times the extent of the bipolar flow (Kawabe et al. 1987). 

A variety of species have been seen in the CSE of CRL 2688. CS J = 1 —^ 0 and J 

= 2 —> 1 lines have been mapped in the irmer region of the envelope (Kasuga, Yamamura, 

and Deguchi 1997) along with HCN, HNC, NH3, and SiS (N-Q-Rieu and Bieging 1990; 

Bieging and N-Q-Rieu 1996; N-Q-Rieu, Winneburg and Bujarrabal 1986). A variety of 

carbon chains and Si-bearing molecules have also been seen in the outer envelope such 
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as SiO, SiCi (Bachiller et al. 1997), C2H, C4H, and HCan+iN (n =1 to 4) (Fukusaku et al. 

1994; Truong-Bach, Graham and N-Q-Rieu 1996). 

2-2) Observations and Results 

Measurements of CRL 2688 were made between April 1999 and December 2002 

using the Kitt Peak (KP) 12 m and IRAM 30 m telescopes. Exact observing details, 

including telescope parameters, are given in Highberger et al. (2001) and Highberger et 

al. (2003). See also Table 1 in Appendix C and Table 1 in Appendix D. 

Four metal species were detected towards the Egg Nebula. Three transitions of 

AlF at 2 and 1 mm were measured with the IRAM 30 m, as shown in Figure 2.1, and 

three transitions of MgNC at 2 mm were seen with the KP 12 m (Figure 2.2). Between 1 

aad  3  mm,  four  l ines  o f  NaCl  were  obse rved  a t  the  30  m rang ing  f rom J  =  7^6 toJ=18  

—> 17. These spectra are displayed in Figure 2.3. The J = 12 —11 line of NaCl at 156 

GHz was also measured at the KP telescope. This line is seen in the bandpass of the 

MgNC: N = 12 —> 11 transition at 143 GHz in panel two of Figure 2.2. (See also Figure 2 

in Appendix D). Between the two dishes, 13 transitions of NaCN were detected. These 

lines mainly arise from the Kg = 0 to 6 components of the J = 10 ^ 9 and J = 9 ^ 8 

transitions of this molecule, although higher J transitions were also seen. Figure 2.4 

shows several of the NaCN lines as measured with the 30 m. 
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AIF CRL 2688 
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Figure 2.2 
Three transitions of AIF seen towards CRL 2688 with the IRAM 30 m at 1 MHz 
resolution. The line profiles are the result of the blend of 10 hyperfine transitions due to 
the 1=5/2 spin of ^^Al. The arrows mark the center of the hyperfine transitions. 
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Figure 2.3 
Three lines of MgNC (^S^) observed towards CRL 2688 with the Kitt Peak 12m 
telescope are shown. Spectral resolution is 2 MHz. The arrows mark the locations of 
each of the two spin-rotation components. 
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Figure 2.4 
Displayed are the four transitions of NaCl seen towards CRL 2688 with the IRAM 30 m 
telescope. Filter bank resolution is 1 MHz. All lines appear U-shaped indicating 
partially resolved emission in the 11-27" beam. 
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Figure 2.5 
A sample of the NaCN lines measured toward CRL 2688 with the IRAM 30 m at 1 MHz 
resolution are shown. A few lines are U-shaped while others are flat-topped, depending 
on their energy level above ground; see text. 
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Table 2.1 summarizes the frequencies and transitions measured for the metal 

molecules toward the Egg Nebula. (Tables 1 and 2 in Appendix C and Tables 1 and 2 in 

Appendix D give the complete set of lines measured toward CRL 2688). Also included 

in the table are the temperatures, linewidths, and LSR velocities of each feature. All 

molecules show VLSR values in the range -30.0 to -39.0 km/s, as expected for this source 

(e.g. Young et al. 1992). Radiation temperatures for the observed features were 

calculated from TR = TA*/r|B for the IRAM 30 m where TA* is the antenna temperature 

and r|b is the main beam efficiency. Conversion to radiation temperature at the 12 m uses 

TR = TR*/r|C where TR* is radiation temperature corrected for forward spillover losses 

(lifts) and Tic is the efficiency accounting for i^fss. Intensities of the observed species were 

low, as expected for metal compounds, with typical observed temperatures of 5 mK at the 

12 m and 10 mK at the 30 m. 

The line parameters of all the metal compounds observed show values typical of 

the remnant AGB wind (i.e. LVW). Line widths range from AV1/2 = 20.5 to 34.7 km/s, 

comparable to other species seen in the outer region (e.g. Fukusaku et al. 1994; Sopka et 

al. 1989). Although the signal to noise is weak, the observed lines do not display the 

broad line widths (AVzp ~ 70-100 km/s) seen for molecules arising from the bipolar 

outflow. These features are usually found between -65 to -45 km/s and -15 to -5 km/s 

and are seen, for example, in lines of CS, HCN, HNC and HC3N (Young et al. 1992; 

Jaminet et al. 1992; N-Q-Rieu and Bieging 1990). There is no evidence for emission 

from the metal compounds at these velocities. 
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Table 2.1 
Observations of AlF, MgNC, NaCl, and NaCN in CRL 2688 a) 

Mole
cule 

Transition Frequency 
(MHz) 

0b 
(") 

TA / 
TR* 

(mK) 

VLSR 
(km/s) 

AV,/2 
(km/s) 

AlF J = 4^3' '" '  131,899 20 0.71 6 ± 3  -33 -30 
J = 5 ^ 4 ' ^  164,868 15 0.66 7 ± 3  -34.0 

±3.0 
29.1 ± 

3.0 
J = 8-^7'^ 263,749.5 9 0.45 1 2 ± 3  -32.0 

±2.0 
20.5 ± 

2.0 

MgNC 

NaCl 

NaCN 
J(Ka,Kc) 

N= 11 ^ 10"'"'^^ 
J-10.5  ̂ 9.5 
J = 11.5 10.5 

N= 12^ 11 
J- 11.5 ^ 10.5 
1=12.5^11.5 

N= 12-> 11 
J = 11.5^ 10.5 
1=12.5^11.5 

N=13^ 12' '^ 
J= 12.5-^11.5 
J =13.5-^12.5 

=  7 ^ 6  

= 11 ^ 10 

= 12^ 11 

= 12^ 11®^ 

= 18-^ 17 

9(0,9)^8(0,8) 

9(6,4) 
9(6,3) 

8(6,3)^'^^ 
8(6,2)^'^^ 

131.241.6 
131.256.8 

143.168.7 
143.183.9 

143.168.7 
143,183.9 

155,094.6 
155.109.8 

91,169.9 

143,237.4 

156,248.6 

156,248.6 

234.251.9 

48 0.80 4±2 ~-37 
48 0.80 4±2 ~-37 

17 0.69 20 ±2 ~-33 
17 0.69 20 ±2 ~-33 

9(2,8)^8(2,7) g) 

0.77 3 ± 2  --37 
0.77 3 ± 2  --37 

0.73 2± 1 --37 
0.73 2± 1 --37 

0.77 6± 1 -36.7 
± 1.8 

0.69 11 ±2 -35.5 
±2.1 

0.67 12 ±3 -34.6 
± 1.9 

0.73 3± 1 -39.1 
±3.8 

0.52 1 0 ± 4  -35.6 
± 1.3 

0.78 4 ± 2  -36.2 
±2.2 

0.70 8 ± 4  -32.3 
±2.7 

0.70 1 6 ± 4  -34.3 
±2.7 

-30 
-30 

-30 
-30 

-30 
-30 

-30 
-30 

32.9 ± 
3.3 

29.3 ± 
2.1 

26.9 ± 
1.9 

26.9 ± 
3.8 

26.3 ± 
1.3 
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Mole
cule 

Transition Frequency 0], T) 
(MHz) (") 

b) TA / 

TR* 
(mK) 

VLSR 
(km/s) 

AVI/2 
(km/s) 

10±4 -37.1 
±2.7 

26.7 ± 
2.7 

1 6 ± 4  -38.1 
±2.7 

29.3 ± 
2.7 

6 ± 4  -35.6 
±2.0 

27.3 ± 
3.9 

1 3 ± 3  -37.2 
±2.4 

28.8 ± 
2.4 

1 8 ± 3  -39.0 
± 1.9 

28.8 ± 
1.9 

3 ± 2  -30.0 
±3.8 

30.6 ± 
3.8 

4 ± 2  -30.0 
±3.8 

30.6 ± 
3.8 

4 ± 3  -35.4 
±2.0 

22.7 ± 
3.8 

12 ±5 -34.3 
±2.3 

31.8± 
2.3 

11 ±4 -37.6 
± 1.3 

23.0 ± 
1.3 

NaCN 9(5,5) 
J(Ka,Kc) 9(5,4) 

9(4,6) 
9(4,5) 

8(5,4)*'®^ 
8(5,3)^-®^ 

8(4,5)^'^^ 
8(4,4)^'®^ 

10(0,10)-> 9(0,9) e) 

10(5,6)-^9(5,5)^'®) 
10(5,5) ^9(5,4) 

140,483.8 18 0.70 10 ±4 

140,666.3 18 0.7( 
140,667.5 

153,557.7 41 0.74 6±4 

156,106.2 16 0.67 13 ±3 

10(4,7) 
10(4,6) 

9(4,6) « 
9(4,5)« 

Ae) 10(3,8)9(3,7) '  

10(3,7)^9(3,6)^' 

10(2,8) ^ 9(2,7) 

156,325.5 

156,541.2 40 0.73 3 ±2 

156,684.0 40 0.73 4±2 

158,616.4 40 0.72 4±3 

11(1,11)^10(1,10)®^ 165,083.1 15 0.66 12 ±5 

15(5,11)^14(5,10/ 
15(5,10)^14(5,9)^ 234,290.2 

a) IRAM 30 m data measured with a resolution of 1 MHz, unless noted. All errors are 3o. 
b) Main beam efficiency depending on temperature scale; see text. 
c) Blended hyperfme components. 
d) Blended with another line. 
e) Kitt Peak 12 m data with spectral resolution of 2 MHz. Temperature scale is Tr*. 
f) Blended lines. 

g) IRAM autocorrelator data with 1.25 MHz resolution. 
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2-3) Discussion 

i) Line shapes and source emission regions 

A brief explanation of line profiles as a function of source emission regions is first 

needed in order to understand the chemistry occurring in the CSE. Detailed descriptions 

of this correlation can be found in Morris (1975) and Kuiper et al. (1976). From these 

works, it is known that line shape depends on optical depth. The simple fact that weak 

AlF, NaCN, MgNC, and NaCN emission is seen in the CSE indicates that these 

molecules are optically thin. Thus, only this case will be discussed. 

Consider a star located at a large distance from the observer. Emission from the 

CSE surrounding the star may arise from a sphere centered on the source or from a shell

like distribution with finite width where the material exists only at some distance from 

the star. The telescope beam is assumed to fill a circular area on the sky. With this 

scenario, in the optically thin limit, a flat top or square profile arises if the source is 

spherical and is same size or larger than the beam. That is, the source size to beam width 

ratio is less than unity (e.g. Olofsson et al. 1982). 

Homed profiles, or U-shaped lines, arise when the emission region is an 

expanding shell. When the beam is approximately the same size or larger than the 

source, all velocity information is included in the profile and a flat top or centrally peaked 

line results. For the case where the source is resolved (beam is smaller than the source), a 

U-shaped profile appears. Here, the gas moving perpendicular to the line of sight at the 

central velocity of the line is not in the beam. Only gas with motion +/- the radial 

velocity is seen (Morris 1975; Mufson and Liszt 1975; Olofsson et al. 1982). Thus, the 
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center of the line becomes depressed and the characteristic U-shape results. For cases 

where the source is significantly smaller than the telescope beam, the center of the line 

disappears entirely. For examples of U-shaped profiles in lRC+10216, see the survey by 

Cemicharo, Guelin, and Kahane (2000). 

The most interesting features of the detected metal molecules in CRL 2688 are 

their associated line shapes. Each molecule will now be discussed in turn. See also 

Highberger et al. (2001, 2003) in Appendices C and D. 

As shown in Figure 2.1, the AlF lines are roughly flat topped. Each transition of 

this molecule consists of 10 hyperfine components due to the I = 5/2 spin of ^^Al (Wyse, 

Gordy, and Pearson 1970). All /2/lines lie within 0.4 to 9 MHz in the transitions studied 

with the strongest lines within 2 MHz of the center fi*equency. Therefore, /7/splitting is 

only partially resolved in the lowest J transitions. Furthermore, the J = 4 ^ 3 line may 

be blended with the J = 43 ^ 42 transition of SiC4, additionally broadening the line 

profile. The J = 8 7 line lies on the shoulder of a strong HC3N J = 29 28 line and is 

probably slightly distorted. However, no clear U-shape is seen in this profile, indicating 

that the molecule is probably not resolved in the 9" beam of the 30 m telescope. (The 

hint of a U-shape may be present in the J = 5 ^ 4 and J = 8 ^ 7 transitions). 

MgNC lines toward CRL 2688 show similar flat-topped features. Figure 2.2 

shows the three transitions detected in this source with the KP telescope. The arrows on 

the figure mark the location of the two spin-rotation components seen in each transition. 

These doublets are split by 15.2 MHz (~ 30 km/s at 2 mm) resulting in a large blended 

line shape in the astronomical data. The uncontaminated N = 13 -^12 line at 155 GHz 
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shows the expected fine structure splitting, confirming the detection of MgNC in this 

source. The N = 11 10 line is additionally blended with the J = 27.5 ^ 26.5 lines of 

C5H Also, the N = 12 11 transition is contaminated with a Si^^S feature, as 

seen in panel two of Figure 2.4 and Table 2 of Appendix D. The flat topped features of 

MgNC, as seen with the KP telescope, indicate that this molecule is not resolved in the -

40" beam. 

NaCl Profile in CRL 2688 

0.008 

0.004 

0.000 

-58 -33 8 

V^sR (kms"') 

Figure 2.6 
The profile derived from an average of the four observed lines of NaCl in CRL 2688 is 
shown. The horn to center ratio is-2-3. 

Compared to the AlF and MgNC results, the NaCl data in CRL 2688 is strikingly 

unusual. As shown in Figure 2.4, U-shaped profiles are seen in all four transitions of this 

molecule. This line shape is not seen for NaCl in IRC+10216 (Cemicharo and Guelin 

1987). In that source, the profiles are flat topped and the source comes from a small, 

central region (Guelin et al. 1997). The U-shaped profile for NaCl is not simply a 
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function of low signal to noise. Averaging of the four observed transitions of this 

molecule, as seen in Figure 2.6, gives a horn to center ratio of ~2 to 3. Thus, NaCl 

emission is resolved in the 11-27" beam of the 30 m and most likely comes from an 

extended source about 25" in extent. 

The NaCN lines proved the most difficult to analyze as some of these lines have 

slight U-shaped features while some do not. For example, as shown in Figure 2.4, the Kg 

= 4 components of the J = 9 8 transition are U-shaped while the Ka = 5 component of 

the J = 10 —> 9 line at 156 GHz is flat-topped. The U-shaped feature arises from lines 

that are lower in energy (E < 90 K) or that are resolved in the smaller 1 mm beam. The 

flat topped lines are due to higher energy lines observed with a larger beam. Thus, as 

evidenced by the U-shaped profile of the Kg = 4 components of the J = 9 ^ 8 line in an 

18" beam, NaCN emission is extended. Because the dipole moment of NaCN is virtually 

identical to that of NaCl, the emission region for these two molecules is probably similar 

(see section iii below). Thus, the source size for NaCN is likely ~ 25", on the order of the 

NaCl emission. 

ii) "Well-behaved" AGB molecules: AlF and MgNC 

CRL 2688 is assumed to be the descendant to IRC+10216. It is therefore logical 

to assume that the remnant wind of the PPN has some properties similar to the AGB star. 

The existence of MgNC and AlF in the Egg Nebula is therefore not surprising. 

AlF and MgNC do not arise in the same region of the circumstellar envelope. AlF 

is a closed shell species most likely formed in equilibrium processes in hot dense gas. 

Such reactions would destroy a radical like MgNC. It is likely, therefore, that MgNC 
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exists in the outer envelope of CRL 2688 where temperatures and densities are low 

enough (T < 25 K, n ~ 10^ cm'^) to ensure a reasonable lifetime for radicals. AlF, on the 

other hand, is formed in the inner zone as predicted by chemical models (Tsuji 1973; 

Chapter 5). These distributions are the same as what is seen in IRC+10216 (Guelin et al. 

1993,1997). Other species seen in these two sources also have similar distributions. 

Carbon chains and radicals (C2H, C4H, HC5N, HC7N) appear in the outer shell in both 

objects (Fukusaku et al. 1994; Truong-Bach, N-Q-Rieu, and Graham 1988; Guelin et al. 

1997), while CS and SiS are confined to the inner envelope (N-Q-Rieu and Bieging 1990; 

Kasuga et al. 1997; Appendix A). 

Column densities and abundances for AlF and MgNC were obtained using the 

procedure discussed in Appendix C. A rotational diagram analysis was first completed to 

find the total colunm density of each species, Ntot- (See Equation 1, Appendix C). Then a 

fractional abundance relative to H2 was computed based on the assumed source size of 

the molecule and the mass continuity equation (Equation 2, Appendix D). 

The column density of a molecular state is based on the integrated intensity of the 

line profile for that transition and is inversely proportional to the square of the dipole 

moment. The dipole moments for AlF and MgNC are 1.53 D (Wyse et al. 1970) and 5.31 

D (Steimle and Bousquet 2001), respectively. The column density of the upper state of a 

molecule is related to the total column density through a Boltzman Diagram where the 

upper state column density is plotted against the energy of the upper state (Figure 5, 

Appendix C). If a linear relationship is found, then the molecule is optically thin and can 
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be described by a single rotational temperature. Ntot is then proportional to the y-

intercept of the line and the slope is inversely related to the temperature. 

To calculate the fractional abundance, a source geometry is needed. The total 

column density is used to first find the density of metal molecules inside an assumed 

source volume. Then the number density of molecular hydrogen in this same volume is 

calculated and the two values are divided to find a fractional abimdance. See Appendix C 

for additional details. 

Table 2.2 
Rotational Diagram Analysis for AlF and MgNC in CRL 2688 

Source Size (") Molecule Ntot (cm"^) Trot(K) R^ -Value 
Fills Main Beam AlF 3.8 X 10'^ 79 0.998 

MgNC 7.0 X 10^^ 17 0.999 

30 AlF 
MgNC 3.72 X 10^^ 13 1.0 

20 AlF 4.5 X 10'^ 42 0.958 
MgNC 7.8 X 10'^ 12 1.0 

10 AlF 8.8 X 10'^ 28 0.961 
MgNC 3.0 X 10^^ 12 0.999 

5 AlF 2.7 X 10'^ 23 0.969 
MgNC 1.2 X 10'^ 12 0.999 

Since the source size for AlF is not definitely known, a range of column density 

calculations was performed. The results are shown in Table 2.2. The correlation 

coefficient, R , for AlF does not significantly change with source size, 0s. However, the 

rotational temperature decreases with decreasing 0s and has values in range of 20-80 K. 

These high values, compared to -10 K for a similar study on MgNC (Table 2.2), indicate 
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that AlF is formed in the warmer iimer envelope. We therefore adopted a source size of 

10" for AlF. A confined inner envelope distribution for this molecule is also confirmed 

by our failure to detect AlF emission with the ~ 40" beam of the KP telescope. 

The MgNC source size can be found from a comparison of intensities for the 

s£ime transition in different telescope beams. This involves computing the expected 

intensity in the smaller IRAM beam, assuming a filling factor for the KP data, and then 

comparing the computed intensity to the measured value. The filling factor is calculated 

'J "J 'J , 
from the standard formula: f =( 0s + 9b )/ Os where 0b is the beam size of the telescope. 

The N = 12 —11 line of MgNC at 143 GHz was observed at both the 12 m and the 30 m 

(see Table 2.1). A direct comparison of these observations gives a source size of 20-25". 

However, this line is contaminated by the J = 8 7 transition of Si S at 143,175 MHz. 

We estimate that the Si S line contributes at least 30% to the total line intensity. 

Considering this gives 0s ~ 25 to 30" for the MgNC distribution. We therefore assume a 

30" source size in all calculations. (See also Appendix C for an independent 

determination of a 30" source size for this molecule). It was further assumed that MgNC 

emission arises from a shell like distribution, as seen in IRC+10216. The irmer radius of 

this shell was set to the extent of the CS emission, r ~5" (Kasuga et al. 1997). CS is 

destroyed by photochemical reactions, which produce free radicals such as MgNC (e.g. 

Glassgold 1996) and was thus chosen as the irmer radius. 

Results for the abimdances of MgNC and AIF in CRL 2688 are listed in Table 

4.5 of Chapter 4. A constant mass loss rate of 1.7x10"'^ M©/yr and expansion velocity of 

18 km/s (Truong-Bach et al. 1990) were used in the abimdance calculations. AlF was 
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determined to have Ntot = 8.8 x 10^^ cm"^ and f (relative to H2) of S.SxlO""^ at 10". MgNC 

has a column density of 3.7 x 10^^ cm"^ and f ~ 4 x 10"^. Comparison of these values to 

IRC+10216 and CRL 618 is made in Chapter 4. 

ii) NaCl and NaCN: challenges to standard circumstellar chemistry 

NaCN and NaCl have characteristics of the LVW, similar to AlF and MgNC. As 

noted previously, however, these two species are foimd at 0s ~ 25", a considerable 

distance from the source. These results are in contrast to what is seen in IRC+10216 

where both sodium species are believed to be formed in LTE chemistry close to the star 

(Tsuji 1973; Quel in et al. 1997). Furthermore, the U-shaped profiles of these molecules 

indicate that NaCl and NaCN emission arise from optically thin shell-like sources. 

Extreme excitation conditions are needed to explain the NaCl and NaCN 

distributions. Both molecules have exceedingly large dipole moments of ~ 9 D (Seth et 

al. 1999; Klein, Goddard, and Bounds 1981). (Klein et al. give their calculated dipole 

moments in atomic units which must be converted to Debyes). Furthermore, the 

transitions detected for NaCl and NaCN are relatively high in energy, ranging from 17.5 

to 106.9 K for NaCl and from 43.3 to 150.0 K for NaCN. 

High densities and temperatures are needed to observe the sodium molecules. A 

simple calculation reveals the amount of H2 required to collisionally excite NaCl. This is 

done by equating the collisional rate upwards(Ciu) with the spontaneous decay rate 

downward. 

(2-1) 
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Here Aui is the Einstein A coefficient which is calculated in the usual manner, o is the 

• • • 15 2* average collisional cross-section which is assumed to be 10" cm , Vave is the average 

velocity of the colliding pair and the other symbols have their usual meanings. High 

densities on the order of 5 x 10^ cm"^ for temperatures of 50 K to 300 K are required to 

excite the lowest observed transition of NaCl (J = 7 6). For the highest level, J = 18 

—» 17, n(H2) -10^ cm"^ is needed. 

The conditions in the outer envelope itself are not sufficient to excite the NaCl 

1  n 
and NaCN molecules. For example, at a radius of r = 1.5 xlO cm measurements of CO 

indicate a kinetic temperature of about 10 K (Troung-Bach et al. 1990) and density of 

~10^ cm"^ (Yamamura et al. 1996). Infrared radiation from the star is also not a likely 

candidate for excitation. The v = 1 level of NaCl lies 520 K above ground state (Ram et 

al. 1997) while the infrared dust field of CRL 2688 has T < 200 K (Omont et al. 1995). 

Another possibility for exciting NaCl and NaCN is shocks and their associated 

instabilities. Shocks are known to exist at a large distance from the star in CRL 2688, as 

evidenced by studies of CO and H2 (e.g. Sahai et al. 1998a; Cox et al. 1996, 2000). In 

fact the diameter of the cross-like H2 emitting region is -10-12", approximately the inner 

radius of the NaCl and NaCN distribution. Thus, the sodium compounds are tracing the 

outer edges of the molecular hydrogen shock zone. 

To explore this scenario, calculations of two interacting winds were performed by 

P. A. Young using a 2-D hydrodynamics code. In these calculations, a remnant CSE was 

first formed based on the characteristic parameters of CRL 2688. Next, a fast wind, with 

A^elocity of up to 80 km/s different from the slower outflow, was established (Young et al. 
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2003). Shocks form when the velocity of the gas exceeds the sound speed through the 

medium. In the simulations, this occurred when the two winds met, at distances typically 

lO'^ cm from the star. Radiative cooling in the shock led to a thermal instability. The 

shock itself is pressure confined. For an ideal gas, as the temperature decreases, the 

density rises, resulting in the formation of small clumps of enhanced material. For 

• • • 7 3 • 17 moderate input parameters, clumps with densities of 10 cm" at a radius of ~10 cm 

(-10" at 1 kpc) could be produced. These are the conditions necessary to excite the J = 7 

6 transition of NaCl but fall short of those needed for the J = 18 —> 17 line. Higher 

densities could be achieved by using three dimensional models, which would allow the 

clumps to collapse along a third axis (Young et al. 2003). From the shock simulations it 

was found that the conditions necessary for the excitation of NaCl (and NaCN) at large 

distances from the central star may exist in CRL 2688. 

Radiative transfer modeling was also attempted in order to determine the size of 

the shell emitting region for NaCN and NaCl. The program of Bieging and Tafalla 

(1993) was used for this purpose. This code solves the equations of statistical equilibrium 

for each energy level of a linear molecule through a set of zones comprising the CSE. A 

temperature distribution for the molecule is created and is then convolved with the 

telescope beam to create a line profile. The code is only designed for linear molecules 

aind so NaCN ('A') was not modeled. The dipole moments of NaCN and NaCl are 

virtually identical however and thus, the excitation conditions, and correspondingly 

distributions, of the molecules should be the same. 
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Input to the Bieging and Tafalla code includes the temperature of the star, 

expansion velocity of the CSE, mass loss rate or density profile, and temperature profile. 

For CRL 2688, the first two parameters used were 6500 K and 18 km/s (Young et al. 

1992; Truong-Bach et al. 1990). In addition to the central IR radiation source, excitation 

by collisions in the ground vibrational state are also considered. Collisional cross 

sections of SiS, which has a mass and electronic ground state similar to NaCl, were 

employed. (No collisional cross section information is available for NaCl). Molecular 

parameters for NaCl were taken firom Ram et al. (1997). 

The temperature and density profiles of Herpin et al. (2002) were used in the 

transfer code to reproduce the observed profiles of NaCl. These parameters were based 

on far-IR and mm-wave lines of CO, which were fit to a three component model for the 

inner, middle, and outer regions of CRL 2688. Using the Herpin et al. model such that at 

r ~ 7", the temperature is T ~ 200 K and n(H2) ~ 10^ cm"^, all four line profiles of NaCl 

could be well produced. As shown in Figure 2-7, the U-shape profile could be obtained 

and the intensities matched, within the 20% calibration error of the telescope data, using a 

shell distribution with ~ 7" width and inner radius ~5" (~ 8 x lO'^ cm). The model 

predicts a peak fractional abundance of NaCl, relative to H2, of ~10"'^. 
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Model Fits for NaCl in CRL 2688 
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Figure 2.7 
Model results for NaCl in CRL 2688 using the program of Bieging and Tafalla (1993) are 
shown. The top left panel displays the shell abundance distribution while the other 
panels show the calculated U-shape profiles for three of the observed transitions. 

It has now been established that the NaCN and NaCl molecules exist in a shell at 

a considerable distance from the star and that the necessary excitation conditions are 

present to excite these species. The actual chemistry that is occurring in this shock region 

is still puzzling however. Two basic scenarios are possible. One, the molecules were 

formed in the inner regions under LTE conditions and then not condensed onto dust 
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grains. Thus, they only need the shock to re-excite them. The second possibility is that 

the molecules are formed under shock conditions, possibly after grain sputtering. 

In IRC+10216, it appears that grain condensation of NaCl and NaCN does occur. 

Interferometric observations show a confined distribution for these molecules (Guelin et 

al. 1997), although this could partially be an excitation effect. However, LTE 

calculations including condensation for an O-rich environment (Sharp and Huebner 1990) 

show that NaCl remains in the gas phase as the temperatxire decreases from 2000 K to 

1000 K. Thus, it is not actually clear what happens to these sodium compounds at 

temperatures below 1000 K. 

The formation of NaCl and NaCN under shock conditions is another possibility. 

The timescales for formation of NaCl indicate that shock chemistry is possible. Only ~ 

50 years are needed to produce this molecule from neutral-neutral reactions imder shock 

conditions, assuming there is some atomic sodium component in the gas (Highberger et 

al. 2003). The shock in CRL 2688 has existed for at least 200 years (Sahai et al. 1998a). 

In addition, clumping from thermal instabilities occurs over a few hundred-year period as 

well (Young et al. 2003). Thus, the timescales are significantly long to produce metal 

molecules. 

The abundances of NaCl and NaCN were calculated as discussed above for AlF 

and MgNC. A shell source size of 25" with rinner ~5" was assumed for both molecules. 

• 11 "7 « • 
For NaCl, a column density of 1.9 x 10 cm" and fractional abundance value (relative to 

Hi) of 1.6 X 10"'° were obtained. NaCN has Ntot ~ 6 xlO'^ cm"^ and f ~ 5 x 10"^. 

Comparison of these values to abundances in IRC+10216 is made in Chapter 4. 
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iii) Metal molecules as probes of nucleosynthesis processes 

Unraveling the fluorine mystery 

The nucleosynthetic origin of is uncertain. There are two main paths for the 

production of this element. The first is the spallation of ̂ ®Ne, which occurs in 

1 0  ^  

supemovae. The other is hot proton addition to O during He-shell bummg (Forestmi et 

al. 1992; Goriely and Mowlavi 2000). The nuclear chain for this process (Jorissen, Smith 

and Lambert 1992) is '''N(a,Y)'^F(P"^)^^0(p,a)'^N(a,'y)^^F. The initialis a leftover 

product of the CNO cycle. As fluorine has not been seen towards supemovae remnants, 

this second scenario is the most likely '^F source (c.f. Cunha et al. 2003). Both AGB and 

Wolf-Rayet stars are primary candidates for the creation of fluorine via this pathway 

(Forestini and Charbonell 1997; Meynet and Amould 2000). 

Fluorine has no useful optical transitions for the usual abxmdance determinations 

so molecules must therefore be employed. The first discovery of fluorine in molecular 

form was reported by Jorissen et al. (1992). These authors detected ro-vibrational lines 

of HF towards several cool, red giant stars. These measurements resulted in an F/H ratio 

n 
of -9x10",  about 30 t imes the solar value.  

Studies of AlF in circumstellar envelopes of AGB stars can also be used as a 

pirobe of the interstellar '^F abundance. AlF has been detected towards CRL 2688 and 

IRC+10216 (see Table 4.1). Fractional abundances for these molecules were determined 

using the method discussed previously. For IRC+10216, a mass loss rate of 3 x 10'^ 

M©/yr and expansion velocity of 15 km/s were used (e.g. Crosas and Menten 1997). For 

CRL 2688, AlF/H (relative to H, not H2) was found to be ~ 3 x 10"^. In IRC+10216, 
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AlF/H is 4.4 X 10"^. For comparison, the solar F/H value is ~ 3 x 10"^ (Anders and 

Grevesse 1989). The value of AlF in IRC+10216 is a factor of 1.3 higher than the solar 

^^F value, which presumably indicates the fluorine ratio when the star was formed. 

Fluorine may be in other molecules as well, particularly HF, so the value of F/H derived 

from AlF measurements is really a lower limit. For example, under equilibrium 

conditions at 2000 K and a density of lO'"* cm"^, HF is the primary carrier of fluorine 

with fractional abundance, relative to H2 of f ~ 7 x 10"^ (Appendix E). As the 

temperature decreases to 1000 K, however, AlF becomes the primary carrier of '^F with f 

(AIF/H2) ~ 6 x 10"^ while f (HF/H2) ~ 1 xlO'^^ (Chapter 5; Appendix E). At lower 

temperatures, condensation onto dust grains may also be important (e.g. Sharp and 

Fluebner 1990). 

The AlF observations in IRC+10216 agree with the increase of '^F as indicated in 

the HF studies and nucleosynthesis models. The measurements also show that the 

fluorine abundance in CRL 2688 is lower, by about an order of magnitude, compared to 

IRC+10216. This may have a nucleosynthesis explanation as well. Calculations suggest 

titiat '^F production is not as effective in stars with initial masses greater than 4 Mo. '^F 

10 00 \ o 
can be destroyed in these larger stars via the F(a,p) Ne and F(n,Y) F pathways 

(Forestini and Charbonell 1997). CRL 2688 had a main sequence mass between 3 and 7 

M© (Speck, Meixner, and Knapp 2000; Skinner et al. 1997) while IRC+10216 has Mms < 

2 M© (Kahane et al. 2000). Thus, the differences in AlF abundances between these two 

objects may simply reflect the differences in '^F production. 
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Metal chlorides as s-process indicators 

Slow neutron captures (or s-processes) in AGB stars can enhance the abundances 

13 16 of many heavy elements. The seed reactions for this process are the C(a,n) O and 

^^Ne(a,n)^^Mg pathways. The latter reaction only becomes active in stars with masses 

between 5 and 8M© when the temperature becomes sufficiently high (e.g. Busso, Gallino, 

and Wasserburg 1999). Intermediate mass nuclei between Ne and Fe, including chlorine, 

can be used as indicators of the s-process. The final abundances of these elements are 

dependent on the initialization of the ̂ ^Ne reaction (Kahane et al. 2000). In particular, 

^^Cl is enhanced by neutron capture processes while ^^Cl is depleted. Thus, the ^^Cl/^^Cl 

ratio is a tracer of s-process activity in intermediate mass AGB and post-AGB stars, such 

as CRL 2688. 

The J = 8 —> 7 line of Na^^Cl at 101.9 GHz was detected towards the Egg Nebula 

during September 2001 with the IRAM 30 m telescope. The sodium chloride line was 

seen in the bandpass during a search for the AlCl J = 7 ^ 6 line (Chapter 4). The 

telescope efficiency and beam size at this frequency are 0.76 and 24", respectively. 

(Observing details are given in Appendix D). Figure 2.8 shows the observed spectrum. 

The profile is U-shaped, similar to the main isotopomer lines. The temperature of the 

Na^^Cl line is 4 mK, the line width is 26.5 km/s and VLSR = -33.3 km/s. 
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Figiire 2.8 
The spectrum of the J = 8 —> 7 line of the Na CI isotopomer as seen with the IRAM 30 
m is displayed. Spectral resolution is 1 MHz. Combined with the main isotope data, this 
measurement gives a ^^Cl/^^Cl isotope ratio of 2.1 ± 0.8. 

The ^^Cl/^^Cl isotope ratio was calculated by comparing the J = 7 ^ 6 transition 

of Na^^Cl with the Na^'Cl J = 8 7 line. Corrections were made for differences in 

frequency, telescope efficiencies, line strengths and energy above ground state. 

Excitation temperatures of the two lines were assumed equal. 

The chlorine ratio for CRL 2688 was calculated to be ^^Cl/^^Cl = 2.1 ± 0.8. For 

comparison, the solar ratio is 3.13 (Anders and Grevesse 1989) and the value in 

IRC+10216, as derived from NaCl measurements, is 2.33 (Kahane et al. 2000). The mass 

of CRL 2688 is at least 3M© (Speck, Meixner and Knapp 2000) and could be as high as 

7M® (Skinner et al. 1997). Thus, the activation of the Ne source may occur in this 

CRL 2688 

J = 8 



47 

object. The mass of IRC+10216, however, is < 2M© (Kahane et al. 2000). Therefore, the 

low chlorine isotope ratio in this soiirce may simply reflect a non-solar initial chlorine 

composition of the object. It is also possible that the nucleosynthesis s-process reactions 

are not entirely imderstood. 
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CHAPTER 3; MORE METAL MOLECULES: DETECTION OF MGNC IN CRL 618 

3-1) Introduction 

Studies of metal-containing molecules were also conducted toward the proto-

planetary nebula CRL 618. Several species were measured with both the IRAM 30 m 

and KP 12 m telescopes (see Chapter 4 for a complete list). In this section, our discovery 

of MgNC in this source is reported. These results will be published in Highberger and 

Ziurys (2003). 

CRL 618 is alternatively classified as a proto-planetary nebula or young, compact 

planetary nebula and is generally regarded as one of the best examples of an object in the 

transition between a PPN and a PN. In the optical, this object is characterized by a 

bipolar nebula (Sanchez Contreras, Sahai, and Gil de Paz 2002). A strong IR source is 

located between the two visible lobes (Westbrook et al. 1975; Hora et al. 1996). Hubble 

Space Telescope images reveal the presence of multiple outflows in the bipolar lobes as 

v^^ell as extensive atomic line emission from Ha, SII, and OI (Trammell and Goodrich 

2002). In addition, a small (0.4" x 0.1"), ionized region due to the free-free emission of 

hydrogen has been seen in radio continuum studies of this source (Kwok and Bignell 

1984; Martin-Pintado et al. 1988). A photon-dominated region (PDR) has formed in this 

inner area as UV photons from the central star ionize the surrounding gas, creating an 

ion-molecule dominated chemistry (Herpin and Cemicharo 2000). Molecular emission 

has also been seen in the outer AGB envelope (Bujarrabal et al. 1988; Sopka et al. 1989). 

CRL 618 is undergoing a second stage of mass loss. Hence, like CRL 2688, the 

CSE is comprised of a slow remnant AGB wind and a newer, fast wind. The high 
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velocity winds (HVW), at > lOOkm/s, are seen in molecular line and atomic emission and 

aie collimated into a bipolar flow (Gammie et al. 1989; Neri et al. 1992; Trammell and 

Goodrich 2002; Cox et al. 2003). The remaining gas participates in the low velocity 

outflow (LVW) and expands at approximately 20 km/s (Lo and Bechis 1976; Gammie et 

al. 1989). Interferometery maps of the J = 1 ^0 line of CO show that the remnant CSE 

of CRL 618 extends to 90" x 60", about fovir times larger than the dimensions of the 

visible lobes (Meixner et al. 1998). See Figure 3.1. 

CRL 618 Schematic 

\ / 
LVW 

HVW^ ^ Bipolar 
C •)(' —Lobe 

! ^ (Optical) 

1 N 
PDR 

~7 " 

Figure 3.1 
The major morphological features of CRL 618 are illustrated. The scale is approximate. 
A high velocity outflow (HVW) is located at the center of the object and is surrounded by 
the slower moving (LVW) CSE. 
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A wide variety of molecular emission has been seen in CRL 618. In addition to 

CO, studies on CS, SiO, C2H, NH3, and HCO^ have been conducted (e.g. Fukusaku et al. 

1994; N.-Q.-Rieu et al. 1988; Martin-Pintado and Bachiller 1992). Recent detections of 

vibrationally excited lines of HCN, HNC, and HC3N have examined high temperature 

gas in the inner circumstellar envelope (Thorwirth et al. 2003; Schilke, Comito, and 

Thorwirth 2003; Wyrowski et al. 2003). The 0-containing species H2O and OH (Herpin 

and Cemicharo 2000) as well as hydrocarbons such as ethylene and benzene (Cemicharo 

et al. 2001 a,b) have also been detected towards this source. These molecules are thought 

to arise in the central PDR region. No metal bearing species had been seen in CRL 618 

prior to the present work. 

3-2) Observations and Results 

The N = 8 —» 7,11 ^ 10,12 —> 11, 13 12, and 14^13 rotational transitions 

of MgNC at 2 and 3 mm were observed towards CRL 618 (a = 4' '39™34.0\ 6 = 36°0ri6" 

(B 1950.0)) with the Kitt Peak 12 m between 1999 December and 2003 April. The 

backends employed were 256 channel filter banks, configured in series mode, with a 

resolution of 2 MHz. For some measurements, the filters were configured in parallel 

mode (1 X 128 channels for dual polarizations) allowing simultaneous observations at 1 

and 2 MHz resolution. The receivers were dual-charmel, SIS mixers operated in single 

sideband (SSB) mode with typically 20 dB rejection. Data is given in terms of the 

antenna temperature corrected for forward spillover loss, TR*. Confirmation 

measurements of the N = 12 —11 and 13 —> 12 transitions were made at the IRAM 30 

m during 2001 September 8-14. Dual polarization receivers, that were approximately 



SSB, were used. Rejection of the image sideband was at least 11 dB. The backend was a 

1024 channel, 1 MHz filter bank configured in 4 x 256 mode with two receiver channels 

used at the 2 mm frequency. An autocorrelator with 1.25 MHz resolution was also 

employed. The temperature at the 30 m is in terms of TA*, the chopper wheel corrected 

antenna temperature. Local oscillator shifts were performed for all measurements to 

ensure proper sideband identity of detected features. All data was taken using beam 

switching techniques. 

Table 3.1 svimmarizes the results for MgNC in CRL 618. Listed here are the 

frequencies, telescope parameters, and line parameters for each transition studied. Spin 

rotation doublets were resolved at two of the observing frequencies, making the 

identification of MgNC unambiguous. Unblended lines exhibit LSR velocities in the 

range VLSR = -22.0 to -23.5 km/s and linewidths of AVyi = 25.1 - 31.4 km/s. These line 

parameters are typical for the remnant wind of CRL 618 (Bujarrabal et al. 1988; Bachiller 

et al. 1997). 

Figure 3.2 displays the five transitions of MgNC measured at the 12 m telescope 

with 2.0 MHz resolution. Arrows in the figure mark the location of the fine structure 

components. The lines are weak, typically 3 mK, and generally appear flat topped, 

although the signal to noise is low. Several transitions are contaminated by other 

features, mainly unidentified lines, labeled U. The asterisks in the N = 13 ^ 12 spectra 

at 155 GHz mark the location of vibrationally excited lines of HC3N. The MgNC line 

here exhibits an unusual profile, which appears to be caused by a U line located between 

the doublets. 
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Table 3.1 
Observations of MgNC in CRL 618 

Transition Frequency 6B TR* / TA* VLSR AV1/2 

(MHz) (") (K) (km/s) (km/s) 
N = 8 ^ 7 

J = 7.5->6.5 95,454.1 66 0.89 0.002 ±0.001 -23.4 ± 25.1 ± 
6.3 6.3 

J = 8.5 ^7.5 95,469.3 0.002 ±0.001 -23.3 ± 31.4 ± 
6.3 6.3 

N = 11 10 
J =10.5  ̂ 9 .5 131,241.6 48 0.80 0.003 ± 0.001 ~-22 -25 
1=11.5^ 10.5 131,256.8 -0.003 '^ ~-22 -25 

N= 12-^ 11 
J= 11.5-> 10.5 143,168.7 44 0.77 0.005 ± 0.001 -22.0± 25.1 ± 

4.2 4.2 
J= 12.5-> 11.5 143,183.9 0.004 ±0.001 -23.5 ± 25.1 ± 

4.2 4.2 

17'*^ 0.69"^ 0.012 ±0.002 -22.6 ± 25.1 ± 
d) 2.1 2.1 

0.013 ±0.002 -22.5 ± 27.2 ± 
d) 2.1 2.1 

N = 13->12 
J= 12.5 ^ 11.5 155,094.6 40 0.73 -0.002®^ ~-22 -25 
1=13.5^ 12.5 155,109.8 -0.002®^ --22 -25 

16''^ 0.67''^ -0.020'*'®^ --22''^ -25"^ 
-0.015'* '®^ --22' '^ -25'^^ 

N = 14-> 13 
J=13.5-> 12.5 167,019.1 38 0.70 -0.002®^ --22 -25 
J = 14.5 ^ 13.5 167,034.4 - 0.002 - -22 - 25 

a) Data taken with the Kitt Peak 12m telescope with 2 MHz resolution, unless noted. Temperature scale 
for the 12 m is Tr*. All errors are 3 sigma. 

b) Main beam efficiency value; for the KP 12 m, t| = and for the IRAM 30 m, q = r]b. 
c) Blended with the J = 27.5 ^ 26.5 transition of C5H and an unidentified line. 
d) IRAM 30 m data with 1 MHz resolution; temperature scale in TA*. 
e) Blended with an unidentified feature. 
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Figure 3.2 
Spectra of MgNC detected towards CRL 618 using the Kitt Peak 12 m telescope at 3 and 
2 mm are displayed. Each transition is composed of two spin-rotation components as 
indicated by arrows underneath the spectrum. These doublets are clearly visible in the N 
==8-^7 and N = 12 ^ 11 transitions, which secures the identification of this molecule in 
CRL 618. The spectrum of the N = 13 ^12 line contains various P-Cygni profiles, some 
eirising from vibrationally excited HC3N, as indicated by asterisks. Filter resolution is 2 
MHz. 
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The lines detected at the IRAM 30 m are shown in Figure 3.3. The top panel 

displays the N = 12 —> 11 transition and the inset shows the same spectrum as seen in the 

autocorrelator. The striking feature of this spectrum is the U- shaped profiles seen in the 

lower fi-equency (J = 11.5 —^ 10.5) spin-rotation component in the filter bank and in both 

lines of the autocorrelator. The bottom panel shows the N = 13 —> 12 line and the insert 

shows the fiill spectrum at 155 GHz. An unusual MgNC line profile with absorption dips 

is seen at this frequency. Because many P-Cygni features are present in the data, this line 

shape may result from a P-Cygni line superimposed on the MgNC doublets. 

The N = 12 ^ 11 transition of MgNC is coincident in fi-equency with the J = 8^ 

7 line of Si^^S which lies at 143,175 MHz. In IRC+10216 and CRL 2688, this 

correspondence results in a blending of the two lines and an usual profile results (see 

Chapter 2). To check for contamination of MgNC at 143 GHz in CRL 618, the expected 

T O  

temperature of the Si S line was calculated, based on the J = 5 4 ground state line of 

SiS (Bujarrabul, Fuente, and Omont 1994) and solar isotope ratio of 127 (Anders and 

(jrevesse 1989). It was found that the antenna temperature of Si^^S at 143 GHz would be 

< 0.003 K , near the noise level of oiir measurements (Table 3.1). 
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Figure 3.3 
The transitions of MgNC in CRL 618 measured with the IRAM 30 m telescope at 2 mm 
are shown. Resolution is 1 MHz. The N = 12 —» 11 doublets (top panel) appear to be U-
shaped, suggestive of resolved emission originating in a shell. The insert shows the same 
spectrum observed with the autocorrelator, where the U-shapes are even more prominent. 
The N = 13 12 transition (lower panel) displays an unusual profile, also seen with the 
12 m telescope (see Figure 3.1), which likely results from a blend with a P-Cygni line. 
The insert here shows the full spectrum, which contains vibrationally excited HC3N 
transitions, indicated by asterisks, as well as some unidentified lines. 
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Table 3.2 gives line parameters for the other species seen in the bandpass. The 

final column of the table shows a letter code related to the line profile. For P-Cygni 

features, Gaussian fits were made to both the emission (E) and absorption (A) parts of the 

line, which is listed by the frequency and velocity at the line center. Most lines are due to 

vibrationally-excited hc3n or are unidentified. The standard catalogs (Lovas 1992; M. 

Guelin private comm.; Muller et al. 2001) as well as recent literature on vibrationally-

excited molecules (e.g. Mbosei et al. 2000; Thorwirth, Miiller, and Winnewisser 2000, 

2001) and long-chain carbon species (Cemicharo et al. 2001a, b) were used in an attempt 

to identify spectral features. 

Table 3.2 
Molecules Observed in the Bandpass Towards CRL 618 

Molecule Transition Frequency 
(MHz) 

TR* / TA* 
(K) 

VLSR 
(km/s) 

AVI/2 

(km/s) 

c) 

'ni/2,J = 27.5 131,281.8 0.003 ± ~-22 -25 -

hc3n 
—» 26.5, a & b 0.001 

hc3n V6=1,J=17^ 154,910.9 0.021 ± ~-22 8.9 ±2.7 E 
16,/= le 0.005 

-0.013 ± 7.3 ±3.3 A 

hc3n 
0.005 

hc3n 

T 
R-II II >

 155,036.8 0.224 ± ~-22 20.5 ± 1.9 E 
16,/=le 0.005 

-0.100 ± 12.6 ± 1.9 A 
0.005 

hc3n V4= V7= 1, J = 155,074.9 0.010 ± -23.9 ± 12.6 ± 1.9 E 
17-^16,/= If 0.005 1.9 

-0.040 ± 3.9 ± 1.9 A 
0.005 

hc3n V6=2, J =17 155,151.7 0.025 ± -22.9 ± 9.7 ± 1.9 E 
^  16,/=0e 0.005 1.9 

-0.047 ± 3.9 ±3.4 A 

l l jd,e) 

0.005 
l l jd,e) 

~ 131,200 0.003 ± ~-22 -25 -

0.001 
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Molecule Transition Frequency TR*/TA* VLSR AV1/2 
( M H z ) ( K )  ( k m / s )  ( k m / s )  

u 155,008 0.020 ± -22.0 15.5 ± 1.9 E 
0.005 

-0.023 ± 6.3 ±1.9 A 
0.005 

u 155,057 0.022 ± -22.0 6.0 ± 1.9 E 
0.005 

-0.031 ± 6.6 ± 1.9 A 
0.005 

155,108 0.027 -22.0 6.0 E 
-0.022 4.5 A 

u 155,187 0.039 ± -22.0 5.2 ±4.3 E 
0.005 

-0.064 ± 3.7 ±3.1 A 
0.005 

u 155,201 0.046 ± -22.0 5.8 ±4.4 E 
0.005 

-0.040 ± 3.9 ± 1.9 A 
0.005 

u 155,207 0.025 ± -22.0 3.9± 1.9 E 
0.005 

-0.069 ± 4.6 ±3.1 A 
0.005 

u 155,220 0.040 ± -22.0 5.9 ±5.7 E 
0.005 

-0.065 ± 3.1 ±2.5 A 

Ud=e) 
0.005 

Ud=e) 167,030 0.002 ± ~-22 -25 -

0.001 
a) Data taken at the IRAM 30 m with resolution of 1 MHz, unless noted. Beam sizes and efficiencies as 

given in Table 3.1. All errors are 3 sigma. 
b) For P-Cygni lines, the frequency and LSR velocity listed are for the center between the absorption 

and emission parts of the line profile. 
c) One letter code indicating portion of P-Cygni profile that fit is for: A for absorption, E for emission. 
d) KP 12 m data with a resolution of 2 MHz. Temperature scale is TR*. 
e) Blended with another line. 
f) From model fit to the N = 13 12 MgNC transition; see text. 
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3-3) Discussion 

i) An AGB remnant molecule 

The unblended line profiles of MgNC in CRL 618 have LSR velocities and 

linewidths typical of the remnant AGB wind. They do not exhibit broad line wings (> 

100 km/s) indicative of the high velocity flow; nor do they show sharp absorption dips 

near -27.2 km/s or -40 km/s, as seen in other molecules such as nh3, HCN, and hc3n 

(e.g. Neri et al. 1992; Wyrowski et al. 2003; Martin-Pinatado et al. 1988). Moreover, the 

uncontaminated N = 12 ^ 11 transition observed at the 30 m appears to exhibit a U-

shaped profile. 

To our knowledge, this is one of the first identifications of a U-shaped line profile 

towards CRL 618. Most of the published spectra on CRL 618 is irom optically thick 

molecules such as CO and HCN and therefore display parabolic profiles (e.g. Sopka et al. 

1989; N-Q-Rieu et al. 1988). (In addition, authors occasionally fail to show spectra when 

identifying molecules in this object (e.g. Bujarrabal et al. 1988)). Emission arising from 

in or near the PDR region has the characteristic P-Cygni profile expected for molecules 

residing in hot, expanding gas, such as vibrationally excited hc3n (Wyrowski et al. 

2003). The bipolar outflow can also affect the line profiles, leading to broad line wings 

and a parabolic-shaped central peak (e.g. Neri 1989). However, the optically thin MgNC 

line at 143 GHz, as seen with the IRAM 30 m, does not have obvious contributions from 

the PDR or bipolar outflow. Furthermore, there are no known molecules that typically 

display P-Cygni profiles in the bandpass of this N = 12 ^ 11 transition. We therefore 



conclude that the U-shape profile in the MgNC transition is a real effect due to partially 

resolved emission from an optically thin shell. 

This data suggests that MgNC emission is spatially resolved in the 17" beam of 

the 30 m and has a shell-like structure. In contrast, the MgNC profiles, measured with 

the 12 m, are roughly flat-topped, indicating an unresolved source. Comparison of the 

antenna temperatures at the two telescopes suggests a distribution roughly 20"-25" in 

extent. This size is consistent with the remnant AGB wind that borders the outflows (e.g. 

Smchez Contreras et al. 2002). 

The uncontaminated IRAM 30 m data was modeled using the envelope program 

of Bieging and Tafalla (1993). MgNC properties were taken from Kawaguchi et al. 

(1993) and collisional cross sections of hc3n ('S^) were used in the simulations. (hc3n 

has a mass similar to MgNC). For this model, a temperature profile was employed based 

on the parameters given in Herpin et al. (2002) and Herpin and Cemicharo (2000) for the 

inner and outer regions of the CSE. An r"^ density distribution was assumed using n(H2) 

-10^ cm"^ at r ~ 5" (Herpin et al. 2002). As shown in Figure 3.4, the N = 12 11 line 

profile from the 30 m could be reproduced using a shell source with rmax ~10" (~ 2.5 x 

10^^ cm at 1.7 kpc (Meixner et al. 1998)) and a width of ~5". Peak fractional abundance 

for MgNC, relative to H2, was predicted to be -10"^. The Kitt Peak data could also be fit 

with this model, but with less confidence, due to the low signal to noise of the observed 

lines. 



60 

Model Fits for MgNC in CRL 618 

N = 1 2  
0.024 

xi 0,012 

0.000 

-12 

-42 

Log Radius (cm) 

Figure 3.4 
Displayed are the model results for the N = 12 ^ 11 line of MgNC in CRL 618 as 
simulated using the program of Bieging and Tafalla (1993). The model reproduces the U 
- shaped profiles seen in the autocorrelator spectrum using a shell-like distribution with 
width of ~ 5". 

The unusual profile of the N = 13 ^ 12 line of MgNC, observed at IRAM, can be 

reproduced by the superposition of a single P-Cygni profile, arising from a U-line 

centered at 155,108 MHz (VLSR = -22 km/s), on top of two MgNC doublets. There are 

other U-lines in this spectrum that have P-Cygni shapes. The characteristic P-Cygni 

profile consists of an overlap of emission and blue shifted absorption lines and arises 

from hot, expanding gas. The emission portion is due to the hot gas, while the second 

part of the profile arises from cooler gas in the outer envelope which absorbs continuum 

emission from the star (Fukusaku et al. 1994; Wyrowski et al. 2003). The parameters for 

the U line are listed in Table 3.2 and are similar in emission temperature and linewidths 
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to the other unidentified features seen in the 155 GHz spectrum. The model profile is 

shown in Figure 3.5 as a dark solid line overlaid on the observed spectrum. The higher 

velocity side of the profile is slightly below the observed temperature, but the overall 

comparison is good, suggesting that this is an appropriate model. 

Model Profile 
MgNC in CRL 618 
N = 13-^ 12 

0.03 

4: 

H 

0.00 

28 -72 -22 

^LSR (km/s) 

Figure 3.5 
The predicted fit for the MgNC N = 13 ̂  12 transition in CRL 618 is shown. The dark 
line is the sum of the two U-shaped MgNC spin-rotation components from the N = 12 ^ 
11 transition and a P-Cygni feature as seen in the 155 GHz bandpass. 

ii) Outer envelope chemistry in CRL 618 

Because MgNC emission arises in the outer envelope, the chemistry of the 

molecule depends solely on the characteristics of the remnant AGB wind. Analysis is 

therefore analogous to that in other sources such as IRC+10216. In order to determine 

the column density of MgNC in CRL 618 a rotational diagram analysis using both IRAM 
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and 12m data was performed. For 0s = 20", this analysis yields Ntot = 2.4 x lO'^ cm"^ and 

Trot = 21 K. From this column density, a fractional abundance of f (MgNC/H2) ~ 5.3x10"^ 

was calculated, assuming a shell with an outer radius of 10", a width of 5", mass loss rate 

of 1 X 10"^ M©/yr, and a distance of 1.7 kpc (Meixner at al. 1998). The procedures to 

calculate these values were the same as those give i^i Chapter 2 in the context of CRL 

2688. 

One explanation for the detection of MgNC in CRL 618 relates to the size of the 

object. The large number of molecular detections, and sheer breadth of the CSE has led to 

the idea that the progenitor to CRL 618 was a massive (> 3 star (Kwok and Bignell 

1984; Speck, Meixner, and Knapp 2000). Additional studies have suggested that the main 

sequence mass of CRL 618 was 6 M© or greater (section iii below; Phillips et al. 1992). 

A massive progenitor evolves more rapidly in general and thus there is less time for 

photo-dissociation of molecules to occur, leading to an increase in molecular detections 

(Kwok and Feldman 1981). In fact, calculations by Blocker (1995) show that a 5 M® star 

passes through the AGB ten times faster than a 3 M® star. This scenario may explain the 

persistence of MgNC, but a number of other metal molecules, such as AlF, AlCl, and 

NaCN, were not seen in this object (Chapter 4). An alternative explanation is therefore 

needed. 

The detection of MgNC in the CSE of CRL 618 shows that this molecule survives 

in the remnant AGB wind well into the PPN stage of evolution. The molecule itself has 

not been processed by the outflows and increased stellar photo-ionization that occurs 

during the PPN stage. This scenario is discussed further in the next chapter. 
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iii) MgNC isotopomers in PPNs: What is the mass of CRL 618? 

Magnesium isotopes can be used to determine the initial main sequence masses 

of AGB objects. These elements are sensitive to mass dependent nucleosynthesis 

processes. Specifically, can be formed from the ^^Ne(a, n) ^^Mg reaction (e.g. 

Guelin et al. 1995; Goriely and Mowlavi 2000) which only becomes active in 

intermediate mass (5-8 M®) stars. The neon neutron source is activated when the 

temperature in the thermal pulse region reaches 3.5 x 10^ K (Smith 1999; Gallino et al. 

1997) and leads to an enhancement of both ^^Mg and ^^Mg while ^'^Mg remains unaltered 

(Truran and Iben 1977; Kahane et al. 2000). A study of magnesium isotopomers in 

IRC+10216 was conducted by Guelin et al. (1995). These authors determined a 24:25:26 

Mg isotope ratio of 78:11:11, consistent with the solar value (79:10:10, Anders and 

Cirevesse (1989)), within the error bars of the measurement. Using stellar evolution 

models, they further determined the main sequence mass of IRC+10216 to be between 3 

and 5 solar masses. 

We have searched for ^^MgNC and ^^MgNC emission in CRL 618 and CRL 

2688. Several transitions were observed at both the KP and IRAM telescopes. 

Summarized here are the best results from the 30 m. The N = 12 —11 transition of 

^^MgNC and the N = 12 ^ 11 transition of ^^MgNC at 140.5 GHz and 138.0 GHz, 

respectively, were measured toward both CRL 618 and CRL 2688 during telescope runs 

in 2001 September and 2003 April. The beam size of the 30 m at these frequencies is 18" 

and the efficiency, r|b, is 0.70. The observing setup was similar to the one described in 

Section 3-2 for the main isotope. No emission fi"om either isotopomer was seen in CRL 
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2688 down to a TA* level of 6 mK for ^^MgNC and 4 mK for ^^MgNC. In CRL 618, the 

OA 9^ 
MgNC transition was not seen down to the 9 mK level. A possible MgNC N = 12 ^ 

11 line was detected however, as shown in Figure 3.6 at 1 MHz resolution. This 

spectrum shows a broad feature which may be from a blend of 12 hyperfine components 

due to the I = 5/2 spin of Mg. The arrow in the figure marks the center of the line 

profile. The integrated intensity of this feature is 0.173 ± 0.053 K km/s. Also visible in 

the spectrum is an unidentified line with a P-Cygni profile and an emission feature 

possibly due to vibrationally excited SiCi. 

MgNC CRL 618 

1.02 - N = 12 SiC, 

^ 0.01 

t 

H 

-172 -22 128 

VLSR (km/s) 

Figure 3.6 
The tentative detection of the N = 12 11 transition of ^^MgNC towards CRL 618 is 
shown. The line profile is the result of the blend of 12 hyperfine transitions due to the I = 
5/2 spin of ^^Mg. Combined with the main isotope data, this line gives a 
^"^MgNC/^^MgNC ratio of 3.8 ± 1.8. 
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While the data set is limited, some general conclusions can be drawn. The 

^'^MgNC N = 12 -^11 in the Egg Nebula has TA* ~ 0.014 K. Comparing the intensity of 

this line with the upper limits to the isotopomers gives ^"^MgNCi^^MgNC > 2.3 and 

^VgNC:^^MgNC >3.5 in CRL 2688. The N = 12 11 line of ^VgNC in CRL 618 has 

jTA*dv = 0.645 ± 0.021 K km/s. This gives ^'^MgNCr^^MgNC = 3.8 ±1.8 for this source 

when the total column densities of both isotopomers are compared. (For this calculation, 

excitation conditions of the two molecules were assumed equal). From a measure of 

intensity ratios (Table 3.1), ^^MgNC:^®MgNC > 1.4 in CRL 618. 

From these results, the initial main sequence mass of CRL 618 can be estimated. 

Forestini and Charbonnell (1997) have computed elemental abundances at the tip of the 

AGB stage for stars between 3 and 6 M© using a nucleosynthesis model. For an initial 

solar composition, these authors predict a 24:25 Mg ratio of 4.47 for an initial mass of 6 

M©. The ratio increases with smaller stellar size. It is therefore probable, based on this 

work, that the initial mass of CRL 618 was at least 6 M©. Further isotope studies would 

better constrain this value toward CRL 618 and CRL 2688. 
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CHAPTER 4: THE CHEMICAL EVOLUTION OF METAL MOLECULES IN 
CIRCUMSTELLAR ENVELOPES 

4-1) Introduction 

In this chapter, the chemical evolution of circumstellar envelopes from the AGB 

phase through the PPN stage is discussed. Various observational studies have been 

conducted to examine the survival of molecules during this transition (e.g. Bujarrabul 

1988; Bachiller et al. 1997; Herpin et al. 2002). Thus far, these investigations have 

shown that as a star leaves the AGB, the higher temperatures and larger flux of UV 

photons favor the production of ions such as HCO^, radicals such as CN, and metastable 

isomers as indicated by HNC. In contrast, the abundances of silicon-bearing molecules 

such as SiO and SiC2 decrease (Bachiller et al. 1997). 

The fate of metal-containing molecules is particularly of interest in this 

evolutionary scheme. The chemistry of refractory-bearing molecules, however, has been 

based solely on observations of IRC+10216. As mentioned in Chapter 1, many of these 

species are thought to be formed in the AGB phase by LTE chemistry close to the 

photosphere. In addition, shocks due to low amplitude stellar pulsations may also affect 

the abundances of inner envelope species, particularly Si-containing compounds (Willacy 

and Cherchneff 1998; Duari, Cherchneff, and Willacy 1999). These refractory species 

are then believed to condense onto dust grains as the envelope material flows from the 

central star (Glassgold 1996, 1999). A major fraction of refractory elements must remain 

in the gas phase however in order to form the outer envelope cyanide/isocyanide 

molecules such as MgNC. Photochemistry, shocks, and radiative association processes 

have been postulated to create such species (Glassgold 1996; Petrie 1996a; Ziurys et al. 
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2002). In this chapter, we compare the abundances of metal molecules in the three 

circumstellar shells in our survey and discuss the implications of these findings on the 

chemical evolution of the envelope. 

4-2) Observations in IRC+10216 

For any comparison between sources to be valid, the analysis of molecular 

abundances must be computed for each source in a systematic and consistent manner. 

For several metal molecules in IRC+10216, however, no detailed data analysis can be 

found in the literature. It was therefore decided to re-observe three compounds towards 

this source and to re-examine the existing literature data on three other species. Data on 

AlF and MgNC were taken by other Ziiirys group members, whereas the AlCl 

observations towards IRC+10216 were recently conducted by the author and 

undergraduate researcher K. Thomson (see Appendix D). 

Measurements of AlF between 1 and 3 mm were made between 13-16 February 

1994 using the Kitt Peak 12 m telescope. Observations of MgNC in IRC+10216 were 

made in March and April of 2001. AlCl was also studied at the 12 m between 6 and 11 

June 2002. Exact transitions and frequencies as well as telescope efficiencies and beam 

sizes are given in Tables 4.1 to 4.3. The receivers employed were dual-channel SIS 

mixers, operated in single sideband mode (SSB). The 2 and 3 mm receivers were tuned 

to SSB while at 1 mm a Martin-Puplet interferometer was used to reject the image 

sideband. Typical rejection was 16-20 dB. The backends included a pair of 256 channel 

filter banks, simultaneously run in parallel mode at 1 and 2 MHz resolution, with 2 x 128 

channels for each mixer polarization. 



68 

Table 4.1 
Observations of AlF in IRC+10216 

Transition Frequency 0B RIC TR* VLSR AV1/2 
(MHz) (") (K) (km/s) (km/s) 

J = 3 • 98,927 64 0.88 -0.010 ~ -26.0 -27 
J = 5- 164,868 38 0.70 0.036 ± 0.004 -25.5 ± 1.8 29.1 ± 1.8 
J = 7--^6 230,794 27 0.51 0.050± 0.013 -25.9 ± 2.6 26.0 ±2.6 
J = 8 -^7 263,750 24 0.42 0.039 ±0.010 -23.4 ± 2.3 27.2 ± 2.3 
J = 9 -^8 296,699 21 0.35 0.064 ± 0.030 -27.4 ± 2.0 24.2 ± 2.0 

a) Kitt Peak 12 m  data with a resolution of 2 MHz, unless noted. All errors are 3a. 
b) Blended hyperfine components; see text. 
c) 1 MHz resolution. 
d) Blended with the N = 10 —> 9, J = 10.5 —> 9.5 transition of C3N. 

Table 4.2 
Observations of AlCl in IRC +10216 

Transition 

J=7 ^ 6 
J=9->8 
J=10^9'^ 
J=11-^10 
J=12^11 

Frequency 0b no TR VLSR AVi/2 
(MHz) (") (K) (km/s) (km/s) 
102,031.9 62 0.87 0.009 ± 0.002 -28.0 ±2.9 21.7 ±2.9 
131,175.2 48 0.80 0.013 ±0.004 -25.2 ± 4.6 27.4 ±4.6 
145,744.5 43 0.76 -0.015 --26 - 2 5  
160,312.1 39 0.72 0.022 ± 0.004 -26.5 ± 3.7 29.9 ±3.7 
174,877.6 36 0.67 -0.02 --26 - 2 5  

a) KP 12 m data measured with a resolution of 2 MHz. All errors are 3o. 
b) Measured with 1 MHz resolution. 
c) On the side of the C'^S; J = 3 —> 2 line. 
d) Blended with C2H (N = 2 —> 1) and SiN (N = 4 3) lines. 
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Table 4.3 
Observations of MgNC in IRC+10216 

Transition Frequency 0b Tic TR* VLSR AVI/2 JTR*DV 
(MHz) (") (K) (km/s) (km/s) (K km/s) 

=  6 ^ 5  

J = 5.5 -> 4.5 71,591.5 88 0.93 -0.030 --26 -30 -0.7 
J = 6.5->5.5 71,606.7 0.030 ± -25.0 ± 25.1 ± 0.703 ± 

0.008 4.2 4.2 0.059 

N = 7->6 
J = 6.5 ^ 5.5 83,523.1 75 0.91 0.028 ± -28.0 ± 28.7 ± 0.718 ± 

0.004 3.6 3.6 0.025 
1 = 7.5^6.5'^ 83,538.4 -0.025 ~-26 -30 -0.7 

N  =  8 ^ 7  
J = 7.5 ^6.5 95,454.1 66 0.89 0.036 ± -27.8 ± 28.3 ± 0.832 ± 

0.008 3.1 3.1 0.044 
J = 8.5 ^7.5 95,469.3 0.039 ± -26.2 ± 28.3 ± 0.989 ± 

0.008 3.1 3.1 0.041 

N  =  9 ^ 8  
J  =  8 . 5 7 . 5  1 0 7 , 3 8 4 . 2  5 9  0 . 8 6  - 0 . 0 5 0  - - 2 6  - 3 0  -  1 . 0  
J = 9.5 ^8.5 107,399.4 0.048 ± -26.4 ± 27.9 ± 1.083 ± 

0.005 2.8 2.8 0.087 

N= 11 ^ 10 
J =10.5->9.5 131,241.6 48 0.80 0.025 ± -26.8 ± 27.4 ± 0.582 ± 

0.005 2.3 2.3 0.055 
J =11.5  ̂  10.5 131,256.8 0.028 ± -26.1 ± 27.4 ± 0.651 ± 

0.005 2.3 2.3 0.055 

N= 12-> 11 
1=11.5^10.5"^ 143,168.7 44 0.77 -0.020 --26 -30 -0.5 
J =12.5-^11.5"^ 143,183.9 -0.020 --26 -30 -0.5 

N= 13 ^ 12 
J= 12.5-> 11.5 155,094.6 40 0.73 0.019 ± -26.6 ± 27.1 ± 0.450 ± 

0.005 1.9 1.9 0.035 
J =13.5-^ 12.5 155,109.8 0.017 ± -27.6 ± 25.1 ± 0.383 ± 

0.005 1.9 1.9 0.033 
a) Kitt Peak 12 m data with 1 MHz resolution. Each transition consists of two partially blended spin-

rotation components. All errors are 3 sigma. 
b) Blended with a line of Si^^S. 
c) Blended with the N = 17.5 —> 16.5 a & b lines of C5H at 83.544 GHz. 
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Five lines of AlF were seen ranging from the J = 3 ^ 2 line at 98 GHz to the J = 

9^8 line at 296 GHz. Figure 4-1 shows four of the observed transitions. All lines have 

flat topped profiles, as expected for unresolved emission. (Hyperfine splitting can be 

ignored; see Chapter 2). Intensities of the molecule were 40-60 mK at 1 and 2 mm and 

10 mK at 3 mm. The velocity with respect to local standard of rest is near -26.0 km/s, as 

expected for IRC+10216 (Cemicharo, Guelin and Kahane 2000). Line widths range from 

24.2 to 29.1 km/s. Line parameters are summarized in Table 4.1. 

Results of our AlCl measurements toward IRC+10216 are given in Appendix D 

and summarized here in Figure 4.2 and Table 4.2. Five lines of this molecule were seen 

with TR* ~ 20 mK and line widths of-25-30 km/s. The J = 9 ̂  8, J = 10 ^ 9, and J = 

11^10 lines of AlCl at 2 MHz resolution and the J = 7 ^ 6 line at 1 MHz resolution 

are shown in Figure 4.2. The J = 10 ̂  9 line is blended with the J = 3 ̂  2 line of C^^S. 

All the AlCl lines exhibit flat topped profiles, similar to those of AlF. 

Seven transitions of MgNC ( S) were observed with the 12 m telescope. Each 

spin-rotation component is marked with an arrow in Figure 4.3. Several of the MgNC 

lines are blended with a transition of the Si^^S molecule. The higher frequency 

transitions are slightly U-shaped. Table 4.3 shows the integrated intensity fit for each 

doublet component. Line temperatures range from 20 to 50 mK and line widths are ~ 30 

km/s. 
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Figure 4.1 
Four of the observed transitions of AlF in IRC+10216 taken with the 12 m telescope are 
displayed. The lines are roughly flat-topped, as expected for molecules seen in the inner 
circumstellar envelope (Cemicharo and Guelin 1987; Guelin et al. 1997). Spectral 
resolution is 1 MHz. 
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Figure 4.2 
Four of the lines of AlCl observed towards IRC+10216 with the Kitt Peak 12 m are 
shown. Filter bank resolution is 2 MHz, except for the J = 7 ^ 6 line which is at 1 MHz. 
Lines are flat topped, similar to AlF (Figure 4.1). 



73 

MgNC IRC+10216 
0.060 

0.030 

0.000 

0.050 

0.025 

0.000 

g 
^ 0.040 

Pi 
H 

0.020 

0.000 

0.024 

0.012 

0.000 

-76 -26 24 

Vlsr C™ S"') 

Figure 4.3 
Four of the observed transitions of MgNC as seen with the Kitt Peak 12 m at 1 MHz 
resolution are displayed. Arrows mark the locations of the two spin-rotation components. 
The higher frequency components are slightly U-shaped, as seen in the N = 11 ^ 10 
transition. 
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Column densities and fractional abundances for AlF, AlCl, and MgNC were 

calculated using the procedure discussed in Chapter 2. An assumed spherical source of 

5" was used for AlF and AlCl, in analogy with Plateau de Bure (PdB) maps of NaCl and 

NaCN (Guelin et al. 1997). MgNC has been mapped by the PdB interferometer as well 

(Guelin et al. 1993). A shell source of emission was found with router - 20" and rinner ~ 

10". These dimensions were used in our fractional abundance calculations. The mass 

loss rate of IRC+10216 was set to 3.0 x 10'^ M®/yr and an expansion velocity of 15 km/s 

was used (Crosas and Menten 1997; Guelin et al. 1997; Cemicharo et al. 2000). The 

resulting abundance values for these species are given in Table 4.5 and are discussed 

below in section 4-4. 

The abundances of MgCN, AINC, and KCl in IRC+10216 were re-analyzed from 

literature data. For MgCN, the data of Ziurys et al. (1995) was placed in a rotational 

diagram. The emission region was assumed to have the same dimensions as MgNC. The 

AINC column density value in Table 4.5 is taken from Ziurys et al. (2002). The 

fractional abundance for this molecule was scaled from a distance of 200 pc down to 150 

pc. In our calculations, the mass loss is assumed to be constant and independent of 

distance, and thus fractional abundance scales directly with distance as f(d2) = f(di)* 

(d2/di) where di and di are the two assumed distances (see Appendix C; c.f. Bieging and 

Tafalla 1993). For KCl, the data of Cemicharo and Guelin (1987) was re-analyzed using 

a rotational diagram and an assumed source size of 5", similar to the other metal halide 

molecules in this source. A dipole moment of 10.3 D (Hellwege 1974) was used. Final 

results are summarized in Table 4.5. 
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4-3) Observations in PPN 

Of the eight metal molecules seen in IRC+10216 to date, several have also been 

discovered in CRL 2688 (Chapter 2) and MgNC was seen in CRL 618 (Chapter 3). 

Upper limits to the other known circumstellar metal species have also been obtained in 

both PPNs. AlCl, AINC, KCl and MgCN were studied in CRL 2688 and investigations 

were made for AlCl, AlF, KCl, MgCN, NaCl, and NaCN in CRL 618. 

Searches were made between December 1999 and April 2003 using both the KP 

12 m and IRAM 30 m telescopes. Observing parameters and set up were similar to that 

given above for IRC+10216 and in Chapter 3. Table 4.4 lists the molecules and 

transitions studied in both CRL 2688 and CRL 618 as well as the peak to peak noise 

levels obtained. 
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Table 4.4 
Searches for Known Circumstellar Metal Molecules in Proto-Planetary Nebulae 

Source Molecule Transition Frequency 0B ri''^ TR*/TA* 
(MHz) (") (K) 

102,031.9 24 0.76 < 0.003 

160,312.1 15 0.66 < 0.004 

143,605.4 44 0.77 < 0.002 
155,567.4 40 0.73 < 0.002 

92,246.5 68 0.89 < 0.004 
146,003.2 43 0.76 < 0.002 

101,885.0 24 0.76 < 0.002 
224,053.2 28 0.52 < 0.006 
234,226.0 11 0.52 < 0.005 

160,312.1 15 0.66 < 0.008 

164,867.8 38 0.71 < 0.005 

153,677.4 41 0.74 < 0.002 

234,226.0 11 0.52 < 0.007 

91,169.9 27 0.77 < 0.006 
130,223.6 19 0.72 < 0.006 

138,651.9 45 0.78 < 0.003 

153,557.7 41 0.74 < 0.003 

CRL AlCl 
2688 

AINC 

KCl 

MgCN 

CRL 
618"^ 

AlCl 

AlF 

KCl 

MgCN 

NaCl 

NaCN 

7-

11 

12 
13 

6^ 

10^' 

11 
12 

12-^ 11 i) 

= 28->27 

N = 10- g g )  

N = 22-- ^ 2 1  

N = 23 -- ^ 2 2  

J = l l - ^ 1 0 ® ^  

J  =  5 ^ 4  

J = 20^ 19 

N = 23 ^ 22 

J = 7 ^ 6 
J = 10-^9®^ 

J(Ka,Kc) = 9(0,9)^ 
8(0,8) 
J(Ka,Kc) = 10(0,10) 
9(0,9) 

TR = TR* / Tic, and Tib for 

a) Data taken at the KP 12m telescope with 2 MHz resolution, unless noted. 
b) Main beam efficiency depending on temperature scale (ric for the 12m where 

IRAM where TR = T^* / tit,). 
3 a upper limits based on peak to peak noise level. 
CRL 2688 observations made with VLSR= -33.0 km/s. 
IRAM 30 m filter bank with 1.0 MHz resolution. 
Kitt Peak data with 1 MHz resolution. 
IRAM 30 m autocorrelator with 1.25 MHz resolution. 
CRL 618 observations made with VLSR = -22.0 km/s. 

c) 
cl) 
e) 
f) 
g) 
h) 
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A significant amount of telescope time was devoted to the detection of these 

species, as indicated by the low, <10 mK, temperature levels attained. The radiometer 

equation is useful tool for estimating the time required to reach a theoretical noise limit. 

For a dual channel filter bank system this equation is; 

where ATpp is the sensitivity of the search at the peak to peak noise level, a is the 

statistical confidence level, Tsys is the system temperature (typically 300 K at 2 mm at the 

12 m). Ton is the on source integration time, and AV is the filter bank resolution. From 

this equation, it can be seen that a typical KP 12 m, 3a search, down to the 3 mK level, 

using a dual charmel system, takes more than 12 hours to complete. Fortunately, because 

of the multiplex detection scheme, it is often possible to find two or more transitions in 

the same band pass. 

Some of these non-detections may be due to experimental limitations. Most of 

the searches were made with the KP 12 m telescope. The resulting beam on the sky at 2 

mm is near 40", making detection of a source with a small emission size difficult because 

of the large filling factor involved. This effect is amplified with distance to the source, as 

the emission region subtends a correspondingly smaller angle on the sky. For example, 

AlF emission could not be seen in CRL 2688 down to a mK limit using the 12 m 

telescope, but this molecule was readily detected using the smaller IRAM beam (Chapter 

2). The overall lack of metal molecule emission in CRL 618 may be due to this filling 

factor effect. At a distance of 1.7 kpc, this object is the farthest source in the survey. 

(4-1) 
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Why then is AlCl not seen in CRL 2688? This molecule was observed with the 

smaller beam of the IRAM 30 m telescope, implying that experimental limitations are 

reduced. A noise limit of < 3 mK was achieved for the J = 7 6 transition at 102 GHz 

and < 4 mK for the J = 11 ^ 10 line at 160 GHz. If the experimental limits are not 

important, the reason for the non-detection of this molecule must be a chemical effect. 

One explanation for the lack of AICl emission in CRL 2688 could be interactions 

with dust grains. Sharp and Huebner (1990) have computed a solar abundance (C/O ~ 

0.4 (Anders and Grevesse 1989)) LTE model including condensation. They find that 

AlCl and AlF incorporate rapidly into grains at T ~ 1200 K. NaCl, on the other hand, 

still has a significant gas phase component at this temperature. These calculations could 

explain why AlCl is not seen; however AlF is quite abundant in CRL 2688 (Chapter 2). 

In another possible scenario, metals are condensed onto dust grains in the inner envelope 

from the star during the AGB phase. These grains then move through the envelope as the 

star evolves. Shocks and clumping effects in the PPN stage then reproduce the sodium 

molecules via neutral-neutral reactions where atomic sodium has been liberated from dust 

grains. For example, Na + HCl —> NaCl + H where NaCl is the thermodynamically 

preferred molecule. Sodium, with its lower melting point (371 K) (Lide 1993) is more 

easily vaporized off solid surfaces than A1 (mp 933 K) and hence AlCl is not present. 

(Unfortunately this scenario also does not explain the existence of AlF). 

The lack of AINC emission in CRL 2688 may also be due to chemical 

interactions. This molecule was not detected down to the 2 mK level at the 12 m 

telescope. The resulting total column density is < 5 xlO'° cm'^, an order of magnitude 
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less than the observed value of AINC in IRC+10216 (Table 4.5). It therefore appears that 

AINC is not as readily produced in the PPN compared to the AGB source. A possible 

pathway to AINC formation in IRC+10216 is through ligand transfer from a metal halide, 

such as AlCl (Zixirys et al. 2002; Petrie 1996). Thus, the lack of AlCl in CRL 2688 may 

lead to a corresponding decrease in the AINC abundance in this source. AINC was not 

measured towards CRL 618. 

4-4) Comparison of Metal Molecule Abundances in CSEs 

Table 4.5 summarizes the results discussed up to this point. Column densities and 

fractional abundances are given for each of the known CSE metal-bearing species in all 

three observed sources, which are listed in chronological age from the least evolved 

object, IRC+10216. Source sizes used in the computations are also given as well as 

references for the observational parameters. 
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Table 4.5 
Abundances of Metal Molecules in Circumstellar Envelopes 

Source Type Molecule Source Size Ntot Fractional 
(") (cm"^) Abundance ®) 

IRC+10216 AGB MgNC 40") 1.4 X 10'^ 1.3 x 10-'' 
MgCN 40 1.2 X 10^^ 1.2 X 10-^ 
AINC 30')  9x 10' '  4.0 X 10-'° 
AlF 5« 6.2x10^^ 8.7 X 10-^ 
AlCl 5 6.7x10"^ 9.4 X 10'^ 
NaCl 5®> 3.0 X 10'^ 4.3 X 10-^ 
NaCN 58) 1.6x10'^ 2.3 X 10"^ 
KCl 5h) 8.2 X 10'^ 1.2 X 10-^ 

CRL 2688 PPN MgNC 30')  3.7 X 10'^ 4.1 X 10-^ 
MgCN 30')  < 1 X lO^'' < 1 X 10-^' 
AINC 30')  < 5 x  1 0 " ^  <5x10-" 
AlF 10')  8.8 x 10^^ 3.5 X 10"^ 
AlCI 25 8) < 2 x  1 0 ' ^  < 2 X 10'^ 
NaCl 258) 1.9 X 10" 1.6 X 10"'" 
NaCN 258) 6.0x10^^ 5.2 X 10"^ 
KCl 10, 25 < 5-25 X 10'° < 2-20 X 10'" 

CRL618 PPN/ MgNC 20") 2.4 X 10'^ 5.3 X 10"^ 
PN MgCN 20')  < 7 x  1 0 "  < 2 x  1 0 " ^  

AINC — - - — 

AlF 10, 20 ") < 4-20 X 10'^ < 1-2 x 10'^ 
AlCl 10, 20 •') < 5-13 X 10'^ <1-2 X 10-^ 
NaCl 10, 20'') < 1-4 X 10" <2-5x lO"' '^ 
NaCN 10,20' ' )  < 1-5 X 10^^ < 3-7 X 10"^ 
KCl 10, 20''^ < 2 x  1 0 ' ®  <3-4x 10'" 

a) Relative to H2 for a spherical geometry or peak shell geometry, as discussed in the text. 
b) Source with width of 10"; see text. 
c) Assumed shell source based on MgNC distribution. 
d) From a rotational analysis using Ziurys et al. (1995) data. 
e) Ziurys et al. (2002). Fractional abundance scaled based on 150 pc distance to source. 
f) Assumed constant abundance source distribution. 
g) Highberger et al. (2003). 
h) From a rotational analysis of Cemicharo and Gu^lin (1987) data; see text. 
i) Highberger et al. (2001). 
j) Assumed shell source distribution as NaCl. 
k) Highberger and Ziurys (2003). 
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For the molecules that were not detected, the values in Table 4.5 are upper limits. 

The data used to determine the upper limits was taken from Table 4.4. For CRL 2688, a 

line width of 30 km/s was assumed and, for CRL 618, AV1/2 was set to 25 km/s. In both 

objects, the source distribution of MgCN and AINC was assumed to be equal to that of 

MgNC. For the undetected halides and NaCN, two source geometries were assumed, and 

thus there is a range of values listed in Table 4.5. First, a spherical source with r ~ 5" and 

Trot ~ 50 K was assumed as an 'inner envelope' distribution. In the second case, a shell 

like outer envelope distribution was used with a temperature of 20 K. For CRL 2688 

species, the MgNC (r ~ 10") distribution was used and, for CRL 618 molecules, the NaCl 

(r ~ 12.5") geometry was employed. 

Some interesting results are seen when examining the abundance differences 

between the AGB star and the two PPNs. First, the fractional abundance of MgNC in IRC 

+ 10216 (1.3 X 10"^), CRL 2688 (4.1 x 10"^), and CRL 618 (5.3 x 10"^) is comparable. On 

the other hand, the halide molecules and NaCN show exciting differences between the 

n 
three sources. In IRC+10216, both AlCl and AlF have abundances near 10' , relative to 

Ha - one to two orders of magnitude higher than the upper limits found in the PPNs (or in 

the case of AlF in CRL 2688, the observed abundance). NaCl, NaCN, and KCl are at 

least a factor of 10 more prevalent in IRC + 10216 as well. Clearly, the closed-shell 

inner envelope molecules are produced (or are preserved) more efficiently in the AGB 

phase. 

Chemical modeling of the inner envelopes of AGB stars suggests that molecular 

abundances are dependent on equilibrium chemistry as well as shocks due to stellar 
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pulsations (Tsuji 1973; Willacy and Cherchneff 1998). Closed-shell metal halide species 

such as AlCl, NaCl, and AlF are predicted to be abundant under LTE conditions (Chapter 

5). It is thus not surprising that these molecules have been observed in the irmer shell of 

IRC + 10216 (e.g. Guelin et al. 1997). MgNC, on the other hand, is a radical, and is 

found in the outer envelope in IRC + 10216, where photochemical and ion-molecule 

reactions create open-shell species (e.g. Glassgold 1996). 

The inner regions of CRL 618 and CRL 2688 both have been impacted by the 

second phase of mass loss. Large amounts of material have been swept up in high 

velocity flows from the central stars (e.g. Trammel and Goodrich 2002; Sahai et al. 

1998a, b), creating shock waves in the molecular gas (Cox et al. 1997,2003). CRL 618 

is sufficiently evolved to have developed a small HII region, as well, with an associated 

PDR. These phenomena must significantly alter the chemistry in the iimer envelopes of 

these objects. 

The LTE abundances of metal-bearing species also must be affected by the 

shocks, outflows and enhanced UV radiation as the star evolves. Sodium, potassiimi, and 

aluminum-bearing compounds in CRL 618 are likely destroyed by such events. NaCl, 

NaCN and AlF are still present in CRL 2688, but this object is not as evolved as CRL 

618. Moreover, as discussed in Chapter 2, the two sodium compoimds are actually 

present in a shell-like source at a considerable distance from the star (r ~ 10" - 12"), 

tracing the edges of the outflows. These molecules may have been survivors of 

previous LTE chemistry or they may have been recreated in the shocks. Independent of 

Iheir origin, these species are no longer confined to the inner shell. AlF is more 
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thermodynamically stable then the sodium species and AlCl. For example, at 2000 K, the 

Gibbs free energy of formation of AlF is -402.224 kJ/mol while AGf's for AlCl, NaCl, 

and NaCN are -194.926 kJ/mol, -214.277 kJ/mol, and 31.211 kJ/mol, respectively 

(Chase 1998; Petrie 1996b; Table 5.3). Thus, AlF may survive in the inner envelope 

longer. However, this molecule is also eventually destroyed, as indicated by is non 

detection (f < 1-2 x 10"^) in CRL 618. 

MgNC is thought to be exclusively created in the outer envelope. The abundance 

of this molecule in CRL 618 and CRL 2688 is not affected by the shocks and outflows 

which have yet to impact the outer shell. Unlike other metal-bearing species, MgNC 

survives in the remnant AGB wind. Hence, this radical still exists in a highly evolved 

source such as CRL 618. It may also be possible to observe MgNC in older objects such 

as the planetary nebula NGC 7027. 

4-5) Searches for New Interstellar Species 

In any long integration, mm-wave astronomical spectra, there are usually one or 

more lines that cannot be assigned to any known interstellar molecule. In an attempt to 

uncover some of these unidentified lines, observations at Kitt Peak and IRAM were 

conducted toward IRC+10216, CRL 2688, and CRL 618 for metal molecules not 

previously seen in the interstellar medium. Transitions of FeC, FeN, KC, KH, MgNH2, 

MgS, NaC, NiC, NiCN, and ZnCN were observed towards IRC+10216. A subset of 

these molecules were also investigated in the PPNs. None of these molecules were 

detected. Table 4.6 lists the molecules attempted in each source, as well as the transitions 

imd frequencies studied and the telescope parameters. Peak to peak noise levels are also 
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given as upper limits on the detection of each molecule. TR* and TA* values are all less 

than 20 mK with typical values in the 2-5 mK range. 

Table 4.6 
Searches for Metal Molecules in Circumstellar Envelopes 

Source Molecule Transition Frequency 
(MHz) 

0b 
(") 

TR*/TA* 

(K) 

IRC+ FeC Q = 3,1 = 5^4"^ 160,590.8 39 0.72 < 0.003 
10216'^ 

3, J = 6 ^ 5 

160,590.8 

Q = 3, J = 6 ^ 5 240,863.0 26 0.48 < 0.003 

FeN A = 5/2, J = 9/2 ^ 7/2 162,630.9 39 0.71 < 0.003 
Q = 5/2, J = 13/2^ 234,890.7 27 0.50 < 0.003 
11/2''^ 

K C  N = 1 4 - > 1 3 ® ^  

K H  J  =  1  ̂  0  

MgNH2 N,J(Ka,Kc) = 5,4.5(0,5) 
4 3 SCO 4^ 

N,J(ka,Kc) = 5,5.5(0,5) 
4,4.5(0,4) 

N,J(Ka,Kc) = 8,7.5(0,8) 
^ 7,6.5(0,7) 
N,J(Ka,Kc) = 8,7.5(0,8) 

7,6.5(0,7) 
N,J(Ka,Ko) = 8,7.5(1,7) 
^ 7,6.5(1,6) 
N,J(Ka,Kc) = 8,7.5(1,7) 
-^7,6.5(1,6)") 

MgS J = 6 ̂  5 
1=13-^12"^ 

NaC N = 4 ^ 3 
N = 6 5 

NiC J = 3 2 
j  =  4 ^ 3 d )  
J  =  7 ^ 6  d) 

241,118.0 10 0.50 < 0.006 

202,269.6 31 0.60 < 0.003 

130,730.0 48 0.80 < 0.002 

130,768.8 48 0.80 < 0.002 

209,128.6 30 0.57 < 0.005 

209,167.4 30 0.57 < 0.005 

211,028.8 30 0.57 < 0.005 

211,068.3 30 0.57 < 0.005 

96,076.0 65 0.88 < 0.002 
208,107.4 30 0.57 < 0.008 

102,895.9 24 0.76 < 0.004 
154,316.6 16 0.67 < 0.003 

114,692.8 21 0.74 < 0.003 
152,919.2 41 0.74 < 0.003 
229,359.0 27 0.52 < 0.005 
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Source Molecule Transition Frequency 0^^ TR*/TA* 
(MHz) n (K) 

"IRC+ NiCN Q = 5/2, J = 19.5168,828.7 37 0.69 <0.002 
10216'^ 18.5'*^ 

Q = 5/2, J = 23.5^ 203,436.4 31 0.59 <0.005 
22.5 

ZnCN N, J = 13, 12.5^ 12, 
11.5") 
N, J  =13,13.5^12, 
12.5 
N, J  =19,18.5^18, 
17.5 
N,J=19,19.5^ 18, 
18.5®) 

N, J = 20, 19.5-^ 19, 
18.5") 
N,J = 20, 20.5^ 19, 
19.5 ") 
N, J = 21, 20.5 ^20, 
19.5 ") 
N, 1  = 21,21.5^20, 
20.5 

CRL FeC Q = 3, J = 5 ^ 4 
2688^ 

d) 

^2 = 3,J = 6^5") 

FeN n = 5/2, J = 9/2 ^ 7/2 

KC 

MgNH2 N,J(Ka,Kc) = 8,7.5(0,8) 
^ 7,6.5(0,7)") 
N,J(Ka,Kc) = 8,7.5(0,8) 
^ 7,6.5(0,7)") 

MgS J = 9 ^ 8 ") 
J= 13 ̂  12") 
J  =14^ 13") 

NaC N=10-^9') 

NiC J = 6 ^ 5 ®) 

100,427.3 63 0.87 < 0.003 

100,531.2 63 0.87 < 0.003 

146,780.9 17 0.69 < 0.002 

146,884.7 17 0.69 < 0.002 

154,504.3 41 0.73 <0.001 

154,608.1 41 0.73 < 0.001 

162,227.1 39 0.71 < 0.002 

162,330.8 39 0.71 < 0.002 

160,590.8 39 0.72 < 0.002 

240,863.0 26 0.48 < 0.006 

162,630.9 39 0.71 < 0.002 

241,118.0 26 0.48 <0.010 

209,128.6 30 0.57 < 0.004 

209,167.4 30 0.57 < 0.004 

144,100.6 44 0.77 < 0.002 
208,107.4 30 0.57 < 0.007 
224,103.2 28 0.52 < 0.006 

257,068.5 10 0.47 < 0.024 

229,359.0 11 0.53 < 0.008 
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Source Molecule Transition Frequency 0̂  ̂ TR*/TA' ''' 
(MHz) (") (K) 

CRL NiCN Q=~5/2^1^23J^ 203,436.4 31 059 <0.017 
2688 ^ 22.5 

ZnCN N, J =13,12.5^ 12, 100,427.3 25 0.76 <0.002 
11.5^^ 
N, J = 13, 13.5 ^ 12, 100,531.2 25 0.76 <0.002 
12.5 

CRL FeC J = 6-^5''^ 240,863.0 26 0.48 <0.004 
618^^ 

KC N=14^13®^ 

MgS J=10^9''' 

NaC N = 6 5 
N= 10^9 

NiC J = 4 ^ 3 
1  =  6 ^ 5 " )  

e) 

241,118.0 10 0.50 < 0.007 

160,105.5 15 0.66 < 0.004 

154,316.6 41 0.74 < 0.009 
257,068.5 10 0.47 <0.014 

152,919.2 41 0.74 < 0.002 
229,359.0 27 0.52 < 0.007 

a) Main beam efficiency depending on temperature scale (r|C for the 12 m where TR = TR* / TI^, and rib for 

IRAM, where TR = TA* / RIB). 
b) 3 o upper limits based on the peak to peak noise level. 

c) IRC+10216 observations made with VLSR = -26.0 km/s. 

d) Kitt Peak 12 m filter bank data with 2.0 MHz resolution. 

e) IRAM 30 m filter bank data with 1.0 MHz resolution. 

f) CRL 2688 observations made with VLSR = -33.0 km/s. 

g) CRL 618 observations made with VLSR = -22.0 km/s. 

h) IRAM 30 m autocorrelator data with 1.25 MHz resolution. 

There were several motivation factors for the choice of search candidates. For 

example, NH3 is fairly abundant in PPN and could be a precursor to metal amide 

molecules. (The fractional abundance of ammonia in CRL 2688 is f ~ 2.4 x 10'^ 

(Troung-Bach, Graham and Rieu 1988)). MgNHa (^Ai) was not seen however down to a 

5 mK level in IRC+10216 and the 4 mK level in the Egg Nebula. Metal hydrides are also 

plausible candidates, and, in fact, electronic transitions of MgH have been observed in 

sunspots (Wallace, Hinkle, and Bemath 1999). Searches at KP for the J = 1 —> 0 line of 
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KH in IRC+10216 were hindered by the many transitions of ch3cn in the bandpass at 

202 GHz, but a noise limit of 3 mK was obtained. Because of the large B value in this 

molecule, the J = 2 —> 1 line lies at 404 GHz, outside of the receiver range at KP and 

IRAM. Additional searches for this species at other facilities may prove fruitful. To 

date, there is no confirmed identification of an Fe bearing molecule in the interstellar 

medium. (Walmsey et al. (2002) tentatively claim a one line detection of FeO toward 

SgB2). Our searches for FeC(^Ai) and FeN(^Ai) in IRC+10216 with the 12 m were 

imsuccessful down to the 3 mK level. 

Carbide species may be used as tracers of the chemical evolution in CSEs. The 

abundance of neutral carbon increases as the star evolves from the AGB stage into a 

proto-planetary nebula (Young 1997). This is due to the dissociation of CO in the outer 

envelopes of PPNs. Thus, metal carbides may be important CSE species, especially in 

post-AGB objects. Searches were made for four metal carbides towards each of the three 

sample sources. FeC, KC, NaC, and NiC were not seen down to the 3 mK level in 

IRC+10216 and down to the 2 to 24 mK level in the PPNs. In addition, no trends are 

readily apparent in the data. 

The detection of four cyanide/isocyanide species in IRC+10216 and the 

observations of MgNC and NaCN in other envelopes, indicates that cyanides are one of 

the preferred forms of metal-bearing compounds in CSEs. This view is also confirmed 

by our failure to detect any metal hydride, nitride, or carbide bearing metal species. (The 

prevalence of metal cyanides may be related to the abundance of their precursors, the 

cyanopolynes, however more information is needed before definitive conclusions can be 
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drawn). Recent mm-wave laboratory studies of NiCN and ZnCN (^E) (Sheridan and 

Ziurys 2003; Brewster and Ziurys 2002) have provided rest frequencies for these 

molecules for the first time. NiCN has a ^Ai ground state which may at first glance hinder 

an astronomical detection because of partition function effects. However the higher 

energy Q = 3/2 ladder lies ~ 1194 K above the Q = 5/2 spin-orbit component. Thus only 

the lowest levels should be populated at interstellar temperatures, effectively rendering 

NiCN a 'S molecule. Both Ni and Zn have reasonable cosmic abundances. The Ni 

abundance is approximately that of sodium while Zn is only an order of magnitude less 

abundant than potassium (Anders and Grevesse 1989). Searches for NiCN and ZnCN, 

including an extensive search for ZnCN in IRC+10216 with the 30 m, proved negative. 

For ZnCN, TA* < 2 mK in IRC+10216 and TR* < 2-5 mK for NiCN. A level of TR* <17 

mK for NiCN in CRL 2688 was reached. 

Another possible interstellar molecule is magnesium sulfide (MgS). Many other 

sulfur-bearing species with large abundances have been seen in IRC+10216 such as CS 

(fcs -4x10"^: Appendix A). Infrared studies of C-rich proto-planetary nebulae suggest 

that solid state MgS is a possible carrier of the 30 p,m feature seen in these sources 

(Hrivnak, Volk, and Kwok 2000), and Goebel and Moseley (1985) indicated that MgS is 

the carrier of the 30 |j,m feature in IRC+10216. These authors suggested that the 30 jim 

band may arise from interaction of Mg and H2S on a grain surface. Another possibility is 

that gas-phase MgS is simply adsorbed onto the dust surface. Our observations of the J = 

6 —> 5 line of MgS towards IRC+10216 give an upper limit to this molecule of TR* < 2 

mK. MgS was also not seen in the PPN down to the 2 mK level in CRL 2688 and to 4 
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rnK in CRL 618. These observations suggest that solid state MgS is not formed by 

adsorption of the gas phase molecule onto a dust grain and thus lend support to the metal 

£itom plus H2S reaction scheme of Goebel and Moseley. 

Why don't we see more metal molecules? As discussed previously, certain 

equipment limits must be acknowledged. In addition, metal molecules with high spin 

states (doublet, triplet) and/or angular momentum (11, A) are harder to detect because of 

the partition function effect. In these types of molecules, already weak lines get split into 

multiple components and higher level interactions create closely spaced multiple levels. 

These many levels can be populated and thereby effectively reduce the observed 

emission, compared to a singlet molecule. Also, it needs to be realized that some metals 

are indeed trapped in dust grains, e.g. MgS. Thus the precursors for gas-phase metal 

chemistry are not available. Finally, it is quite possible that we are looking for the wrong 

metals and in incorrect places. Unidentified lines in interstellar spectra could be metal 

compounds, however rest frequencies for numerous candidate species, in particular metal 

junides, nitrides, and carbides, are not available (e.g. Petrie, Kagi, and Kawaguchi 2003). 

The role of metal compounds in other sources, such as O-rich CSEs, has not been 

investigated. 

Additional searches should be undertaken to find more metal compounds in CSEs. 

A larger sample of objects is needed and more candidate species should be tested. Exact 

modeling is also needed to determine the precise role of metal molecules in CSEs. Our 

construction of an equilibrium model to probe the inner CSE chemistry is discussed in 

the next chapter. 
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CHAPTER 5; THERMODYNAMIC EQUILIBRIUM CALCULATIONS FOR 
CARBON-RICH CIRCUMSTELLAR ENVELOPES 

5-1) Introduction 

Previous work on thermodynamic equilibrium calculations is limited to only a 

few studies. Tsuji (1973) has performed the most complete model, which includes 36 

elements and cover a wide range of temperatures and pressures. Updates to this work for 

a limited set of species were made by McCabe, Smith, and Clegg (1979) and Lafont, 

Lucas, and Omont (1982) using revised thermodynamic data. Work on long chain 

hydrocarbons and PAH molecules has also been performed (Cherchneff and Barker 

1992). Only Tsuji address the problem of metal-compound formation. However some 

metal compounds, since detected in circumstellar envelopes, specifically NaCN and 

AINC, were not included in Tsuji's models. 

There were several purposes for the present work. One of the goals was to update 

the values of Tsuji (1973), McCabe et al. (1979), and Lafont et al. (1982) for LTE 

abundances using the most recent thermodynamic information available. It was also of 

interest to calculate abundances for NaCN and AINC for IRC+10216 conditions. From 

Plateau de Bure maps of IRC+10216, it has been shown that NaCl and NaCN arise from 

a similar region, < 5" from the star (Guelin et al. 1997). However this may be purely an 

excitation effect, as these molecules have large dipole moments and therefore need high 

temperatures and densities to excite the observed transitions. Such conditions are only 

found in the inner envelope of AGB stars (see also 2-3 iii). No theoretical calculations 
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exist to support the observational interpretation that, since NaCN and NaCl have similar 

distributions, they must correspondingly have similar chemical formation pathways. 

The origin of AINC in the CSE of IRC+10216 is puzzling. This molecule was 

first detected at the TRAM 30 m by Ziurys et al. (2002). The line profiles of this species 

are all U-shaped, indicating an optically thin resolved shell distribution, as seen for 

MgNC. The chemical processes controlling the production of this molecule are not clear, 

however. The formation of AINC has been attributed to shock waves due to the high 

rotational temperature, ~ 60 K, derived for this molecule (Appendix B). However, 

shocks in AGBs are not found at large distances away from the central star as they arise 

from low amplitude pulsations of the star itself (e.g. Bowen 1988). Radiative association 

of an aluminum cation with a cyanopolyne chain has also been suggested as a formation 

route to AINC, based on calculations of the rate coefficient for this process (Dunbar and 

Petrie 2002). This process is believed to form MgNC in the outer envelope at r ~20", 

however AINC is located closer to the star at a distance of r~10" (Ziurys et al. 2002). It 

is unclear whether or not UV radiation could penetrate into this depth of the envelope to 

initiate an ion-molecule reaction. (See Glassgold and Huggins (1982) and Groenewegen 

(1994) for a discussion of UV radiation in CSEs). Finally, as AINC is a closed shell 

molecule, it could be formed imder LTE conditions similar to the metal halides. No 

equihbrium calculation of AINC exists however test this last hypothesis. 

With this new model, the formation of AINC and other metal molecules as they 

approach equilibrium conditions is explored. In section 5.2 the method of computation is 
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described. Section 5.3 gives results appropriate to IRC+10216 which are then discussed 

in Section 5.4. 

5-2) Computational Method and Assumptions 

Equilibrium in an ideal gas mixture depends on the independent variables 

temperature (T), pressure (P), and initial composition. For any general reaction, the 

equilibrium constant, Keq, can be described by two equations. 

Here, AG° is the Gibbs free energy of the reaction in question, R is the ideal gas constant, 

jmd kf and kr represent the forward and reverse rate constants. 

The traditional approach to solving equilibrium problems is to solve for the partial 

pressures of each independent gas in the mixture. This is accomplished by calculating 

the equilibrium constant for the formation of each molecule from its constituent atoms 

(see Tsuji 1973; Cherchneff and Barker 1992). In this new method, the kinetic approach 

to equilibrium is followed by solving a reaction network consisting of forward and 

reverse reactions for each species. The reverse rate is constrained to its equilibrium value 

as shown in equation (2), so that the system moves towards equilibrium. The network is 

advanced in time until the total chemical potential of the system reaches zero, thus 

establishing equilibrium. One advantage of this approach over other methods is the 

ability to track abimdance changes in time. This is discussed more fiilly in section 5.4v. 

K„ = exp 
eq • RX 

(5-1) 

V / / 

(5-2) 
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The chemistry code itself was adapted from the reaction subroutines of the stellar 

evolution code TYCHO (Young et al. 2001; Amett 1996). The major modifications to 

this FORTRAN program are given in Appendix F. 

In the models presented here, 69 gas phase species and 130 reactions were used in 

the reaction network. A temperature range of 1000 K to 3000 K and densities of lO" cm"^ 

to 10^^ cm'^ were considered. Table 5.1 lists the species assumed to be present in the 

envelope. Solar initial elemental abundances were used (Grevesse and Sauval 1998), 

except for the carbon and oxygen values. The C/0 ratio which was set to 1.4, which is 

the value derived for IRC+10216 based on modeling of the circumstellar dust shell 

(Winters, Dominik, and Sedlmayr 1994). All molecules were assumed to have initial 

abundances of zero. 

Table 5.1 
Species Used in Network 

H Hi NH2 HCO SiO AINC 
C C2 NH3 H2CO SiC NaF 
N Cs CN HS SiC2 NaCl 
0 CH HCN H2S SiN NaH 
F CHz C2N CS HF NaCN 

Na CHs HC3N SO HCl KF 
Mg CH4 NO NS CI2 KCl 
Al C2H O2 SiH F2 KH 
Si C2H2 OH SiH2 AlF MgF 
S C2H4 CO SiHs AlCl MgCl 
CI N2 CO2 SiH4 AlH MgH 
K NH H2O SiS AlC 

Initial elemental abundances were first converted into useable values for entry 

into the code. Cosmic abundances are given referenced to the total number of neutrons 

jmd protons in the system (see for e.g. Amett 1996). The conversion to a chemical 
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molefraction is made through Xj = yi/Syi where Xi is the molefraction of species i and yi 

is the ith nucleon fraction divided by its atomic weight. (See also the initabun.f 

subroutine in Appendix F). 

Reactions and reaction rates were primarily taken from the literature. Table 5.2 

gives the forward reactions used in the network, the valid temperature range for the 

reaction, and the corresponding rate constant at 2000 K. Molecular hydrogen is formed 

via the three body reaction: H + H + H—^Hi + H with rate as given in Willacy and 

Chercheff (1998). Ion-molecule reactions are not considered, as they are unimportant in 

this region of the circumstellar envelope (Scalo and Slavsky 1980). The UMIST database 

(Le Teuff, Millar, and Markwick 2000) was extensively used with supplemental 

information from NIST' (2000) and Willacy and Cherchneff (1998). Several reaction 

rates have large uncertainties, as noted in the table. Through tests of the reaction 

network, it was discovered the exact choice of reaction network has little bearing on the 

final abundance output (see below). At least one production and one destruction pathway 

for each molecule was included, with the exception of the metal species and some Si-

compoimds due to lack of reaction information for these molecules. When multiple 

pathways for formation were available, two body reactions were chosen due to the 

availability of reaction rates. 

' http:// www.kinetics.nist.gov 
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Table 5.2 
Reaction Network 

W Forward Reaction Valid Temperature kf Ref. 

— 2.745 X 10" i2 1 
— 1.0 X 10"" 2 

1000-4000 7.719 X 10" 4 3 
— 1.0 X 10"' 2 

1000-4000 5.524 X 10" 5 3 
— 1.0 X 10"' 2 

603 - 41000 5.799 X 10" 4 4 
10-41000 4.800 X 10" 1 4 

10-300 2.840 X 10" 0 4 
2580-4650 5.310x10" 0 3 

— 1.0 X 10"' 2 
10-300 2.200 X 10" 2 4 

1000-3000 9.119 x 10" 4 3 
222-584 1.399 X 10" 0 4 

1100-2720 1.301 X 10" 0 4 
300-2651 4.217 X 10" 2 4 
300-2500 8.562 X 10" 2 4 
200-2950 3.438 X 10" 1 

1 
3 

10-300 4.467 X 10" 

1 

1 4 
190-7000 1.704 X 10" 0 3 

523-41000 7.316 X 10" 4 4 
370-41000 1.274 X 10" 2 4 
300-2500 1.912 X 10" 2 4 
300-2500 2.067 X 10" 0 4 
300-2500 2.915 X 10" 2 4 
300-2500 1.160 X 10" 2 4 
200-3500 6.208 X 10" 1 4 
1600-2850 1.989 X 10" 3 4 
2601-2788 1.217 X 10" 2 4 
200-2500 1.632 X 10" 2 4 
297-3532 1.090 X 10" 1 4 
250-2581 1.539 X 10" 1 4 
910-3137 1.941 X 10" 2 4 
293-2500 1.300 X 10" 1 4 
252-780 3.771 X 10" 0 3 

— 1.0 X 10"' 2 
— 1.0 X 10"' 2 
— 1.0 X 10"' 2 
— 1.0 X 10"' 2 
— 1.0 X 10"' 2 

H + H + H ^ H2 +H 
A1 + CH -^AlC + H 
A1 + HCl -^AlCl + H 
A1 + HCN ^ AINC + H 
A1 + HCO-^ AlH + CO 
A1 + HF AlF + H 
C + CN->C2 + N 
C+NO^CN + O 
C + OH ^ CO + H 
C2 + C2 ^ C3 + c 
C2 + NH^C2N + H 
C2H + HCN ^ HC3N + H 
C2H2 + H ^ C2H + H2 
CH + N-^CN + H 
CH2 + CH2 ^ C2H2 + H2 
CH3 + CH3 ̂  C2H4 + H2 
CH3 + H2CO ^ HCO + CH4 
CI + H2 ^ HCl + H 
CN + S-^CS+N 
F + H2 ^ HF + H 
H + NS-^HS+N 
H + SO S + OH 
H2 + C ^ CH + H 
H2 + CH CH2 + H 
H2 + CH2 CH3 + H 
H2 + CH3 CH4 + H 
H2 + CN -
H2 + N^ 
H2 + NH-
H2 + NH2 
H2 + 0-^ 
H2 + OH -
H2 + S^ 

HCN + H 
NH + H 

NH2 + H 
NH3 + H 

OH + H 
H2O + H 

HS + H 
HS + HS H2S + S 
K + HCl ^ KCl + H 
K + HCO-^KH + CO 
K + HF ^ KF +H 
Mg + HCl -> MgCl + H 
Mg + HCO ^ MgH + CO 
Mg + HF ^ MgF + H 
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Forward Reaction Valid Temperature Ref. W 

N + CN-^ 
N + OH^ 
Na + HCl-
Na + HCN 
Na + HCO 
Na + HF-
NH + S^ 
O + C2H4-
0 + C2N -
O + CH4 -
O + H2O -
0 + HS^ 
O + NH3-
O + OH-^ 
OH + CO -
S + SiCz -
Si + C2H -
Si + HS ^ 
Si + OH ^ 
Si + OH ^ 
SiC + N-^ 
SiH + OH -
SiH2 + OH 
SiH3 + OH 
SiH4+0H 

N2 + C 
NO + H 

-> NaCl + H 
->NaCN + H 
-> NaH + CO 
> NaF + H 
NS + H 
^ H2CO + CH2 
> CO + CN 
> OH + CH3 
^ OH + OH 
SO + H 
>0H + NH2 
O2 + H 

CO2 + H 
^ SiC + cs 
> SiC2 + H 
SiS + H 

• SiO + H 
• SiH + O 
• SiN + C 

SiH2 + O 
^ SiHs + O 
^ SiH4 + O 
^SiHs + H2O 

298-8000 1.881 X 10" 1 4 
103-2500 4.642 X 10" 1 4 
719-966 5.175 X 10" 1 3 

— 1.0 X 10"' 2 

1000-4000 3.636 X 10" 5 3 
— 1.0x10"' 2 
— 4.467X 10" 1 1 

226-2500 1.191 X 10" 1 4 
298-298 6.000 X 10" 2 4 

298-2500 2.203 X 10" 1 4 
300-2500 1.544 X 10" 2 4 
298-2000 1.293 X 10" 0 4 
298-2500 2.554 X 10" 2 4 
158-5000 1.935 X 10" 1 4 
80-3150 7.362 X 10" 3 4 

— 4.000 X 10" 1 1 
— 4.467 X 10" 1 1 
— 5.164 X 10" 1 1 
— 5.164 X 10" 1 1 
— 1.0 X 10"' 2 
— 6.455 X 10" 1 1 
— 1.0 X 10"' 2 
— 1.0 X 10"' 2 
— 1.0 X 10"' 2 
— 1.406 X 10" 11 1 

a) Forward rate constant at 2000 K in cnî /(molecule* s) for two body reactions and 

cni®/(molecule^*s) for three body reactions. 

b) Reference: 1 = Willacy and Cherchneff (1998), 2 = unknown, 3 = NIST database, 4 = UMIST 

database (Le Teuff et al. 2000). 

For reactions where the rate could not be found, an approximate value was used. 

•  1 1 3  Typically 1x10" cm /(molecule s) was employed for two body reactions. Estimated 

rates could also be calculated by multiplying an average collisional cross section, 1x10"'^ 

cm , by the average velocity of the molecules at the temperature range of interest 

(estrate.f in Appendix F). That is, 
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( \V2 
qSKT 

TlfX 
(5-3) 

where A is the collisional cross section, K is Boltzman's constant, and |4, is the reduced 

mass of the coUiding particles (p,= mim2/(mi+m2)). Unknown rates are indicated in Table 

5.2. 

Once the forward rates were known, the reverse rate was calculated through the 

Gibbs free energy of the reaction. See thermochem.f in Appendix F and equation (5-4). 

kr = kf X K 

/ Av 
RT 

eq P° V ^ y 
(5-4) 

Here P° represents the standard pressure at 1 bar and Av is the stoichiometric change of 

the reaction. The (RT/P°) factor is a unit conversion term for reactions with unequal 

numbers of reactants and products. The equilibrium constant is calculated from equation 

(5-1) and 

prod 

AG° = Z VjAGf, - Zv.AGf^j 
react 

j 
(5-5) 

The sums in equation (5-5) are over all the reactants and products. The AGf's are the 

Gibbs free energy of formation values as given in the JANAF tables (Chase 1998). These 

tables give accurate AGf values over a temperature range of 0 to 6000 K, typically in 100 

K steps, for a wide range of molecules. The tables were converted into machine-readable 

format for use in the code. Table 5.3 lists the input Gibbs free energy values for each 

species over a selected set of temperatures. It is important to use the most recent 
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thermodynamic data available as errors of a few kcal/mole equate to 0.1 ev or ± 1200 K, 

which is significant as this is the temperature range under consideration (Glassgold 

1996). 

Table 5.3 
Thermodynamic Input 

Specie AGf(1400K) AGf(2000K) AGf(3000K) 
(kJ/mol) (kJ/mol) ( kJ/mol) 

H 142.394 106.760 46.007 
C 497.237 402.694 246.723 
N 386.131 346.339 278.946 
0 161.453 121.552 54.327 
F -6.095 -44.635 -109.473 
Na 0.000 0.000 0.000 
Mg 0.000 0.000 0.000 
A1 151.172 84.673 0.000 
Si 243.298 166.799 55.531 
S 132.020 95.505 34.169 
CI 41.438 5.081 -56.297 
K 0.000 0.000 0.000 
H2 0.000 0.000 0.000 
C2 566.156 451.481 264.759 
C3 517.828 397.586 206.531 
CH 437.078 371.207 262.613 
CH2 311.870 283.316 237.728 
CHs 169.201 184.260 210.615 
CH4 63.761 130.802 242.332 
C2H 295.405 220.805 99.619 
C2H2 148.319 117.182 66.421 
c2h4 152.016 202.070 285.743 
N2 0.000 0.000 0.000 
NH 348.542 336.578 316.493 
NH2 243.142 268.467 310.569 
nh3 108.918 179.447 295.699 
CN 293.138 234.104 137.705 
HCN 88.687 70.226 40.237 
C2N 375.134 296.583 168.302 
hc3n 273.17 227.75 153.97 
NO 72.697 65.060 52.439 
O2 0.000 0.000 0.000 
OH 17.583 9.197 -4.241 
CO -235.149 -286.034 -367.826 
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Specie AGf(1400K) 
(kJ/mol) 

AGf(2000K) 
(kJ/mol) 

AGf(3000K) 
(kJ/mol) 

CO2 -396.240 -396.333 -395.461 

H2O -170.089 -135.528 -77.163 
HCO -22.004 -46.638 -85.240 
H2CO -72.914 -49.385 -9.101 
HS -4.256 -56.984 -148.327 
H2S -21.222 8.547 58.080 
CS 89.115 36.848 -47.183 
SO -66.362 -69.294 -74.111 
NS 181.197 172.998 159.580 
SiH 224.574 173.205 104.564 
SiH2 200.87 170.31 119.37 
SiHa 222.18 2.30.75 245.03 
SiH4 161.796 230.200 356.731 
SiS -79.197 -116.961 -161.992 
SiO -219.705 -256.774 -300.935 
SiC 451.038 347.926 195.014 
SiC2 322.74 218.06 63.837 
SiN 235.071 189.207 128.386 
HF -279.760 -281.093 -282.388 
HCl -103.234 -106.631 -111.968 
AlF -369.397 -402.224 -429.945 
AlCl -159.782 -194.926 -226.656 
AlH 144.123 105.826 68.218 
AlC 437.761 342.391 212.610 
AINC 111.23 49.652 -66.232 
NaCl -237.262 -214.277 -175.462 
NaF -343.493 -319.277 -278.358 
NaCN 25.225 31.211 42.437 
KCl -256.265 -235.129 -199.333 
MgCl -150.661 -132.361 -101.179 
NaH 62.083 81.510 113.550 
MgF -340.423 -320.416 -286.320 
KH 74.140 91.142 119.236 
MgH 54.549 69.202 93.485 
KF -365.320 -342.880 -304.818 

a) Data taken mainly from the JANAF tables (Chase et al. 1998); 

see text for additional references. 
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Two AGf values were modified from the ones in the JANAF tables. SiCi and 

NaCN are both listed as linear species in these tables. However, spectroscopic studies 

have shown that SiCi is a cyclic molecule (Michalopoulos et al. 1984) while NaCN is T-

shaped (van Vaals, Meerts, and Dymanus 1984). Following Willacy and Cherchneff 

(1998), we have converted the AGf values for these molecules. This method involves 

first assuming that the heat capacities, Cp°, are the same in the linear and non-linear forms 

of the molecule. Enthalpy, H (T) and entropy, S (T), values are related to the heat 

capacity through (Chase 1998): 

This implies that the heat content functions, [H° (T)-H° (Tref)], and entropies of the 

molecule for the linear form in the JANAF tables could be used. Then, AHf (T) was 

calculated using the non-linear AHf (298.15 K) value (see equation (5-8) below). The 

ring form of SiC2 is -3.16 kcal/mol lower in energy (Fitzgerald, Cole, and Bartlett 1986) 

than the linear structure giving AHf (298.15 K) = 601.827 kJ/mol. The AHf(0 K) value 

for T-shaped NaCN has been calculated by Petrie (1996b) to lie at 118.8 kJ/mol. (Note 

that the difference in 0 K and 298.15 K reference temperatures has been ignored in this 

case). To account for the increase from Cs to C2v symmetry in the ring form of SiC2, an 

£idditional correction was used. That is, Rlno was subtracted from the entropy of the 

molecule in the linear form, where a is the symmetry niimber, in this case 2 (Benson 

T 
H°(T)= JCp°(T)dT (5-6) 

0 

(5-7) 
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1968). The final result of the above procedures produces AGf values of 218.058 kJ/mol 

and 31.211 kJ/mol at 2000 K for SiCa and NaCN, respectively. See also Table 5.3. 

Several molecules in the network are not given in the JANAF tables and were 

therefore calculated from thermodynamic properties from the literature. Thermodynamic 

functions for SiHa and SiHs were taken from John and Pumell (1971) with supplemental 

information from Moffat, Jensen and Carr (1991). For HC3N, calculated values of 

Dorofeeva and Gurvich (1991) were adopted. Finally, for AINC, measured 

thermodynamic properties were used (Meloni and Gingerich 1999). To calculate AGf 

from thermodynamic functions, the enthalpy of formation at the desired temperature was 

first found as shown in equation (5-8). 

AHf(T) = 

AH,(298.15) + [H(T)-H(298.15)L„^„^ -Z[H(T)-H(298.15)L„ (5-8) 

Next, the Gibbs free energy of formation at the desired temperature was found. 

AG,(T) = AH, (T) - T[S(T),<^^., - ZS(T) elements J (̂ " )̂ 

For the above equation, the entropy of the compound was converted to the entropy value 

based on a reference state of 298.15 K, instead of 0 K, when necessary. The JANAF 

tables were used for heat content functions and entropies of the elements. Information 

for AINC, SiHa, and SIHB was only given for a limited range of temperatures. Therefore 

the thermodynamic values were fit to a linear function and AGf values were extrapolated 

over the range of desired temperatures. Finally, there is some controversy in the 

literature over the thermodynamic values for C2H (Lafont et al. 1982). For this study the 

JANAF table values (Chase 1998) were used. It should be remembered, however, that 
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the final equilibrium abundance of radical species, such as C2H, does not reflect the 

observational abundance as these molecules are altered by photochemical reactions at the 

edge of the CSE (e.g. Lafont et al. 1982; Glassgold 1996). 

Once the AGf values and reaction network were established, the system of non

linear differential equations was solved. For example, using a generic reaction, 

aA + bB-^cC + dD (5-10) 

and it's reverse reaction, 

cC + dD->aA + bB (5-11) 

The equations describing the system can be written as: 

HY dY 
(5-12) 

dt " " " dt 

and 

dY dY 
-^ = -YcY^X^+Y^Y^X, (5-13) 

dt dt 

Here, X's are the forward and reverse rates in inverse seconds and Y's represent unitless 

fractional abundances. This system of equations is solved using the numerical method 

outlined in Amett and Truran (1969). First, an implicit differencing scheme is used to 

linearize the network of equations. In this method, changes in variables over a short time 

interval are assumed small. The time derivative is then approximated by a finite 

difference and the network of reactions is written in matrix form. (See Amett 1996 for a 

complete description). The set of linear equations is then solved for the change in 

abundance over a small time interval and updated abundances are calculated. A new time 

step is also computed based on how fast the network is changing. If equilibrium is not 
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established, the new time step is taken using the updated abundances in the network 

equations. This cycle continues until the system has met the equilibrium criteria. 

To check for convergence, the total chemical potential of the system is monitored 

at each timestep. This involves calculating the chemical potential of each individual 

species, |ii, and then summing over all species. 

Hl=AGf(T) + KTlll(x,P„^) (5-14) 

When the chemical potential reaches zero, equilibrium has been established. In our 

numerical simulations, the endpoint is established by reaching a small limit, typically one 

part in 10^ to 10'°. Less stringent convergence criteria were employed at low 

temperatures and densities, as these were generally more difficult to simulate. Typically 

10"^ iterations were needed to reach the endpoint which takes several minutes to a few 

hours (for low temperatures/densities) on a Linux desktop system. Low temperatures 

give longer convergence times in general due to the large differences (typically 20 orders 

of magnitude) between forward and reverse rates. To speed convergence, the reaction 

network can be reduced so that only the reverse rates are used as destruction paths for 

each molecule. In addition, low temperature / density runs can be started from the results 

of models at a higher temperature / density (restart.f in Appendix F). This speeds 

computation time as the initial input values are nearer to the equilibrium numbers. 

Finally, O2 was not included in the network for temperatures < 1400 K as its estimated 

abxmdance was low, <10' , relative to H2. 

For computational ease, a series of assumptions have been made in the 

equilibrium calculations. First no grain formation is considered, as dust generally does 
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not form until the temperature and pressure have dropped below those considered in 

equilibrium conditions. For example, in the models of Keady, Hall and Ridgway (1988) 

based on IR measurements, gas begins to condense at ~3R* when the dust temperature 

has decreased to ~1300 K. The omission of solid state particles should be remembered 

when comparing model calculations to observations, especially for measurements of 

refractory species. As discussed in section 5-4 ii and iii below, the abundances of 

observed metal halides and closed shell metal cyanides in IRC+10216 can be modeled 

under LTE conditions at temperatures < 1600 K for moderate to high densities. In 

chemical condensation models for Oxygen-rich stars. Sharp and Huebner (1990) predict 

that almost all AlF and AlCl become incorporated into grains as the temperature 

decreases to 1200 K. Sodium and potassium species, on the other hand, do not as readily 

form solid compounds as the temperature declines to 1000 K. (See also section 5-4 ii). It 

is not known, however, what happens to metal compounds under carbon-rich conditions 

at low temperatures. 

No shocks are considered in this new model. However, models of silicon and 

sulfur molecules in IRC+10216 show that pulsation-driven shocks play a role in the 

chemistry of these species (Willacy and Cherchneff 1998). Comparison of equilibrium 

abundances to fractional abundances after the passage of a shock front indicates that 

several species are particularly affected by the shock itself For example, SiC has a 

thermodynamic equilibrium abundance of 4.9 x 10"'^, relative to the total number density, 

while after the shock it has decreased to 1.4 x 10'^^. Other molecules, such as SiO, 

increase by a factor of 10, while H2, H, and CO remain imaffected (Willacy and 
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Cherchneff 1998). (Duari et al. (1999) have computed similar models for 0-rich 

conditions). Considering the above assumptions, our method is most valid for producing 

an initial set of abundances for use in further studies of shocks, condensation chemistry, 

ajid the propagation of molecules throughout the circumstellar wind. 

Several different tests were conducted to ensure the accuracy of the chemical 

model. To aid this work, a graphical interface was developed using the PGPLOT 

package (T. Pearson 2002 ). Abundance changes with time and total AG changes with 

time were among the properties monitored. In initial tests, equilibrium calculations were 

performed for a variety of examples from the literature (e.g. Holub and Vonka 1976; 

Kazanskaia and Skoblo 1978; Smith and Missen 1982). Agreement with published 

results was good with final abundance values from the model no more than 2-3 % 

different than expected and generally < 1%. 

One interesting result of these tests was the discovery that the code is insensitive 

to the reaction network employed. For example in comparisons to work by White, 

Johnson and Dantzig (1958), < 0.03% difference in final abundance values resulted 

between the use of three body reactions, two body reactions, and a combination of two 

and three body reactions. This result can be understood since equilibrium is a path 

independent processes. The final output relies on initial thermodynamic properties and 

the network is just a means to the solution. However, with a fairly complete network, the 

paths may actually be important as the abundances along various avenues may more 

closely reflect observed abundances than the final equilibrium result. The ability of this 

^ http://www.astro.caltech.edii/~tjp/pgpIot/ 
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new model to track such changes gives it an advantage over previous methods which 

were all time independent (e.g. Tsuji 1973). See also section 5-4v on the time 

dependence of equilibrium. 

Since equilibrixam is path independent, it is not surprising to find that changes in 

the reaction rate do not affect the overall abundance results. The final total time needed 

to reach equilibrium is, however, highly sensitive to the choice of reaction network. If 

one reaction is increased by a factor of 2 to 10, then the total time to reach equilibrium 

can change up to an order of magnitude. In a large network, the use of unknown rates 

and measured rates outside of their valid temperature ranges (Table 5.2), also affects the 

final time. Thus, the actual time to reach equilibrium may be incorrect by several orders 

of magnitude (see also section 5.4v). Selection of the reaction network is also critical to 

achieving real time convergence in a favorable manner since, as mentioned above, large 

differences in the fastest and slowest rates impede computation time. 

Variations in the initial thermodynamic input have a much greater impact on the 

final abundances. For example, a small 10% change in the AGf value for species A leads 

to -15% error in the final value of A as well as 5-15% errors in all species cormected to 

A through the reaction network. The majority of our data comes from the JANAF tables 

and is therefore internally consistent. For species not from JANAF tables, care has been 

taken to ensure that they are referenced to the same standard pressure (1 bar), standard 

temperature (298.15 K), and standard atomic/molecular sources as used in the JANAF 

tables. Considering the assumptions inherent in the model and the various available 
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sources for error, it is safe to estimate the accuracy of this new technique to at least an 

order of magnitude when making comparisons to observations. 

5-3) Results 

Runs of the program were made for a C/0 ratio of 1.4, temperature range of 1000 

-3000 K, and pressure range of 1 x 10"^ to 1 x 10"^ bar. This corresponds to densities of ~ 

10^' to 10^^ cm'^. These values are typical of AGB circumstellar envelopes. In fact, for 

IRC+10216, Keady et al. (1988) give n(H2) >10^' cm"^ and T > 2300 K at 1 R», 

Our results are qualitatively similar to the work of Tsuji (1973) and Lafont et al. 

(1982). Exact comparison is not possible because we are employing updated JANAF 

table values. The similarity of results between the two different computation methods 

however lends validity to our approach. 

Table 5.4 shows fractional abundance values for atomic H, relative to H2, over a 

portion of the temperature and density range considered. Generally, at low temperatures 

and high densities, molecular hydrogen is the favored species. For example, at the lowest 

7  1 1 " ^  
pressure considered, 1x10" bar, corresponding to a density of p ~ 10 cm', hydrogen is 

in atomic form for temperatures > 1400 K. For T > 2600 K, molecular hydrogen 

formation is not preferred at any density. These results are comparable to those of 

Glassgold and Huggins (1983). These authors predicted that no three-body processes 

•  •  1 1 " ^  
would occur when the density is less than p < 10 cm" . (Recall that we are forming H2 

through a three-body interaction). These authors also foimd that stars with photospheric 

temperatures greater than 2500 K would have mainly atomic outflows, comparable to our 

above results. 
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Table 5.4 
Molecular Hydrogen Production; Atomic H Relative to H2 

Density 
(cm^) 

Temperature (K) Density 
(cm^) 

1400 1800 2200 2600 
-10" 
~10»2 

~ 10" 
-10'^ 
~ 10'^ 

1.55 X 10"' 
4.88x10"^ 
1.54 X 10"^ 
4.87 X 10"^ 
1.54 X 10"^ 

1.95 
0.43 
0.12 

3.65 X 10"^ 
1.14 X 10"^ 

319 
32.80 
3.98 
0.75 
0.20 

14791 
1480 
149 

15.70 
2.16 

Fractional abundances with respect to H2 for all species considered in the network 

are given in Appendix E. Equilibrium abundances for the temperature range of 1000 K to 

3000 K at a density of-10^^ cm"^ are listed, as well as values over the density range of 

11 IS ^ 
-10 cm" to~10 cm" for various temperatures. It is also possible to reference values 

to the total number of hydrogen nuclei, i.e. H + THj. However, for ease of comparison to 

observations, reference to molecular hydrogen only has been chosen. Comparison to the 

hydrogen nuclei reference state can be made as suggested by the values in Table 5.4. 

As seen in the Appendix E tables, the most abundant equilibrivim species include 

CO, N2, and acetylene. Other 0-bearing species are not abundant, with the exception of 

SiO, as most of the oxygen is locked into CO. Equilibriimi conditions favor stable, more 

complex (greater number of atoms) species at higher densities (pressures) and 

temperatures. Among the species with higher abimdances at these conditions are C2H2, 

C2H4, hc3n, ch4, and SiH4. For example, at 2000 K, C2H4 increases from f = 6.3x10"'^ 

at a density of ~10" cm"^ to 8.2 x 10"'® at p ~10'^ cm"^. 

Figure 5.1 (A to H) displays fractional abundances (relative to H2) calculated for 

the case of T = 2000 K and C/0 ratio of 1.4 over the density range considered. These 
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results represent the extreme irmer circumstellar envelope of IRC+10216 which has Teff = 

2000 ± 100 K (Growenegen 1997), density > lO'^ cm"^ (Keady et al. 1988), and C/0 of 

1.4 (Winters et al. 1994). Numerical values are given in Appendix E. The results for 

IRC+10216 are discussed more fully below. 



110 

=»: 

1012 1013 1014 1015 

Density (cm"^) 

•6 

X 

10'2 10" 10"' 10'^ 

Density (cm"^) 

C2 

C2H 

C2H2 

C2H4 

— C 3  

CH 

CH2 

—<^ CH3 

—D— CH4 

CO 

Figure 5.1 
Fractional abundance values, relative to H2, for A) elements and B) carbon chain species 
and CO calculated at T = 2000 K with an initial C/0 ratio of 1.4. 
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5-4) Discussion 

i) "Parent species" in IRC+10216 

Several molecules have high abundances in LTE conditions, as expected for 

parent species in circumstellar envelopes. Parent species are thought to have their 

abundances 'frozen-out' in the inner CSE after formation because of the rapid decrease in 

temperature and density as the gas expands. These abundances remain essentially 

constant throughout the main CSE since the expansion time of the wind is faster than the 

chemical timescales for reaction (e.g. McCabe et al. 1979). These parent compounds 

then act as precursors for the photochemical processes that take place in the outer 

circumstellar envelope (Glassgold 1996). 

As seen Figure 5.1, CO, C2H2, N2, SiS, and HCN have some of the highest 

abundances at equilibrium with values typically 10"^ to 10'^ relative to H2. Comparison 

to observations of these species is generally good. For example, ro-vibrational studies of 

SiS in IRC+10216 (Boyle et al. 1994) indicate f (SiS/H2)= 4.3x10"^ near the star 

decreasing to 4.3x10"^ at 12 R*. At 2000 K, we compute SiS increases with density from 

2 X 10"^ to 2 X 10'^, within a factor of 2 of the observed values. The CO abundance also 

agrees closely with observations. The model predicts CO/h2 = 9.0 x 10"^ at 2000 K 

whereas Keady et al. (1988) give CO/h2 -8x10"^ based on IR studies. 

The abundances of several species possibly considered parent species is also of 

interest. BIMA maps of SiC2 in IRC+10216 show that this molecule arises from a shell

like source with f ~ 1.4x10"^ and that the iimer shell abundance is < 5 xlO"^ (Gensheimer, 

Linkkel, and Snyder 1995). Previous LTE models of SiC2 predict that this molecule 
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should be an order of magnitude higher than the observed inner envelope value (Tsuji 

1973; Takano 1992). Our results are similar to these predictions. At 2000 K, f (SiC2/H2) 

= 3.21x10", at least a factor of ten higher than the observed upper limit. The failure to 

detect SiC2 emission in the inner regions has been attributed to condensation of the 

molecule onto dust grains (Gensheimer et al. 1995). However this lack of emission may 

also be due to a fast destruction pathway for SiC2. The main formation and destruction 

routes for SiC2 are Si + C2H —» SiC2 + H and the reverse process (Willacy and 

Cherchneff 1998). At 2000 K, the equilibrium model predicts the abundance of C2H is 

2.84 X 10"^, almost two orders of magnitude higher than the SiC2 abundance. It seems 

unlikely, however, that the radical C2H would be 100 times more abimdant than SiC2. 

More accurate thermodynamic information for SiC2 and C2H in future models would 

clarify the situation. 

Silane and ammonia are stable, closed shell molecules and as such may be 

expected to have high equilibrium abundances. However, recent mid-infrared 

interferomety of IRC+10216 has shown that these species form beyond the LTE zone 

(Monnier et al. 2000). nh3 was found in a region > 20R* and SiH4 at >80 R». The 

abundances of these molecules are ~ 10"^, with respect to H2 (Keady and Ridgway 1993). 

The model results support the observational idea of non-LTE formation for these species. 

For a temperature of 2000 K and density of 10^"^ cm"^, the model predicts f (nh3/h2) = 

1.43 X 10-" while f (SiH4/H2) is only 1.05 x 10'^^. 
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ii) Metal halide chemistry 

Metal halides were the first metal-containing molecules seen in circumstellar 

clouds. Cemicharo and Guelin (1987) detected AlF, KCl, NaCl and AlCl towards 

IRC+10216 in the mm-wavelength region. The existence of these molecules is not 

surprising, as they are stable species. For example, at 2000 K, AlF is the most stable 

molecule in the network with AGf = -402.224 kJ/mol. 

Table 5.5 compares the predicted abundances of metal halides from 1000-2400 K 

at a density of lO''^ cm"^ with the observed values seen in IRC+10216. At high 

temperatures, > 1800 K, the predicted values are one to two orders of magnitude lower 

than the measured numbers. The model begins to approach the expected result for AlCl 

as the temperature decreases to 1600 K and gives better agreement for the other metal 

halides at T < 1200 K. Previous modeling, using older thermodynamic data, showed that 

most metal halides form at T ~ 1200 K (Tsuji 1973). 

Table 5.5 
Predicted vs. Observed Metal Molecule Abundances 

AlF AlCl KCl NaCl AINC NaCN 
Observed 1.5x10-' 9.4x10-^ 1.2x10' 9 4.3x10' 4x10'^" 2.3x10'^ 

1000 K 6.64 X 10"^ 4.94 X 10"' 1.06 X 10" 
10 

2.75 X 10" 
•10 

4.30 X 10"^ 2.79 x 10"^ 

1200 K 6.63 X 10-^ 4.85 X 10"' 2.54 X 10" 
10 

6.44 X 10" 
10 

3.68 X 10-^ 1.55 X 10"^ 

1400 K 6.46 X 10-^ 3.26x10-' 2.10 X 10" 
•10 

8.17 X 10" 
•10 

2.75 X 10-' 1.43 X lO"*^ 
1600 K 4.25 X 10"^ 6.33 X 10-^ 6.16 X 10" 

11 
2.23 X 10" 

•10 
1.87 X 10-^ 9.89 X lO"'' 

1800 K 7.36 X 10"^ 6.53 X 10-^ 1.20 X 10 
-11 

4.91 X 10 
-11 

4.75 X 10"^ 4.19 X 10"" 

2000 K 1.02 X 10'® 9.37 X 10-^® 2.90x10" 
•12 

1.31x10" 
•11 

1.59x10-^ 2.10 X 10"" 

2400 K 1.26 X lO"'" 5.44 X IQ-" 3.69 X 10" 
•13 

1.93 X 10" 
•12 6.58 X 10"'° 1.06 X 10"" 

a) Fractional abundances, relative to H2, calculated at p ~ 10*'* cm'^ with C/O ratio of 1.4. 
b) See Chapter 4. 
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In this model, AlF, KCl, and NaCl have still not reached observed values at T = 

1000 K. Higher densities (up to 10cm"^) can be used to better match the observational 

data. For example, at 1600 K and a density of 10^^ cm'^, the model abundance of NaCl is 

1.1 X 10"^, a factor of four away from the observed value. It is not clear however if these 

high densities are appropriate for the irmer CSE. The results in Table 5.5 suggest that 

the metal halides require kinetic temperatures lower than the effective temperature of the 

star (2000 K for IRC+10216). Thus, these molecules probably form as the gas expands 

away from the star. 

It should be remembered that grain condensation and shocks have not been 

included in our models. As discussed in Sharp and Huebner (1990), models for grain 

condensation in 0-rich conditions affect the abundances of metal species. A1 species 

rapidly incorporate into dust grains as the temperature drops below 1200 K while Na and 

K remain in the gas phase. Shocks also affect the metal compound abundances, 

particularly A1 molecules, as discussed in section vi below. 

Finally, the equilibrium time scales are naturally of interest, as this is one of the 

properties that can be derived from the new model and has not previously been explored. 

For a constant expansion velocity of 15 km/s, it would take approximately 237 years for 

the metal molecules to traverse a distance of 5" (-lO'^cm at 150 pc) which is the assumed 

source size of the metal halides (Guelin et al. 1997). The equilibrium time scale for the 

model to converge (at 2000 K and p -lO''* cm'^) is ~ 10^ years using the reaction network 

in Table 5.2 and only 4402 years when additional metal hydride reaction links are added 

(see section v below). It appears then that either additional links are still being left out or 
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the equiUbrium model may not be the most correct way to view molecule formation as 

the timescales needed seem too long. Note, however, that the metal halides reach steady 

state values that actually are (or are near) the equilibrium values early in the equilibrium 

process (< 2 years; Table 5.7 and section v below). Therefore, it is concluded that the 

timescales are sufficient for the metal halide formation. 

iii) Metal cyanide chemistry 

Table 5.5 also displays the NaCN and AINC abundances predicted by the model. 

At 1000 K, the model result is f (NaCN/Hi) ~ 2.8 xlO"^, in close agreement with the 

observational value of 2.3 x 10"^. The same trend seen for the metal halides is also 

observed for NaCN; at low temperatures the NaCN predicted abundance approaches the 

observed one. Thus, NaCN forms under conditions similar to the metal halides. This is 

not siuprising as NaCN and NaCl have both been mapped by the Plateau de Bure and 

were found to arise from a small, confined source (Guelin et al. 1997). The NaCN AGf 

value was calculated using the enthalpy of formation value of Petrie (1996b; section 5.2). 

The error on AHf given by Petrie is ± 10 kJ/mol. Changing the AGf value within this 

limit results in a small difference in final NaCN abundances (< factor of 2). 

Unlike NaCN and the metal halides, the observed AINC abundance can be 

modeled at high temperatures of 2000-2400 K. Recall, however, that the observed 

abundance of this species is for the outer shell distribution (Ziurys et al. 2002). AINC 

does indeed follow the same trend as the other metals; at lower temperatures the 

abundance increases. It should be remembered however that most of the thermodynamic 
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data on AINC has been extrapolated from limited measurements and thus errors on the 

final abundance values may be considerable. 

The formation of AINC under shock conditions is also a possibility. In shock 

sensitivity tests of the model (section vi below), it was foimd that the AINC abundance 

increases by about an order of magnitude from its equilibrium abundance under 

conditions appropriate for IRC+10216. Thus, if AINC forms in the inner envelope under 

LTE as the other metal species, or in shock conditions, then a significant percentage 

(-90%) of this molecule must condense onto dust grains before reaching the outer 

envelope where it is detected. Interestingly, Sharp and Huebner's (1990) condensation 

calculations for a solar composition indicate that A1 readily incorporates into grains at T 

< 1200 K. (AINC was not considered in their model however). 

iv) Potential circumstellar metal molecules 

Several metal compounds that have not (yet) been detected in the CSEs of 

evolved stars were included in the model. Among these species are metal hydrides as 

well as MgF, MgCl, KF, and AlC (see Table 5.1). Table 5.6 lists the predicted values for 

a few of these metal molecules between 1400 and 2000 K for a density of lO'"^ cm'^. (See 

Appendix E for all results). 

Table 5.6 
Potential Circumstellar Species 

AlH KH NaH MgH NaF MgCl 
HOOK 1.51 X 10"'' 9.95 X 10" •ij 5.58 X 10"" 1.51 x lO"" 2.24 X 10""" 6.80 X 10" •12 

1600 K 4.92 X 10"^ 6.67 X 10" •12 2.46 X 10""^ 8.71 X 10"^ 6.47 X 10"'^ 6.66 X 10" •12 

1800 K 2.73 X 10"^ 8.91 X 10" •12 2.84 X 10-'® 1.03x10"^ 5.81 X 10""' 3.31 X 10" •12 

2000 K 1.69 X 10"^ 1.13 X 10" •11 3.19x10-^" 1.19 X 10"® 3.03 X lO"^'' 1.69 X 10" •12 

a) Fractional abundances relative to H2 calculated at density of ~ lO'" cm"^. 
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As seen in Table 5.6, metal hydride molecules are fairly abundant with fractional 

abundance values ranging from 10'^ (MgH, AlH) to 10"'^ (KH). (It should be noted that 

the JANAF table thermodynamic values for MgH are probably too low (S. Petrie, private 

comm.) and that updated values would result in a smaller MgH abundance). The MgCl 

abundance over this temperature range is also ~ 10"'^. NaF is not as robust with NaF/Hi 

-10'*'^. The MgF/H2 value is predicted to be ~ 10"'^ to 10'^^ over this temperature 

interval. An upper limit to the abundance of MgF in IRC+10216 was found to be f < 

10"'*^ (Ziurys et al. 1994), consistent with the current predictions. 

v) Time dependence of equilibrium 

The model's use of a reaction network to compute equilibrium allows the 

monitoring of abundance changes with time as the system approaches equilibrium. 

Because of the pulsations occurring in AGB stars and the resulting shocks that may 

occur, it has been suggested that the timescale between pulsation periods is too short to 

allow equilibrium to occur (e.g. Bowen 1988). Our models generally run over a few 

thousand to ten thousand year period with the lower density simulations taking up to 10^ 

years to converge, giving support to the non-equilibrium timescale hypothesis. 

As a further test, we have run one example for a limited time scale. Using a 

temperature of 2000 K, and p ~ lO^'^cm'^, one model was run for the pulsational period of 

IRC+10216, 649 days (Men'shchikov, Hofinann, and Weigelt 2002). The results are 

shown in Table 5.7 and Figure 5.2. By the end of the 1.8 year cycle, most molecules are 

at or near their equilibrium values. In addition, monitoring of the change in abundance 

with respect to time shows that most species have reached steady state values. 
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Table 5.7 
Time Dependent Calculations 

Specie 649 Days Equilibrivtm 
Established 

Specie 649 Days Equilibrium 
Established 

H 1.77E-01 1.77E-01 H2S 4.39E-09 4.35E-09 
C 1.40E-07 1.40E-07 CS 3.30E-06 3.65E-06 
N 8.45E-10 8.01E-10 SO 1.04E-16 3.69E-17 
0 1.48E-13 5.26E-14 NS 2.09E-13 1.96E-13 
F 5.15E-12 5.15E-12 SiH 4.11E-07 4.12E-07 
Na 4.65E-06 4.65E-06 SiH2 4.51E-09 4.52E-09 
Mg 8.28E-05 8.28E-05 SiH3 l.lOE-12 l.lOE-12 
A1 6.57E-06 6.55E-06 SiH4 1.04E-14 1.05E-14 
Si 6.56E-05 6.58E-05 SiS 1.24E-05 1.23E-05 
S 2.77E-07 2.74E-07 SiO 1.43E-07 5.07E-08 
CI 6.19E-08 6.19E-08 SiC 5.37E-10 4.78E-10 
K 2.94E-07 2.94E-07 SiC2 4.64E-07 4.61E-07 
H2 l.OOE+00 l.OOE+00 SiN 1.53E-09 1.29E-09 
C2 2.61E-09 2.91E-09 HF 7.11E-08 7.11E-08 
C3 2.33E-08 2.91E-08 HCl 4.72E-07 4.72E-07 
CH 8.58E-09 8.57E-09 AlF 1.02E-09 1.02E-09 
CH2 1.56E-08 1.56E-08 AlCl 9.40E-10 9.37E-10 
CH3 5.55E-08 5.55E-08 AlH 9.94E-12 1.69E-08 
ch4 1.27E-08 1.27E-08 AlC 4.78E-13 4.76E-13 
C2H 2.86E-05 2.84E-05 AINC 1.50E-09 1.59E-09 
C2H2 1.34E-04 1.33E-04 NaCl 1.31E-11 1.31E-11 
c2h4 6.86E-11 6.84E-11 NaF 3.03E-14 3.03E-14 
N2 6.83E-05 6.70E-05 NaCN 1.99E-11 2.10E-11 
NH 1.40E-11 1.33E-11 KCl 2.90E-12 2.90E-12 
NH2 7.76E-12 7.34E-12 MgCl 1.69E-12 1.69E-12 
nh3 1.51E-11 1.43E-11 NaH 1.02E-12 3.19E-10 
CN 2.53E-07 2.67E-07 MgF 5.77E-13 5.77E-13 
HCN 4.43E-05 4.69E-05 KH 3.63E-14 1.13E-11 
C2N 2.30E-09 2.44E-09 MgH 3.83E-11 1.19E-08 
hc3n 5.25E-10 5.50E-10 KF 7.90E-15 7.90E-15 
NO 3.46E-16 1.19E-16 
O2 1.86E-24 5.25E-25 a) Calculations ran at T=2000 K and p-lO'"* 
OH 1.17E-12 4.17E-13 cm'^ with C/O ratio of 1.4. Fractional 

CO 9.07E-04 9.08E-04 abundance values given relative to H2. 

co2 1.29E-14 4.60E-15 b) Total time of 1.18 x 10® years. 

H2O 6.49E-11 2.31E-11 
HCO 1.51E-14 4.68E-12 
h2co 4.17E-16 5.08E-14 
HS 2.45E-05 2.43E-05 
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As seen in Table 5.7, the oxygen containing molecules and metal hydrides show 

deviations from equilibrium values at early time periods. For example, OH has a 649 day 

12 J 3 , abundance value of 1.17x10' while its expected equilibrium number is 4.17x10' . The 

other oxygen-bearing species show short time period values typically one to two orders 

of magnitude different than the equilibrium case. The NaH abundance value changes two 

orders of magnitude from f-10"'^ to 10'^° between early time and equilibrium and the 

other metal hydrides vary by up to three orders of magnitude (Table 5.7). The reason for 

these discrepancies can be seen by examining the CO and CO2 molecules. 

AGB 
Pulsation Equilibrium 
Time Established 

o -20 

0 4 

Log Time (s) 

Figure 5.2 
Plot of abundance changes with time for a 2000 K model at density ~ lo'"' cm'^. At the 
IRC+10216 pulsation period of 649 days, most molecules have reached their equilibrium 
values, with the exception of the oxygen-bearing compounds. 



123 

CO and CO2 are the most stable species in the network (after AlF) with AGf (2000 

K) values of-286.034 kJ/mol and -396.333 kJ/mol, respectively. These large Gibbs free 

energy values result in reverse rates for the destruction of these two molecules which are 

several orders of magnitude less then the corresponding forward rate. The reverse rate is 

therefore not a favorable pathway to equilibrium and species connected to them through 

the network, specifically oxygen compounds will also be affected. Note that the metal 

hydrides are formed via reaction of a metal atom with HCO radical which also produces 

CO. Thus, the metal hydride abundances are also influenced. 

It must be remembered that the total timescale for the reaction network to 

converge is highly dependent on the reactions chosen and rates themselves, which can be 

fairly uncertain (Table 5.2). The choice of two body reactions over three body ones 

affects the time to equilibrium and the available pathways to reach it. In addition, 

inclusion of additional avenues may also affect the time dependence while not modifying 

the equilibrium abundances. For example, the addition of MH + H ^ H2 + M reactions, 

where M is a metal, speeds the equilibrium endpoint from ~10 years to ~ 10 years for 

comparable temperatures and densities. 

Several key reaction links need to be accurately measured in order to better 

understand the time dependence problem. For example, the metal hydride and metal 

halide reaction rates are mostly unknown (Table 5.2). In addition, important reaction 

r ates, such as the CO formation reaction, C + O —CO + OH, are only known for a small, 

low temperature interval (10-300 K). In general, high temperature reaction rate 

information is needed. 
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Several signatures of the approach to equilibrium may be important as they may 

better reflect the observed abundance distribution than the equilibrium results themselves. 

As the model initiates the elements begin to react to form molecules leading to an initial 

rise in molecular abundances. At a time of x ~ 10 seconds, conversion of atomic H to 

molecular hydrogen has taken place. (See also Figure 5.2). Prior to this, at x ~ 10^ s, the 

ammonia chain species NH and NH2 reach their peak abundance values of 10"^ and 10"'', 

respectively, before declining to their equilibrium abundances. At this point, the nh3 

abundance is below its LTE value by almost an order of magnitude. The carbon 

compounds and methane production series reach their peak abundance at x ~ lO'* seconds 

and then remain approximately in steady state until equilibrium is reached. Most silicon 

compounds reach peak values at this time as well. The silane production chain from SiH 

—» SiH2 —>-SiH3 -^SiH4 does not level off until x ~ 10^ seconds. CO, SiO, and the oxygen 

related compounds are the last to reach equilibrium, as discussed above. 

vi) Model limitations: shock sensitivity 

LTE calculations are only valid over a small range of the CSE. The beginning of 

the dust zone marks the extreme edge of the LTE region, which generally does not extend 

beyond lOR*. In fact, in IRC+10216, dust is thought to form atr~3R»(r~lxlO''* cm) 

(Keady et al. 1988). The entire CSE can extend significantly farther, out to r ~ lO'^ cm 

(Glassgold 1996). Beyond the LTE zone, dust condensation chemistry applies and, at the 

outer edges of the CSE, photochemical processes occur. 

Pulsations of the central star also affect the validity of the standard LTE model. 

These periodic events suppress LTE abundances close to the photosphere as shocks begin 
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to propagate outwards (Willacy and Cherchneff 1998). To test the sensitivity of the LTE 

model under shock conditions, one model was calculated based on the shock conditions 

for IRC+10216 as given in Willacy and Cherchneff (1998). Using the established 

temperature and density profiles for a 20 km/s shock, the simulation was progressed in 

time over the length of one pulsation period, 650 days. The initial shock temperature and 

density were 4500 K and 6.3 x lO'^ cm'^. LTE abundances from the equilibrium model at 

2000 K and density of 3.6 x lO'"* cm"^ were used as the starting point. After the end of the 

pulsation time, initial equilibrium abundances were compared to the final shock 

abundance values as shown in Table 5.8. 

Several species are little changed by the shock conditions while others show 

significant differences. H2, CO, N2, SiS, SiO, HF, and HCl all have shock abundance 

values only a factor of 1.1 to 3 different from their LTE abundances. In contrast, ethene 

and silane both increase by an order of magnitude by the end of the shock scenario while 

NO, O2, and H2S decrease by two to five orders of magnitude. 

The differences between shock calculations and thermodynamic modeling has 

previously been discussed by Willacy and Cherchneff (1998) and Duari et al. (1999) for 

carbon and oxygen rich atmospheres, respectively. The present results do not always 

agree with these previous models. For example, as shown in Table 5.8, nh3 abundance 

decreases during the shock fi'om a LTE value of 1.21 x 10"'' to 2.00 x lO"''*. Willacy and 

Cherchneff (1998), however, see an order of magnitude increase in ammonia abundance, 

after the passage of a 20 km/s shock. Discrepancies between the two models are largely 



due to differences in the initial input, reaction networks, and thermodynamic data 

employed. 

Table 5.8 
Shock Sensitivity Test 

Specie LTE^^ Shock Specie LTE®^ Shock 
H 1.50E-01 7.56E-03 h2co 4.31E-14 2.72E-14 
C 1.19E-07 1.56E-11 HS 2.06E-05 8.42E-09 
N 6.80E-10 5.26E-16 H2S 3.69E-09 9.05E-12 
0 4.47E-14 7.40E-20 CS 3.10E-06 2.24E-06 
F 4.37E-12 3.42E-15 SO 3.13E-17 O.OOE+00 
Na 3.95E-06 4.25E-06 NS 1.66E-13 7.33E-21 
Mg 7.02E-05 7.57E-05 SiH 3.50E-07 4.72E-07 
A1 5.56E-06 5.88E-06 SiH2 3.84E-09 6.63E-09 
Si 5.59E-05 3.56E-05 SiHs 9.34E-13 2.65E-12 
S 2.33E-07 4.72E-11 SiH4 8.89E-15 2.26E-14 
CI 5.25E-08 2.58E-09 SiS 1.05E-05 3.48E-05 
K 2.49E-07 2.68E-07 SiO 4.30E-08 5.56E-08 
H2 8.49E-01 9.91E-01 SiC 4.06E-10 3.48E-14 
c2 2.47E-09 4.69E-12 SiC2 3.91E-07 1.34E-06 
c3 2.47E-08 1.58E-08 SiN 1.09E-09 3.40E-10 
CH 7.27E-09 3.58E-12 HF 6.03E-08 2.03E-08 
CH2 1.32E-08 1.33E-10 HCl 4.00E-07 4.23E-07 
ch3 4.71E-08 1.71E-08 AlF 8.64E-10 4.56E-08 
ch4 1.08E-08 9.17E-08 AlCl 7.95E-10 6.29E-08 
C2H 2.41E-05 8.33E-07 AlH 1.44E-08 9.68E-09 
C2H2 1.13E-04 1.45E-04 AlC 4.04E-13 6.06E-15 
c2h4 5.81E-11 8.51E-10 AINC 1.35E-09 1.05E-08 
N2 5.69E-05 6.04E-05 NaCl l.llE-11 1.28E-10 
NH 1.13E-11 2.63E-17 NaF 2.57E-14 2.21E-14 
nh2 6.23E-12 2.56E-16 NaCN 1.78E-11 4.55E-11 
nh3 1.21E-11 2.00E-14 KCl 2.46E-12 3.84E-11 
CN 2.27E-07 2.35E-09 MgCl 1.43E-12 2.17E-12 
HCN 3.98E-05 4.48E-05 NaH 2.71E-10 4.59E-10 
C2N 2.07E-09 3.94E-09 MgF 4.89E-13 3.23E-13 
hc3n 4.67E-10 3.35E-10 KH 9.57E-12 1.16E-11 
NO l.OlE-16 2.10E-21 MgH l.OlE-08 1.65E-08 
O2 4.46E-25 1.22E-27 KF 6.71E-15 8.33E-15 
OH 
CO 
co2 
H2O 

3.54E-13 
7.70E-04 
3.91E-15 
1.96E-11 

1.58E-17 
8.30E-04 
2.88E-17 
8.77E-14 

a) Thermodynamic equilibrium value at 2000 K. 
b) Values after passage of a 20 km/s shock 
front. Final temperature -1500 K and final 
density is -lO'^cm"^ (Willacy and Cherchneff 
lOQR'* 

HCO 3.97E-12 4.04E-13 
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Most metal-containing molecules undergo little change during the shock. The 

metal hydrides are affected only slightly, with post shock values typically less than a 

factor of two from the initial LTE values. The magnesium and potassium halides are 

similarly unaltered. The NaF value changes only a factor of 1.2 and NaCN goes from an 

LTE value of 1.78 x 10"'' to 4.55 x 10"'' after passage of the shock front. 

The most dramatic changes in metal compounds are for the remaining A1 species 

and sodium chloride. The NaCl abundance increases by about a factor of 10 to 1.3x10"'° 

while the AlC value decreases jfrom 4 x 10"'^ to 6 x 10"'^ in the shock. The AINC 

abundance increases from 10"^ to 10"^, and AlF and AlCl also increase by factors of about 

o 

100. Interestingly, the AlF and AlCl post-shock abundances are, respectively, 4.56x10" 

and 6.29x10'^,only a factor of 3.3 and 1.5 away from the observed values for these 

molecules. Thus, it is possible that shocks may be enhancing the LTE abundances of the 

A1 halides leading to the large observed inner envelope values for these species. 

The ability to test the LTE model under shock conditions is a demonstration of the 

robustness of this new code. From these shock calculations, it appears that inner 

envelope metal molecule chemistry can no longer strictly be explained as based solely on 

LTE chemistry. While most metal species are unaffected by the shock, aluminum halide 

abundances increase to near their observed values. The combined dependencies of shock 

chemistry and grain condensation on the inner envelope abundances is left for future 

calculations. The equilibrium model, however, can be used as the basis for these types of 

calculations. 
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5-5) Conclusions 

Using a new method, we have calculated equilibrium abundances for 69 species, 

including 12 elements, under carbon rich circumstellar envelope conditions. Our method 

not only gives results comparable to past work, but also allows new insights into the time 

dependencies of the equilibrium process. Values appropriate for IRC+10216 were 

discussed. Abundances of several species can be explained as parent molecules, which 

are precursors to the photochemistry occurring in the outer envelope. 

Predicted abundances of metal halides and NaCN compare with the observed 

values for these molecules in IRC+10216, within the errors of the model, when the 

temperature is 1000-1600 K. These species may be forming a few arcseconds away from 

the star where the temperature has dropped to this level. This is in agreement with 

previous theoretical work as well as interferometery maps of NaCl and NaCN. The 

equilibrium timescale appears to agree with the observational data as well. In addition, 

shocks may enhance the abundances of the aluminum halides after LTE formation. 

New insights into metal-compound formation can be understood based on this 

new model. However, future calculations, such as grain condensation in the inner 

envelope and photochemistry in the outer regions after fi'eeze-out, will continue to 

advance this knowledge. Using simple shock calculations, it was demonstrated that this 

new code can be a basis for these more complex simulations. The role of metal 

compounds in CSEs is still only beginning to be understood. 
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ABSTRACT 

New observations of vibraticmally excited CS in its r = 1 state have been conducted toward the dr-
cumstellar shdl of IRC +• 10216 using the NRAO 12 m telescope and the CSO. The J='3-»2,6-*5, 
and 7 -> 6 transitions kt the v = 1 level at 146, 292, and 340 GHz have been detected toward this object, 
and the J = 2-^1 and 5-^4 lines were also reobserved. After accounting for contamination from other 
spedes, these CS traimticms all exhibit line profiles that are narrower ^ toi s~^) than those 
displayed by mc»t mcdecules in IRC +10216, indicating an origin in the inner stellar envdope. The 
J = 3 2 line is particularly narrow 1-2 km s"^), and consists (rf two separate velocity com-
pcments at —2b and —22 km s~^. These charactoi^tics are suggestive of weak maser action in 
this transition. Hie narrow line widths observed in the other traisitions indicate a source size O*'?, 
which implies a CS cdumn density in the r 1 state of 2-6 x 10^® cm"^. The groimd-state (p — 0) 
column density is therefore on the order d 0.8-2 x 10'® cm~^ for Ty^, = 500 K. The fractional abun
dance of CS r^tive to is consequently/3-7 x 10~* at 14 Sw;h a hi^ abundance close to 
the stellar photosphere is strcmg evidence that CS is a *'parent" molwule in IRC +10216, as suggested 
by infrared studies of the r = 0 1 vibrational traisition and interfercanetric observations. 
Subject headings: drcumsteilar matter — masers — radio lines: stars — stars: AGB and post-AGB — 

st^: individual (IRC +10216) 

1. INTRODUCnON 

Vibrationally excited molecules in interstellar gas an; of 
interest because of their potential as probes of extreme 
physKal conditiois. Such specics can be excited by ces
sions, in which case they trace regions of very h^ gas 
temperatures and densities (6.g., Ziurys & Turner 1986). 
Excitation by infrared radiation is also a possibility for 
these molecules, and thus they may indicate the presence of 
substantial in&aied fields (e.g.. Goldsmith et al. 1983). 

Various vibrationally excit^ species have been observed 
in molecular clouds, the majority of which have been 
detected via rotational transitions arising in such excited 
states. For example, rotational lines of CH3CN, and HC3N 
have been identified in Orion-KL originating from their 
and »7 modes, respectively (Goldsmith et aL 1983). "Vibra
tionally excited NHg in its r2 » 1 state has been observed in 
this object as well (Sdulke et aL 19S^). Such molecules 
a{^>ear to undergo vibrational excitation in the **hot core" 
region as a result of infrared dust emission. In addition, 
vibrationally excited has been detected in numerous 
dense clouds such as DR21 and W51 (e.g.. Garden et aL 
1991). In this case, S-branch lines the t? 1 0 vibra
tion^ transition are obs^ved, which are thought to trace 
shock waves and/or outflows. 

Vibrationally excited molecules are also present in the 
drcumstdlar envdopes of late-type stars, especially in the 
shdl cf the carbcm-iich ^ant IRC +10216. Numerous 
species have been detected in absorption toward IRC 
+10216 via ro-vibrational IR lines, induding CO, HCCH, 

1 Current address: Division cf &^iitecdi% and Applied Sdeoce, 
Harvard University, 29 Oxford Street, Cambridge, MA 02138. 

HCN, SiH4, and SiO (e.g., Keady, Hall, & Rid^ay 1988; 
Keady & RMgway 1993; Boyle et aL 1994; Cemicharo et aL 
1996). These absorption lin^ arise in the inner part of the 
drcumstdlar shdl, near the dust acceleration zone. Rota
tional transitions of molecules in various vibrationally 
exdted states have been measured toward IRC +10216 as 
wcdl, such as HCN (Ziurys & Turner 1986), CS (Tumer 
1987a), and SiS (Turner 1987b). Certain transitions even 
appear to exhibit maset emission, as has been found in the 
J = 1 -+ 0 line of HCN originatbig in the (02^0) bending 
state (Lucas et aL 1986). This masering transition has been 
detected in six other stdlar envdopes, induding CIT6 
(Lucas, Guilloteau, & Omont 1988). 

Vibrationally excited spedes in IRC +10216 are thought 
to orig^ate in the inner drcumsteilar envdope, as evi
denced by their narrow line widths relative to ground state 
sped^. For examjde, lines arising fr<»n the p — 1 state of 
sis have zero-power line widths of AT^^ ~ 20-25 km s"' 
(Turner 1987b), in contrast to the usual IRC +10216 values 
of AVgp 30 km s~' (Olofsson 1994). Thus, vibrationally 
exdted emission originates fr<xn gas that has not been 
a c c d e r a t e d  t o  t h e  f u l l  e x p a n s i o n  v d o d t y  o f  1 4 . 5  k m  s ~ ^  
(Olofsson 1994). One exception to this general case has been 
vibrationally excited CS. This species was initially detected 
toward IRC +10216 by Tumer (1987a), who observed the 
J 2-* 1 and J " 5 4 tranations in ^e p <-> 1 state. The 
J » 5 4 line profile measured by Turner was particularly 
unusual, being broad and asymmetric in shape with an 
apparent "dip" toward the Uueshifted side, attributed 
to self-at>sorption. The anomalous line shape 1^ Turner to 
the condusion that vibrationally exdted CS must arise 
from throughout the circumsteUar envelope of IRC 
+10216, and the emission must therefore be thermaL 
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TABLE 1 * 

SUMMAKY OP OBSEHVAHONS TOWAU) IRC +10216* 

Molecule Transition 

*. 

(MHz) (aicsec) 1c 

n' 
(K) flnni**) 

^yvx 
( k m  s " M  

CS (f = 0) 244935.6 . 26 046 4.00 ± OlO -255 ± U 24J ± U 

C S C f -  I )  J - 2 - 1  97270J 63 0J8 0003 ± 0.001 -27J±3.l 215 ±6.2 

J - 3 - 2* 145904.2 43 076 0X)54 ± 0X)10 -26.2 ±0.3 U ± 0 . 3  
0020 ± O.OlO' -222 ±0.6 15 ±0.6 

y - 5 - 4' 2431608 26 0.47 04)21 i 0.005 -25.1 ± 1.2 7 J ± U  
J - 6 - 5  29n82J 22 036 0.027 ± 0X309 -25i±10 14J±10 
J m 7^6' 340398.1 24 0.67 0101 Oi>5 -27J±17 IIJ ± 5J 

C"S 9717U 0024 ± 0.001 -26J±3.1 308 ±3.1 C"S 
J - 5 - 4  242915.6 0058 ± 0.005 -25.7 ± 1.2 27.1 ± U 
J = 10.3 - 9.5 97244.5 0X103 ± OOOl -25J ± 3.1 iU±i>2 

Si"CC A',)« 4(1J)3(U) 97295.3 0009 ± 0A)1 -26.1 ±3.1 24.4 ± 6.2 

H C j N I f ,  -  1 ) ' . . . .  J ' i 6 -  15 145918.2 0006 ± 0/X}3 -25J± 1J3 225 ±1.0 

SIC(^N,R 243176.9 0011 ±0.005 - -26 - 3 5  
242970 OOll ±0006 -26j0 255 ± U 

C'*S'-» J ^ 7 ^ 6  337396.5 0J5 ± 0.03 -25.9 ± 2.7 - 2 5  
N - 3 - 2 . J - 7 / 2 - 5 / 2 '  340247.9 050 ± 0.03 -25J±2.7 27.2 ± 5.3 

"SIC,' J(K„ K.) » 15(10.5) - 14(ia4) 340463.2 il 0.08 ± 0.03 -26.1 ± 2.7 22i)±5.3 

IR-' 337167 QM ± 0.03 -26i) - 2 0  
337201 IL 0J05 ± 0.03 -26X1 - 2 5  

* Measured with 2 MHz resolution unless otherwise noted. Quoted errors «ce 5 a. 
* Assumes a unity filling factor. 
* Measured with 220 kHz resolution. 
* Second velocity componenL 
* Blended lines (see textL 
' Measured with Caltech Submillimeter Observatory; resolution is i MHz and teiDperaiure scale is T*. 
' Measured with 200 kHz lesolution 
^ From image sideband. 
' Three blended A/components. 

More recent studies, however, suggest that CS has a 
much more confined distribution. Plateau de Bure interfer
ometer iPdB!) maps show that most of the ground-state CS 
emission arises from the inner envelope in a region ~ 10" in 
extent, as opposed to the 40" outer shell where photochem
istry occurs (Lucas et al. 1995). In addition, infrared obser
vations of the II = 0 -> I transition of CS near 12 fim 
indicate a high abundance ~ 10~') near the star at r £ 12 
R, (Kcady & Ridgway 1993), with a decreasing abundance 
out to 100 R,. (The outer envelope is at r ~ 500 fi,.) The 
J = 3 ->2 line of CS (v = 1), observed in the Cemicharo, 
Gudin, & Kahane (2000) spectral survey of IRC -1-10216, 

exhibits a noticeably narrow profile as well, again suggest
ing an origin within the dust acceleration zone, and prelimi
nary PdBI maps of the,/ = 5 -• 4 (v s 1) transition indicate 
a source size <1" (Lucas & Gudin 1999). 

In an effort to resolve these discrepancies, we have con
ducted an investigation of vibrationally excited CS toward 
IRC +10216, using the NRAO 12 m telescope and the 10 m 
CSO dish. We have observed the 7 = 3 -• 2, 6 -> 5, and 
7 -• 6 lines of this molecule in the i' b I state, and have 
remeasured the y = 2 -• I and J s 5 -• 4 transitions 
detected by Turner. The spectra in general have narrow line 
widths, indicative of an iimer shell origin, and the unusual 

TABLE 2 

Urrex LUM fok CS (« ' I) towud Young Stbiak Ouccn 

a 6 rms Spearal Reso 
Source (1950)' (1950)* f l u n  « ' ' )  Transition (oK) (MHz) 

DR21(OH) 20 37 14.2 42 12 10 -3.0 / » 3 - » 2  19 05 
/ « 5 - » 4  7J 05 
; « 6 - 5  8.2 05 

IRAS 16293-2422 16 29 20.9 -24 22 13 4.0 9.7 01 
J - 5 - 4  7.6 10 
y - 6 - 5  8.1 05 

NGC 1333-IRAS 4A 03 26 5.0 31 03 13 7J0 J m i ^ 2  4J 05 
/ - 5 - » 4  13.2 05 
J « 6 - 5  6j6 05 

Serpens-SMM4 18 27 24.7 01 11 10 8.0 J -  3 - 2  9.7 01 
J - 6 - » 5  lUO 05 

Orion A 05 32 47 -05 24 21 9.0 y - 5 - 4  27.4 05 

* Right ascensioD is measured in hours, minutes, and seconds. 
* Declination is measured in degrees, arcmmutes, and arcseconds. 
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J = 5 _ 4 profile was found to be a result of a contami-
natiDg molecule. The J = 3 -• 2 transitioD, moreover, 
appeats to consist of two anomalously narrow velocity 
components and may be nontbermal in origin. In this paper 
we discuss these results. 

1 OBSERVATIONS 

The majority of the CS measurements toward IRC 
+ 10216 were carried out with the National Radio 
Astronomy Observatory (NRAOl' 12 m radio telescope at 
Kitt Peak. Arizona, between 1996 February and 1997 May. 
The receivers used were dual-channel cooled SIS miners 
operated in single sideband fSSB) mode at 1.2,2, and 3 mm 
wavelengths. The 2 and 3 nun receivers were tuned to be 
SSB. while at 1 mm a Martin-Puplet interferometer was 
used to reject the image sideband. The backends employed 
were 256 channel filter banks used in parallel mode (2 x 128 
channels) for simultaneous observations of orthogonal 
polarizations. Two difTcrent spectral resolutions were used 
for each set of the observations. The temperature scale TJ 
was determined by the chopper wheel method, corrected for 
forward spillover losses. Tlie conversion to radiation tem
perature, r,, is r* = Ti/tic, where ij, is the corrected beam 
efficiency. Four rotation^ transitions of CS (v = 1) were 
observed toward IRC +10216 with the 12 m telescope at 
97, 146, 243, and 292 GHz. in beam-switching mode. The 
CS (v = 0) J = S -• 4 line was also measured at 24S GHz. 
Observing frequencies, beam sizes, and beam efiiciencies are 
listed in Table 1 for the respective transitions. Typical filter 
bank resolutions employed were 1 MHz/2 MH^ used in 
parallel mode, except for the ^ = 3 -> 2 transition (see Table 
1). The measurements were conducted toward the IRC 
+10216 position a = 9'45'"14;8, S = 13''30'40" (19501 In 
addition, a simple map of this source was made at 146 GHz 
in 1997 May. Searches for vibrationally excited CS via its 
J = 3 —2,5—4, and 6 -• 5 transitions were also conducted 
toward several molecular clouds thought to contain young 
stellar objects, as noted in Table Z These observations were 
done in position-switching mode using 0.1, 0.25,0.5, and 2 
MHz resolutions, depending on the source. 

The CS (ii = 1) J = 7 -• 6 transidon at 340 GHz was 
measured at the Caltech Submillimeter Observatory 
(CSO)' at Mauna Kea, Hawaii on 1996 May 8. (The tran
sition has been previously observed by Groesbeck et al. 
1994). A single-channel double sideband SIS receiver was 
used for the measurements, with a 500 MHz bandwidth 
AOS backend (1 MHz resolution). The CSO temperature 
scale is T* such that conversion to radiation temperature is 
T„ - TVik. where is the main beam efficiency. Only IRC 
+10216 was observ^ at this frequency. 

3. RESULTS 

The results of the observations of IRC + 10216 are sum
marized in Table 1. Besides rest frequencies and telescope 
parameters. Table 1 lists the line intensities (in units of TJ), 
LSR velocities, and line widths (at half-power) for the 
observed CS transitions, as well as for other features 
detected in the bandpasses. Typical intensities observed for 
the CS (i) = 1) lines are on the order of 5-100 mK, with LSR 
velocities near the expected -26 km s~' for IRC +10216. 

' The NRAO is operaied by Auodated UniveRities, Inc., under coo-
• perative agT«emem wiib the National Science Fouodatioo. 
' The CSO is funded by NSF gns( AST96-1502S. 

Moreover, the CS (v = 1) line widths, determined from 
Gaussian fits to the profiles, are narrow for this object. For 
example, the J = 7 6, 6-* 5, and 5 -> 4 lines have widths 
of Al\,j ~ 7-14 km s*'. (The J = 2-* 1 transition is an 
excepDon, but here the signal-to-noise was poor.) In con
trast the CS (p 0), J = 5 -• 4 transition, CS lines, and 
other molecules observed (e.g., CN, SiCj) have AC,,, ~ 
23-32 km s~' (see Table 1). Tliese latter ^ties are typical 
for molecules observed in the circimistellar envelope where 
the gas has reached the systemic velocity of 14.S km s~' 
(e.g., Olofsson 1994). The J = 3 -> 2 transidon displays an 
even more peculiar profile, with A K,,, = 1.1 and 2.5 km s '' 
for the two velocity components. 

Typical spectra for vibrationally excited CS in IRC 
-t-10216 are shown in Figure I. Here the J s 7 -• 6, 6 -• 5, 
and 2 -* 1 transitions ate presented. The y >= 6 -> 5 and 
7 -> 6 lines show symmetric, parabolic line shapes, as 
opposed to the square and flat-topped or cusped profiles 
normally obsenred for optically thin molecular emission in 
this object. These shapes suggest that CS (v s 1) emission is 
optically thick and unresolved in the 22"-24" telescope 
brams at 292j and 340 GHz; therefore, it does not likely 
arise from t^e outer envelope, whose extent is 40"-60" 

0.15 

0.00 
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X  
 ̂ 0.00 
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•126 -26 74 
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Fic. 1.—spectra of (he J m 2^ l^J « 6 5. and J « 7 6 tnniitioiis 
of CS ID its e « I state at 97, 29Z and 340 GHz. measiutd toward IRC 
+10216. The J « 2 -• 1 and J « 6 -• S lines weiv ctwrved with the 12 o 
telescope using 2 MHz lesoluiion and the J « 7 6 Uoc was measured 
using the CSO. (The tetnperaturt scale for this transition is 7^.) The 
individual transiuons are indicated by arrows. The J • 7 6 and 
J K 6 S line profiles appear parabolic in shape, suggesting an unre
solved, optically thick source. 
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(Guelin, Lucas, & Neri 1997). (The signal-to-noise on the 
j = 2 1 transition is not suflicient to extraa reliable line 
shape inibrmatioQ.) 

Figure 2 presents the J = 5 -• 4 line of CS {» = U which 
exhibits an asymmetric line shape toward the blue side of 
the pro61e. as also observed by Turner (1987a). However, 
this asymmetry is readily attributable to another line 
blended in with that of CS. As the figure illustrates, this 
profile can be fitted with two Gaussian curves, one at the 
frequency of CS, and another at 16 MHz higher in fre
quency, 243.176 GHz. This is the exact frequency of the 
J = 6 —5 transition of SiC ia its (1 = 1 ladder iCemicharo 
et al 1989). (It should be noted that the SiC frequencies 
were not known at the time of Turner's observations.) 
Although the lowest lying spin orbit component of SiC cor
responds to n = 2, the J = A —i lines in the O = 1 ladder 
have been observed by Cemicharo et aL (2(XX)) at 2 mm 
toward IRC -1-10216. Hence it is expected that the 
J = 6 — 5 (fl = 1) lines should be present in this source. As 
the line profile and its corresponding parameters in Table 1 
show, subtracting the SiC "shoulder" leaves a narrow CS 
feature similar to the other observed transitions. 

Figure 3 displays the spearum observed for the 
y = 3 2 transition of CS (v = 1). This line also has been 
deteaed in the 2 mm survey of Ceniicharo et aL (2000). 
However, because these authors used 1 MHz resolution, the 
unusual line profile shown here at 250 kHz resolution was 
not apparent in their data. This line was originally observed 
at the 12 m in 1996 February, with coarser resolution, 
where it appeared to be asymmetric in shape. It was reob-
served in 1996 December, with the 250 kHz filters, such that 

0.03 -

0.02 -

0X1 -

OlOO 

4 34 •56 -86 

Vj^Oans-^) 

Fig. 1—Spectrum of the J » 5 4 Um of CS (o a I) oear 243 GHz 
observed toward IRC -k 10216 with 2 MHz resolutioo using the 12 m 
telescope. The J a 6 S (n « 1) Use of SiC appean as a contaminatiDg 
" shoulder" on the CS iv « 1) profile. The solid line is a fit of the spectrum 
witb two Gaussians. ooe centered at the CS frequency and the other at the 
SiC frequency. 
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Fto. 3.—Spectrum of the J « 3 — 2 line of CS (p • 1) near 146 GHz 
observed toward IRC -h 10216 with 220 kHz resoitttion usmg cbe 12 m 
telescope. This line profile is exciemely narrow {1-2 km s ~') tnd consuls of 
two velocity conponents. one at the systemic velocity of 26 km s *' and 
another near * — 22 km s' 

the two velocity components could be resolved. As Figure 3 
shows, the stronger component is extremely narrow and has 
fisa = -26 km s'', while the weaker feature is redshifted 
by about 2 MHz and is almost as narrow. The second 
feature could be due to another molecule; however, to our 
knowledge, there is no feasible candidate at this frequency. 
Funheimore, the second feature is almost as narrow as the 
first, indicating a similar origin. Such small line widths 
suggest non-LTE conditions, which also could result in iwo 
velocity components. Maser emission from the (01 "0) 
vibrationally excited states of HCN shows multiple velocity 
components in the J >= 2 — 1 line (Lucas & Ceniicharo 
1989). Therefore, it is quite probable that both features are 
attributable to CS (v = Demission. 

A crude five point map was made of the 7 ^ 3 -• 2 Unes, 
using the 12 m. The emission appeared to be a point source 
with respect to the 43" beam at 146 GHz. 

Table 2 presents upper limits obtained for vibrationally 
excited CS in searches toward several molecular clouds with 
known star formation. The J = i-*2, 5—•!. and 6 — 5 
transitions were searched for toward DR 21 (OH), IRAS 
16293 - 242Z and NGC 1333, and a subset of these lines in 
Serpens and Orion A. No emission was detected down to 
levels of 3-30 mK (1 a), with typically 20iir of integration. 
Vibrationally excited CS is therefore not as readily excited 
in molecular clouds as other molecules such as HCN 
(Ziurys & Tunier 1986). 

4. ANALYSIS AND DISCUSSION 

4.1. Origin ofCS(v = 1) Emission 
As shown in Figure 4, the o = 1 state of CS lies 1830 K in 

energy above the v = 0 state (Yamada & Hirota 1979). The 

CS (v=l) 
J=3-^2 

VLSROons-^) 
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FIG. 4.—Qualitative eoercy level diagram illustrating the rotationai 
transitioQs observed for CS k- » 1), marked by arrows, and showing ihe 
relevant radio and infrared u- » i —0) Etiulem A coefTideots. The bolder 
arrows indicate transitions previously observed by TurMr(1987aV 

Einstein coefficient for the vibrational decay is ^4 ~ 16 s" 
while the A coefTicients for the rotational transitions 
detected within the v = I level (shown by arrows in the 
figure), range from 2 x 10"' to 8 x 10"* s"'. Therefore. 
Ihe decay to ground state is S orders of magnitude faster 
than any rotational transition observed. Consequently, 
extreme conditions are required to sustain sufficient popu
lation in the II = 1 level to enable pure rotational transitions 
to occur. Such conditions Ihigh temperatures and densities, 
large IR fields) are found in the inner envelope rather than 
throughout the entire shell. 

The origiii of CS (u = 1) emission can be found by 
examining the J = 6 -• 3 and J = 1 — (i transitions. These 
lines both appear to be free of contamination from other 
molecules, exhibit symmetric, parabolic profiles, and have 
reasonable signal-to-noise. The J = 6 -• 5 and J = 7 -• 6 
transitions have line widths at half-power of A Km = 14.3 
and 11.3 km s "', respectively. 

Most line widths of molecular spectra in IRC +10216 
r e f l e c t  t h e  f u l l  e x p a n s i o n  v e l o c i t y  o f  t h e  g a s  ( =  
14.S km s~and presumably arise from beyond the accel
eration and dust-forming zone (Olofssoa 19^). in coatrast. 
the CS (v = 1) lines arc sufliciently narrow to suggest that 
they arise from a region where the gas is not fully acceler
ated. Comparable line widths have been found in features 
arising from other vibrationally excited molecules such as 
SiS (ti= 1) (Turner 1987b: Cemicharo et aL 2000), and 

HCN (01 "0) (Lucas & Cemicharo 1989). It has been con
cluded that these species arise from the irmer shell 

The line widths of the CS (v = 1) spectra can be used to 
estimate the source size of this emission. Based on infrared 
line profiles, Keady et aL (1988) and Keady & Ridgway 
(1993X modeled the gas expansion velocity for IRC + 
10216 as a function of distance from the star. Their calcu
lations suggest the presence of three steep acceleration 
regions, one located at ~ 5 K,, a second at — 10 R,, and 
the final zone at ~ 14 respectively, where R, is the 
stellar radius. At 5 R,, the gas increases in velocity from 
~4to 11 kms"',and near 10 Ji, is accelerated from 11 to 

14 km s"'. The terminal velocity of 14 km s "' is achieved at 
^ 14 R,. Therefore, using the Keady et aL models, the 

upper limit to the source radius of CS (c = 1) emission is 
£ 14 R,, corresponding to a source size 6, £28 R,. 

Assuming ajdistance of ISO pc (Crosas & Menten 1997; 
Weigelt et '^L 1998), this size corresponds to an angular 
extent of 0!63, using an average stellar radius of 5 x 10'* 
cm (Keady et aL 1988; Cemicharo et aL 1996; Lucas & 
Guelin 1999). 

Another estimate of the vibrationally excited CS source 
extent can be obtained from Plateau de Bure interferometer 
maps of the J = S -*4 (v = 1) tiansition (Lucas & Guelin 
1999). These measurements indicate a source size for CS 
(D = 1) emission of roughly Or3S (~ 10 if.X or ~ 7 x 10'* 
cm at a distance of ISO pc. Unfortunately, these authors did 
not take into account the fact that this transition is con
taminated by SiC; however, they likely resolved out the 
more extended SiC emission. On the other hand, their value 
of ~ 0?3S is remarkably consistent with the source size 
independently determined from the CS (v = 1) line widths 
and the Keady etaL expansion profile of IRC + 10216. 

Given the uncertainties involved, a reasonable estimate of 
the source size for CS (v b I) is 6, g OTS, based on both 
PdBl measurements and the CS line profiles. 

4.2. Inner Shell Abundances: CS as a Parent Molecule 

Based on a source size of ~ OtS, brightness temperatures 
in the p = 1 level of CS can be estimated. These quantities 
are listed in Table 3. As shown in the table, the temperatures 
range from T, - SO to 340 K, and steadily increase with J 
quantum number, with the exception of the J = 3 -• 2 tran-
sitioiL The line intensity here is ~ 526 K, and appears 
anomalously high relative to the other temperatures, sug
gesting some non-LTE effects in this transition. (This inten
sity is based on the component at —26 kms"'). The 
brightness temperatures in generaL however, ate consistent 
with other measurements. Lucas & Guelin (1999), for 
example, estimated T, ~ 900 K for the./ = 5 — 4 line of CS 

TABLE 3 
CS (c - n BMomoss 

TEHrBtATUUS* 

TraasitioD 
r, 

(K) 
54 

526* J» 5-4 12\ 
^»6-.5 143 

344 
• Auuines 6, ~ 0T5. 
'If e,£ 1 T,-

10'K. 
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(ii = 1), wbicb may include some SiC emission. Turner 
(S987b) found line intensities in the rotational lines of SiS 
(p = 1) of T, ^ 600 K, assuming a similar source size. 
Moreover, the CS rotational temperature at 14 R,, based 
on the I) = 0 1 ro-vibrational transition, is 7^ ~ 500 K 
(Keady & Ridgway 1993). Finally, estimates of gas kinetic 
temperatures are 71 ~ 1000 K at r < 6 x 10'* cm 
(Cemicharo et aL 1996) and ~ 500 K at 20 R, (Crosas & 
Menten 1997). 

From these brightness temperatures, a column density io 
the v = 1 state can be estimated. If these lines are optically 
tbin, a column density can be computed from a rotational 
diagram. This analysis yields ~ 6 x 10" cm"' and 
7^„ ~ 40 K, but, as shown in Figure 5, results in an uncon
vincing fit. However, the parabolic line profiles of the 
uncontaminated J = 6 -• 5 and J = 7 -> 6 transitions indi
cate that the CS (v = 1) lines may be somewhat optically 
thick, as also suggested by Lucas & Guelin (1999). The effect 
could explain the nonlinearity of the rotational diagram. If 
an opacity of 1 is assumed for the J = 6-* 5 transition, then 
T„ = 230 K [or this line and N (n = 1) ~ 1.9 x 10" cm"'. 
If T 1 is estimated for the J = 7 -»6 transition, then T„ = 
540 K and N (ti = 1) ~ 5.9 x 10" cm"'. In both cases, it is 
assumed T„, ~ 7^, for the partition function in the total 
column density calculation. Larger opacities (T ~ 10-100) 
can be disregarded because they result in CS (i> = 1) column 
densities greater than 10'^ cm"', or CS (v = 0) column 
densities of ~ 10" cm"', comparable or greater than that 
of CO (Crosas & Menten 1997). 

The V = 1 column density for CS is therefore on the order 
of 2-6 X 10" cm"'. From the » = 1 value, that of the » = 0 
level can be derived if a vibrational temperature is assumed. 
Keady & Ridgway (1993) estimate 7^n ~ 500 K near 14 R,. 
If this temperature is used, then the column density of CS in 
the i> = 0 state is 0.7-2.3 x 10" cm"'. This value is consis
tent with the V =: 0 column density derived from the C^'S: 
J = 2 -• 1 observations (see Table 1). This line suggests 
N ~2 y 10" cm"', assuming 7^, ~ 50 K. These results 
are summarized in Table 4. 

The column density derived for the v ^ 0 state of CS 
implies a fractional abundance of this species of 2.4-
7.6 X 10"', relative to Hj, at a radius of ~ 14 R,. (The 
molecular hydrogen colunm density was taken from Keady 
& Ridgway (1993), who calculate A(f~3xl0"'MQyr"'). 
In comparison, the infrared observations of CS suggest an 

^ 15 • 

e 
12 1 1 1 ' I 

0 20 40 60 

E.(K) 

FIG. S.—A rotatioiuU diagram for the observed CS (v = I) transilions 
(Table i) based on ihe opticaliy thin assumpiioo for aU lines and a source 
size of OTS. Tbe solid line is the linear least-squares fit to tbe data. The dia* 
gram suggests that some iransiiions are optic^y thick. Error bars are 3 e. 

TABLE 4 

CS COLUMN DENSJIUJ AND ABUNDANCES 

N„ ot/ Value 
(p» l)(cia'') « X 10"" 

I.»-5.9 X 10'" 
(v B 0) (an"') a7-2J X lO'*' 

10 X 10'" 
/tCS/H,) 2.4-7.6 X 10"' 
' From rotatioDaJ diagnm anaiysis, 

accllinifig T < 1. 
^ Based on •/ - 65 and J * 7-*6 traa-

sitions, assuming T ~ 1. 
* Optically thick assumption for p » I (see 

text). 
' FromC'^Scalculatiotis. 

abundance of 4 x 10~^, at roughly tbe same distance from 
the star, while the model of Lucas et al. (1995) predict 

10"', based jon CS interferometer measurements. These 
abundance estithates are all in reasonable agreement, con
sidering the different methods used to obtain them. Inter
estingly, at rou^y comparable stellar radii, tbe fractional 
abundance of SiS is calculated to be ~ 7 x 10~' (Lucas & 
Gu^n 1999) and that found for HCN is 3 x 10"' 
(Cemicharo et aL 1996). Hence, large abundances of CS, 
SiS, and HCN appear to exist at small stellar radii in IRC 
-H0216. 

Willacy & Cbemeff (1998) suggest that CS is a " parent" 
molecule for chemical reactions occurring in tbe shell of 
IRC +10216, i.e., it is a major starting material for the 
formation of other species throughout tbe envelope. They in 
fact derive a "TE " abundance for CS of 1.3 x 10"', close to 
the range indicated by our v = 1 observations. They also 
predict a significant decrease in the abundance of this mol
ecule due to shock-driven reactions in the itmer envelope. 
The details of this chemistry cannot be tested by our obser
vations; however, CS does undergo a significant decrease in 
abundance in the outer envelope (Lucas et al. 1995). It may 
be converted into longer chains such as C3S or CiS (e.g, 
Cemicharo et al. 1987). In any case the c 1 measurements 
are additional evidence that CS is indeed a parent molecule 
with a very large abundance relatively close to the star. 

4.3. £xcitationo/''Thermal'*CS(v = l)£mi5Sjon 

Collisional and/or radiative (infrared) mechanisms may 
be responsible for tbe excitation of tbe v = 1 level of CS. 
The collisional rate for excitation to tbe v = 1 state can be 
estimated from tbe experimentally derived formula of Milli-
kan & White (1963), which depends on the gas kinetic tem
perature and the reduced mass of colliding particlcs lin this 
case CS and H,). The temperature of IRC -r 10216 at the 
photosphere is T ~ 2000 K (Groenewegen 1997), which 
puts an upper limit on the gas kinetic temperature. The 
Crosas & Menten (1997) model suggests 71 ~ 5(X) K at 20 
K,, while Cemicharo et^. (1996) use ~ 1000 K at 6 x 10" 
cm (~-14 R,). Considering tbe 300-1000 K range, the col
lisional excitation rate varies from 3 x 10" cm' s~* to 
2 X 10"" cm's"', barely 1 order of magnimde change. 
For an Einstein A coefficient of 16.1 s~', the molecular 
hydrogen colunm density required to equate tbe collisional 
r a t e  w i t h  t b e  s p o n t a n e o u s  d e - e x c i t a t i o n  r a t e  ( i . e . ,  A  ~  Q  
is n(H2)~ 1-5 X 10" cm"^. Such densities are several 
orders of magnitude higher than those found in the shell of 
IRC -1-10216. For example, n(H2) is estimated to be ~ 10" 
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cm"' at 1 R,, decreasing to 10* at 10 R,, and 10' 
cm"' at20R, (Keadyetal. 1988). 

Radiative trapping could significantly reduce the radi
ative decay rate by the amount A/t^, where is the 
optical depth in the u = 0->l transition at 12 /aa. 
However, Tm in this case would have to be on the order of 
~ 10*-10' to sufficiently lower the gas densities. Such opa

cities would require a ground-state CS column density of N 
(CS u = 0) ~ 10'° cm"', i-e, a number that is close to the 
H: column density. This abundance of CS is impossible. In 
fact we estimate t„ ~ 4-170 in the « = 0 1 transition. 
Hence, there is not sufficient trapping in the 12 /aa tran
sition of CS to reduce the density required for colUsional 
excitation to make it a feasible mechanism. The densities 
required are simply too large. 

The excitation for the b = 1 level of CS must consequent
ly be radiative in nature. Because the v = 0 -> i transition of 
CS was observed in absorption against the infrared back
ground toward IRC +10216, at similar stellar radii where 
the rotational lines in o = 1 originate (Ready & Ridgway 
1993), there must be sufficient 12 /m radiation for this exci
tation. Moreover, IRC +10216 is known to be a strong 
emitter at ~ 12 /im, and the size of the dust photosphere is 
roughly that of the estimated CS (v - 1) source size (Bieging 
& Tafalla 1993). Calculations of the dust thermal tem
perature (Mangum & Wootten 1993) also indicate the pres
ence of considerable 12 ^ infrared radiation. 

4.4. /I CS (» = 1); J = 3 2 Maser? 
The extremely narrow line profile and the presence of a 

second, unusual velocity component in the y = 3 2 line of 
CS (i' = I) are suggestive of weak maser emission. The 
observed intensity of this transition is a further indication of 
non-LTE elTects. Based on the thermal J = 5-^4 and 

2 -• 1 transitions of CS (v = 1), the brightness tem
perature in the J = 3 -• 2 line should be on the order of 90 
K for 6, ~ 075, or an antenna temperature of TJ ~ 9 mK in 
a 43" beam. Both observed components are considerably 
stronger, with rj — 54 and 20 mK, respectively. In fact, 
given the noise level in the J = 3 -• 2 spearum. the thermal 
emission should not be detectable (see Fig. 3). Moreover, 
the line widths of both components are so narrow that these 
transitions must originale very close to the star, near 1 R,, 
or perhaps even in the stellar atmosphere itselL as propos^ 
for the HCN maser (Lucas & Cemidaro 1989). At 1 R„ the 
brightness temperature 7*, is on the order of 10' K in the 
- 26 km s "' component, indicating substantial maser gain. 

The second component lies higher than the systematic 
velocity at a slightly redshifted value of - 22 km s"Thete-

fore, this component may originate in gas accelerating away 
from the line of sight, but there could be complications 
because of atmospheric dynamics (e.g., shocks, pulsations). 
The (01 *'0); J = 2-* I maser line of HCN also has a second 
velocity component, but at a more negative velocity than 
the systematic one (Lucas & Ceinicharo I9S9). The two 
HCN features of this transition, however, have line widths 
of AC,,] ^ 10 km s ~; therefore, they are not as narrow as 
the CS J 3 2 lines. The broader profiles may be partly 
due to nitrogen hyperfine structure. 
' Infrared pumping likely excites the CS i> = 1 level. 
However, the J = 3 2 line alone appears to experience 
maser amplification. This effect may be attributable to 
spontaneous decay rates, as illustrated in Figure 4. Infrared 
excitation popiUates high rotational levels (J > 30), such as 
found by Keady & Ridgway (1993). Some fraction of excited 
molecules cascade down the rotational ladder and the Ein
stein A coefficients decrease accordingly with rotational 
transition. At J = 3, the decay rate {A ~ 10~' s~') may 
have decreased sufficiently relative to the A coefficients of 
higher transitions that a "bottleneck" occurs at this rota
tional level; 'that is, the J 3 level cannot deplete its popu
lation into ibtJ = 2 level at a rate fast enough to balance 
the incoming rate. Therefore, a population inversion occurs. 
Such an effect might also explain why the y 3° 2 -• 1 tran
sition is weak relative to the other lines. 

5. CONO-iraiON 

New observations of rotational transitioos of CS in its 
D s I excited vibrational state in IRC +10216 indicate that 
the species arises far closer to the star than past radio mea
surements suggested. In fact, CS emission arises from a 
region before the circumstellar shell has accelerated to its 
terminal velocity. The fractional abundance of CS in this 
part of the envelope, based on the v I measurements, is 
quite high (CS/H] ~ 10'^), and is additional evidence that 
this molecule functions as a " parent" species for the chem
istry in this object The excitation of vibrationally excited 
CS is likely due to infrared radiation at 12 /mi. as densities 
are not hi^ enough to produce the observed population in 
the v = 1 level. While four of the five observed transitions 
appear to be thennaL the J = 3-^2 transition may be a 
weak maser. Additional observations of CS in its v = 1 and 
v = 2 states are being conducted towards IRC +10216 and 
other AGB stars to test this hypothesis. 

This research is supported bv NSF grants AST-98-20S76, 
AST 95-03274, and AST-96-18S23. 
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ABSTRACT 

A new metal-containing species, AlNC, has been detected toward the circumstellar envelope of the late-type 
carbon star IRC +10216, using the IRAM 30 m telescope. The / = 11 10, 12 -*• 11, and 13 12 rotational 
transitions at 2 mm and the J — 18 ^ 17 and J = 2X 20 transitions at 1.2 mm of this linear; closed-shell 
molecule wore observed in this object. TTie line profiles appear U-shaped, indicating a source ^20", and the 
hom-to-center ratios suggest a shell-Uke distribution. In contrast, the oxher two Al-bearing molecules previously 
detected, AlF and AlCl, exist exclusively near the stellar photosph^. Modeling of the detected transitions, 
assuming a spherical-shell distribution, indicates a column doisity of ~ 9 x 10^' cm~^ and a fractional 
abundance relative to H2 of ~ 3 x lO'"* for AINC. A rotational temperature of ~ 60 K was also derived for 
this molecule, suggesting that shock waves may be synthesizing AINC in the outer envelope. This species is the 
fourth metal cyanide/isocyanide compound discovered in this object, along with MgNC, MgCN, and NaCN. 
These data suggest that cyanide/isocyanide species are the major molecular carriers of metals in circumstellar 
gas. 

Subject headings: circumstellar matter—ISM: molecules — line: identification — radio lines: stars — 
stars: individual (IRC +10216) 

1. INTRODUCTION 

Re&actory molecules are known to be heavily depleted in 
the gas phase in molecular clouds. In fact, the only refractory 
species observed in such objects to date are SiO and SiS (e.g., 
^urys 1991). Such compounds, on the other hand, are signif
icantly more abundant toward the circumstellar shells of late-
type stars. For example, eight silicon-bearing molecules thus 
far have been detected toward the expanding envelope of the 
evolved carbon star IRC +10216, including such unusual spe
cies as SiCj (Apponi et al. 1999) and SiCN (Gu61in et al. 2000). 
Rirthermore, several molecules containing the m^ls alumi
num, magnesium, sodium, and potassium have been discovered 
towa^ IRC +10216 (e.g., Cernicharo & Gu^lin 1987) and 
toward otha: evolved stars as well (ffighbei^er et al. 2001). 
Although grain formation is thought to occur on a large scale 
in the envelopes of such objects (e.g., Glassgold 1996), the 
physical conditions there must neverUieless support a rich and 
varied gas-phase chemistry for refractory elements. 

The most prevalent molecular fcxrm of silicon in circumstellar 
sheik is in carbon-chain and ring-type compounds, as might 
be expected given the C-rich environment of these objects. In 
contrast, the metal-bearing molecules eithra: are halide sfwcies 
(AICl, AlF, NaCl, and KO: Cemicharo & Gu6Un 1987) or 
contain the CN moiety (MgNC, NaCN, and MgCN: Kawaguchi 
et al. 1993; TVimer, Steimle, & Meerts 1994; Ziurys et al. 1995). 
Searches for monoacetylid^ (MCCH) and monocarbides (MC) 
have been curiously unsucce^ful. While the metal halide com
pounds are predicted to be abundant in stellar «iveIop^ by 
thermochemical equilibrium models CTsuji 1973), the appear
ance of cyanide/isocyanide species has been totally unexpected. 

^ NASA Graduate Student E^Uow. 
~ NRAO Junior Reaearch Associate. 

Their chemical synthesis in IRC +10216 and other objects 
such as CRL 2688 and CRL 618 (Highberger et aL 2001) has 
yet to be adequately explained (Glassgold 1996; Petrie 1996a). 

In this LettCT we report the detection of a new metal-
isocyanide compound, AINC, which has been obsa*ved toward 
IRC +10216 using the IRAM 30 m telescope. These mea
surements were made possible because of the laboratory work 
of Robinson, Apponi, & Ziurys (1997) and the theoretical cal
culations of Ma, Yamaguchi, & Schaefer (1995). Five un-
bl^ded rotational transitions were observed for AINC, which 
is a linear; cl(»ed-shell species. Here we describe our results 
and discuss their implications for circumstellar chemistry. 

2. OBSERVATIONS 

The measurements were carried out in a series of observing 
rans from 1997 May through 2001 Sqnembo; using the IRAM 
30 m tel^cope at Pico Veleta, Spain. The receivers used were 
cooled SIS mixers at 2 and L2 mm in wavelength, operated 
in single-sideband mode with approximately 15 dB rejection. 
The initial observations were carried out with single-channel 
receivers, while measurraients in 2000 October and thereafter 
were conducted with dual-polarization mixers. The backend 
used was a 1024 channel, 1 MHz filter bank split into several 
configurations (4 x 256 and 2 x 512, etc.), depending on the 
number of receiver channels. The temperature scale used was 
T^, the chopper wheel-corrected antenna temperature, and 
therefore conversion to radiation temperature is 7^ = 
where fig is the main-beam efBciency. Observations were 
conducted by wobble-switching, with a throw of typically 
±n5. The data were taken toward the IRC +10216 position 
a = 9^45"14;8, 5 = mO'ACT.O (B1950.0). Pointing was es
tablished by observations of the planets and OJ 287. Local 

L45 
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TABLE 1 

OBSEKVATIONS OF AINC TOWAKD IRC +10216 

Frequency n Vu, ir^v 
Trwisibon (MHz) (arcsec) lit (IDK) (km s' ') (km s •') (K kmr') 

J - 11-10 131642.2 19 0.72 5 t 2 -27.0 ± 23 29.6 2 23 0.084 ± 0.023 
J = 12- II I4360S.4 17 0.69 6 i 3 -27.5 t 2.1 33.4 ± 2.1 0.153 ± 0.026 
J s 13-12 155567.4 16 0.67 5 ± 2 -27i i 1.9 28.9 ± 1.9 0.102 * 0.027 
J B n 215351.9 \2 0.56 6 s 3 -26i ± 1.4 29.2 ± 1.4 0.100 ± 0.026 
J S 21-20 251213.0 10 0.48 5 i 2 -26J ± 1.1 28i ± 1.1 0.099 ± 0.030 

NOTE.—Errors are 3 v: observed toward a « 09*45*14!8.1 = I3*30'4(n) (B 1950.0). 

oscillator shifts were conducted for every line to confirm side
band idemity. 

3. RESULTS 

A summary of the AiNC observations toward IRC + 10216 
is given in Table L including rest frequencies, beam sizes, 
and beam efficiencies as well as line parameters. As is 
shown in the table, the detected lines of aluminum isocyanide 
have intensities typically less than 10 mK (T/), bui with the 
usual LSR velocity km s"') and line width 
(AV,,. - 30 km s"') for molecules present in the outer enve
lope (Cemicharo. Guelin. & Kahane 2000). The line param
eters ore also consistent among the five features, additional 
proof that they arise from the same molecule, and the lines 
appear exactly at the frequencies measured in the laboratory 
for AINC within 0.5 MHz (Robinson et al. 1997). Moreover, 
there are no known identifications of these spectral features 
other than aluminum isocyanide. 

Spectra of four transitions of AINC are presented in Rgure 
i. which includes the three lines observed at 2 mm (J = 
II 10, J = 12 — ll.andj = 13 I2)anda 1.2 mm feature 
{J ^ 18-* 17X The tour transitions appear to exhibit U-shaped 
profiles. This line shape indicates that the source of AINC 
emission in this circumstellar shell must be extended with re
spect to the largest 2 mm beam (6^ - 19* or r a 10': sec Table 
1). Therefore. AINC must be present toward the outer regions 
of the envelope. 

The spectra shown in Figure I also contain features from 
other molecules: the stronger lines have been already reponed 
in Cernicharo et al. (2000). A summary of the features ap-
peanng in the AINC bandpasses is given in Table 2. Several 
weak unidentified lines were observed, as well as transitions 
arising from carbon chains or rings, including those containing 
a sulfur or a silicon heteroatom. 

4. DISCUSSION 

4.1. AINC; The Third Interstellar 
Aluminum-bearing Compound 

The unambiguous detection of five transitions of AINC. a 
linear species with a T* ground electronic state, confirms the 
presence of this new molecule in the circumstellar envelope of 
IRC -r I02I6. This compound is the third moleculb identified 
in interstellar/circumstellar gas that contains the element alu
minum. Previously, only AlCl and AlF had been observed 
(Cernicharo & Guelin 1987; Ziurys. Apponi. & Phillips 1994). 
However, in contrast to AINC. the aluminum halide species are 
contined to the inner envelope of IRC +I02I6, as suggested 
by their fiat-topped line profiles (Cernicharo & Guelin 1987) 
and Plateau de Bure interferometer maps (Guelin. Lucas. & 
Neri 1997). Their total spatial extent is on the order of 5". They 
are thus likely formed at chemical equilibrium close to the stellar 

photosphere where temperatures are approximately 2000 K, as 
predicted by Tsuji (1973). 

The cusped appearance of the AINC profiles suggests a con
centration near the outer envelope of IRC -f 10216. at least up 
to a radius of l(y from the star. However, detection of the 
y s 18 -* 17 and 7 « 21 20 transitions, which lie over 100 
K above the ground rotational level, indicates U\at AINC emis
sion originates in warm material. Species solely confined to 
the outer enyelope. such as the free radicals CaH or MsNC. 
often have loiw rotational temperatures (7*^, 15-35 K: Guelin. 
Lucas. & Cernicharo 1993). On the othisr hand, the presence 
of vibrationially excited C^H and rotational temperatures de
rived from C,H and C^H (e.g., Guelin et al. 1997) indicate 
Tm 50-60 K in the outer shell. Moreover, cross K-ladder 
transitions of SiC^. which also has U-shaped line profiles, sug
gest an origin in gas with T^ ~ 140 K (Thaddeus. Cummins. 
& Linke 1984). Hence, observation of higher energy lines of 
AINC is still consistent with an outer shell source. Conse
quently. the distribution of AINC is very different from its 
halide counterparu AlCl and AlF. 

4.2. AINC ami Other Cyanide Abundat\cez m iRC -^10216 

The column density and fractional abundance of AINC was 
estimated using a model of a spherically- symmetric, expanding 
envelope (see Gudlin et al. 1997). The input parameters are 
source distribution and rotational temperature, which are ad
justed to reproduce the observed line profiles and hence derive 
column densities and abundances. A mass-loss rate of 3 x 
10"' yr"* and a distance to IRC +10216 of 200 pc were 
assumed fCrosas A Menten 1997). and a dipole moment for 
AINC of 3.14 D was used (Ma et al. 1995). The best fit to the 
line profiles was achieved for a hollow-shell source with un 
inner radius of 5' and an outer radius of 15' for a rotational 
temperature of = 60 K. The subsequent column density 
for AINC through the shell was found to be ** 9 x 
10" cm'\ with/(AINC/H,)- 3 x 10"". 

In comparison, the fractional abundance of MgCN in IRC 
+ 10216 of/—7 X I0~"'is similar to that of AINC iZiur>s et 
al. 1995), while MgNC is more abundant, with/-5 x lO" 
(Kawaguchi et al. 1993: Highberger et al. 2001). The mag
nesium compounds are present in the outer shell, both being 
free radicals. The other metal cyanide species detected. NaCN. 
is confined to the inner shell (6^ — 5') with a far greater abun
dance than any of its counterparts:/(NaCN/H,) - 10"' (Guelin 
el al. 1997: HighbergCT et al. 2001). 

In the inner envelope of IRC + I02I6, AlF and AlCl have 
fractional abundances of /(AlF/H.) ~ t.5 x 10"' and 
/(AlCI/Hj)- 2.2 X 10~\ respectively, if a 5" source size is 
assumed (Highberger et al. 2001). Thus, they are by far the 
dominant molecular carriers of aluminum, at least in this region. 
If the abundance of aluminum in JRC +10216 is roughly cos
mic (ix.. AI/H-3 * 10"*: Savage & Sembach 1996). then 
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AINC IRC+10216 
J= 11 -> 10 

•-C.H 

w 0.000 

0.0 0 

(km/s) 

Fig. I.—Spectra of the 7 s 11 10.12 h. 13~* 12. and 18 -* 17 rotational tRuuiikms of AlNCfXT*) at 13!. U3. ISS. and 21S GHt. respectively, observed 
toward IRC 10216 using the IRANI 30 m telescope. The line proiiles are U-shaped, indicating that AINC emission is likely to be extended into the outer 
ciicuRutellar shell. The spectral resolution is 1 MHi. 

about 5% of this element is in the form of these two compounds. 
It is not clear, however, that cosmic abundances apply to en* 
velopes of asymptotic giant branch stars (Forestini &. Char-
bonnel 1997). Nevertheless. AINC is still a very minor sink 
for aluminum and a very large fraction of Al must be incor
porated into grains quite close to the star. 

4.3. Metai Cyanide Chemistry in IRC +/02/6 

AINC is the fourth metal cyanide/isocyanide molecule ob
served in IRC +10216. along with MgNC. MgCN. and NaCN. 

Therefore, the cyanides appear to be an important carrier of 
refractory elements. It was initially proposed that the magne
sium species were produced via the radiative association re
action (Kawagucht et al. !993), 

Mg' + HCN - MgNCH* + hv. ( 1 )  

followed by dissociative recombination. However, calculations 
have shown that this process is too slow to be viable for Mg, 
Al, or Na (Petrie 199^a). Pethe has suggested that the same 
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TABLE 2 

ADOMOHAL MOLECULES OBSERVED IN THE BANDPASS 

Molecule Transition 
Frequency 

(MHz) 
7; 
(K) 

V'u. 
(km s"') 

^Kr. 
(km s' ') 

C,S It 5
 

I3ISS2.0 0.134 ± 0.003 -26.2 2.3 29.6 ± 23 
C"CCS' . ;«23-•22 I316I2.1 0.004 ± 0.002 —27 -28 
c,H(-nv.) . ;«47.5 -»46.5f 131668.5 0.019 ± 0.003 -26.1 i 2.3 29.7 ± 2.3 

ys47i -46.5/ 131725J 0.016 ± 0.003 -25.6 r 2.3 29.7 ± 2.3 
. Afc.. A:,) s 12(2. 10) -11(2. 9) 143645.4 0.008 ± 0.002 -26.2 2.6 26.5 t 2.6 

cs = 12,. 155454.5 0.038 ± 0.003 -26.6 - 1.9 28.9 ± 1.9 

C.H .  J(K. JC,) = 3(2, 2) -2(1. 1) 155518.3 0.101 ± 0.003 -26.3 1.9 28.9 ± 1.9 

SiC/ MK. K) « 7(2. 6) -6(2. 5) 164069.1 0.005 t 0.002 -26.7 2.1 29.2 ± 2.1 
•'®SiC, .  AK,. K) = 9(2. 7) -8(2, 6) 215247.7 0.069 ± 0.003 -27.8 z 1.4 29.2 ± 1.4 

'^SiC . /f,) = 10(0, 10) - 9(0, 9) 2IS424.5 0.068 ± 0.003 -27,9 1 1.4 30.6 ± 1.4 
Unidemified' 131620 0.003 ± 0.002 —27 -28 
Unidentified 131590 0.005 t 0.002 -27 27.3 ± 2.3 
Unidemified 143574 0.006 ± 0.003 -27 25.0 ± 2.6 
Untdeniilied 155601 0.014 ± 0.002 -27 28.9 ± 1.9 

NOTE.—Erron are 3 0: beam sizes and efficiencies given i 
* Blended line: see lexi. 
* Image sideband. 

type of reaction with longer carbon^chain molecules such as 
HC<N might be more feasible, because the rate is increased 
through vibrational stabilization of the intermediate ion. such 
as MgNC.H*. This mechanism might be possible for MgNC, 
MgCN. and AINC. which exist predominandy in the outer 
envelope—the only region where there is significant photoion-
iiation. The inner-shell distribution of NaCN on the other hand 
requires an alternative production scheme. 

On the basis of calculations of heals of formation (Petrie 
1996b). NaCN appears to be a relatively stable compound: it 
is also closed shell. Hence, it is likely formed at LIE in the 
inner envelope. (Curiously, the radiative association reaction 
of Na" + HCjN is not very efficient.) Considering theoretical 
predictions of Gibbs free energies (Politzer, Lane. & Grice 
2001). AINC should be relatively stable as well, but not quite 
as robust as AlCl and AlF. LTE chemistry in the inner envelope 
must clearly favor the halide compounds. Why AlF and AlCl 
do not survive into the outer envelope is a puzzling question. 

Another possible pathway for AINC formation in the outer 
shell mav be shock waves. Several theoretical studies have 

suggested slii>ck chemistry for molecule production near the 
stellar photosphere (Duah. Cherchneff, & Willacy 1999). Fur
thermore. observations of HCN toward a large sample of AG6 
circumstellar shells by Bieging, Shaked. & Gensheimer (2000) 
indicate that the higher energy rotational lines of this species 
are unusually bright. These data suggest that HCN is produced 
by nonequilibrium chemical processes—likely shock waves. 
Such shocks could also be creating AINC. Such formation 
would additionally explain the relatively high rotational tem
perature observed in this species. Shock waves could be de
stroying AlF and AlCl at the same time, causing their abun
dances to drop sharply a shon distance from the star, and 
perhaps releasing aluminum for later AINC creation. Certainly 
additional observations and chemical modeling are needed to 
explain these current findings. 

This research is supported by NSF grant AST 98-20576. 
C. S. thanks NASA for a graduate fellowship, and J. L. H. 
acknowledges NRAO for graduate support. 
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ABSTRACT 

The metal-costainmg mdeciiles AlF, M^C, and NaCN have been detected toward CRL 2688, a cir-
cumstdlar envdope in the proto-planetary nebula (PPN) phase. These measurements are the first detec
tions of such species in a source other than the carbon star IRC +10216. Three transitions of M^C 
were observed, each cS which consists of two spin-rotation components, and five lines of NaCN were 
measured; bodi detections were made in the 2 mm wavelength region using the NRAO 12 m telescope: 
Three transitions of AlF were observed as well at 2 and 1.2 mm with the IRAM 30 m anteima. All three 
spedes appear to trace the AGB wind, not the high-vdodty outflows characteristic of post-AGB mass 
loss. Rotational temperature analysis suggests that MgNC emission is from cooler gas than AlF and 
NaCN, indicating an outer shdl distribution for this molecule, as is found in IRC -i-10216. AlF and 
NaCN appear to be confined to the inner envelope of CRL 2688. The column density obtained for 
Mg^C in this source assuming a shdl-like distribution is 4 x 10^^ cm~^, corresponding to a frac
tional abundance, relative to Hj, of 4 x 10'̂  This abundance is about a Cactor of 10 less than that 
in IRC +10216. For NaCN, the column density and fracticmal abundance in CRL 2688 are 0.7-3 
X 10^^ cm~^ and/3—5 x  10"®, comparable to what has been measured for IRC -|-10216. In the case 
of AlF, the column density toward CRL 2688 was determiiKd to be 0.9-3 x 10^^ cm~^, resulting 
i n / ~  4 - 5  X  1 0 " ' .  I n  I R C  - | - 1 0 2 1 6 , ^ ( A l F )  i s  1 - 2  x  10"''. These data suggest that the chemistry in the 
outer envdope of CRL 2688 has altered abundance for spedes like M^C, but inner shdl molecules 
like NaCN mav remain intact over a longer timescale. While the abundance c€ AlF in CRL 2688 is less 
than that of ^^F in the solar system, in IRC -1-10216, the AlF abundance exceeds the fiiu>rine solar 
vali^ Hence, o1»ervations of this molecule sug^t that ^^F is produ(xd in thermal pulses in the AGB 
phase. 
Subject heaMngs: astrochonistry — circumstellar matter — ISM: molecules — radio lines: stars — 

stars: AGB and post-AGB — stars: individual (CRL 2688) 

1. INTRODUCTION 

Mass loss from evolved stars is a significant avenue for 
enrichment of the interstellar medium by heavy dements. 
Hence, knowledge of the physical and diemicfd processes 
that occur in the mass-loss phase is mtical for evaluating 
the gas-phase and sc^d-state composition of interstdlar 
material This evcdution, wh^ occurs for low- and 
intemiediate-mass stars (^1-8 ^ entirely under
stood (e.g., van Winded 1999), espedally in the later stages. 
Mass loss begins in the AGB (asymj^tic giant branch) 
phase, where the simultaneous burning helium and 
hydn^en shdls around a carbon/oxygen stdlar cote causes 
thermal instabilities that result in stroi^ stellar winds (e.g., 
Habing 1996). These winds erode the stellar envelope, whi^ 
is enriched with products d" interior nucleosynthesis as a 
result of AGB dredge-up events. The envdope eventually 
becOTies totally det^ed from the star, which evolves to a 
white dwarf, and a jdanetary nebula ^N) is foimed (Kwok 
1993). Between the AGB and PN phases, the star becomes a 
prot^planetary nebula (PPN). Mass loss greatly decreases 
during this time because the envelope is already mostly 
detached, and hydrogen shell burning increases the ton-
perature of the star. At some point during the PPN phase, it 
is thought that additional, rapid mass-loss events produce 
high-vdodty winds which impact on the slowly expanding, 
dusty, AGB envdope. These winds likely contribute to the 

^ NRAO Junior ReseardsAssodate. 
^ NASA Graduate Sttident Research Flogram FeUcw. 

shape of the future planetary nebula, as well as change the 
physical and chemical condi^ns of the drciunstdlar shdL 

It has been wdl-estaUished for some time that molecules 
form abundantly in stellar envelopes during the AGB phase. 
Observations have also demonstrated that mc^ecular gas 
continues to exist in the shells into the PPN stage (e.g., 
Jaminet et aL 1992; Fukasaku et at 1994; BachiUer et aL 
1997), and that some firaction of th^ molecular material 
survives to form dumpy, fragmented rings around planet
ary nebula (Ha^ins & Healy 1989; Huggins et al 1996). As 
discovered by BachiUer et aL (1997), the densities of these 
fragments can be quite high (10^ cm Naturally, it is of 
interest to study the chemical evdlution of this molecular 
material as it progresses fnxn the AGB shdl to the PN 
doud, and such studies have been carried out, for examine, 
by BadiiUer et aL (1997) and Hasegawa, Volk, & Kwok 
(2000). Certain trends seem to be apparent, namdy, that 
molecular ions start to form during the PPN phase, while 
CN and HNC increase in abundance. It has also been sug
gested that c<mcentrations of silicon spedes and larger mol-
ecuks such as HCgN gradually disappear after the AGB 
(e.g., BachiUer et al 1997). 

In recent years, molecules containing the metallic ele
ments (m the chemist's sense) have been detected in the shdl 
of the C-rich object IRC 4-10216. The species NaCl, AlCl, 
KQ, AlF (Cemicharo & Gudin 1987; Ziurys, Apponi, & 
Phillips 1994), NaCN (Turner, Steimle, & Meerts 1994), 
Mgf^C (Kawa^chi et al 1993), MgCN (Ziurys et al 1995), 
and AINC (Ziurys et al 2001) have all been observed 
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toward this object. While the halide species (and NaCN) 
appear to be confiDed to the inner shell (Guelin. Lucas, & 
Neri 1997), as predicted by thermochemical models (Tsuji 
1973), MgNC, MgCN. and AINC arise from the outer 
envelope (Guelin, Lucas, & Cemicharo 1993: Ziurys et ai 
1995. 2001). In this region, the gas is cold with ~ 25 K 
(Truong-Bach, Morris, & Nguyen-Q-Rieu 1991): hence, it is 
remarkable that metal-containing compounds are present 
since atomic ions such as Mg'^ and AJ* have previously 
been thought to be cbcmically inert under such conditions 
(Oppenheimer & Dalgamo 1974). Moreover, the existence 
of these molecules implies that some fraction of the refrac
tory metals remain in the gas phase and are not condensed 
onto dust grains (Glassgold 1996). These detections there
fore challenge conventional ideas about elemental deple
tions in the intersteUar medium. 

We have undertaken a survey program to establish the 
abundances and distributions of metal-bearing molecules 
through the AGB. PPN, and PN phases. Recently, we have 
conducted searches for such species toward CRL 2688, the 
Egg Nebula. First investigated by Ney et aL (1975), this 
source is now known to be a proto-planetary nebula (PPN) 
that has recently left the asymptotic giant branch (AGB) 
(Zucketman et al 1976; Jura & Kroto 1990). Optical and 
infrared studies of the Egg Nebula have shown that it is a 
bipolar reflection nebula with multiple expanding winds 
(Sahai et al. 1998a. 1998b; Cox et al 2000). CO obser
vations have demonstrated that in addition to the normal 
AGB expanding envelope, high-velocity flows are also 
present (Kawabe et al. 1987; Young et al. 1992). These flows 
are thought to originate from a final, violent mass-loss event 
or " super-wind " phase (e.g.. Jura et al. 2000). In addition, 
the AGB envelope itself has been found to have a rich chem
istry, as evidenced by the identification of NH3. HC,N, 
HC,N, and HC,N (e.g, Truong-Bach, Graham, & Nguyen-

Q-Rieu 1988,1993), as well as SiO and SiC, (Bachiller et aL 
1997) in this region. 

Here we report the fiist detections of metal-containing 
molecules toward CRL 2688. MgNC and NaCN have been 
observed toward this object using the NRAO 12 m tele
scope, and AlF was detected at the IRAM 30 m. Several 
transitions were observed for each species, from which 
abundances have been subsequently determined. In this 
paper we present these results. We alw compare our obser
vations with those found for the prototypical AGB star. 
IRC -f-10216, and discuss the significance of these dis
coveries in terms of chemical evolution. 

1 OBSERVATIONS 

Measurements of MgNC and NaCN were carried out 
from 1999 April through 2000 January using the NRAO' 12 
m telescope at Kitt Peak, Arizoiuu Rest frequencies 
employed for the observations are listed in Table 1. The 
receiveis usei) were dual-channel SIS mixers, operated in 
single-sidebahd mode with ~20 dB rejection of the image 
sideband. Tift back ends employed were two sets of 256-
channel filte^ banks with 1 and 2 MHz resolution, respec
tively. For most observations, two filter banks were 
configured is parallel mode (2 x 128 chaimeis) for simulta
neous observations at 1 and 2 MHi resolutions for each 
receiver chatmel For other observations, the two 2 MHz 
banks were run in series mode (1 x 256 channels) for each 
receiver channel The temperature scale used is given in 
terms of TJ, the chopper-wheel determined antenna tem
perature, correaed for forward spillover losses Con
version to radiation temperature is then done through tj,, 
the corrected beam efliciency, such that r„ = Tg/ii,. 

' NRAO is openied by ttu Associated Univeniiies. lac. undei om-
penlive agteemml mib Uie Nalioul Sdeooe Foundalioa 

TABLE 1 

MnAL-COITAININC MOUCUUS OsnVCD TOWAU CRL 2618' 

Molecule TmuiiioD 

Frequeocy 
(MHzl (ucsec) n'' 

r/ 
(K) 

Km 
flimi-') (kn 

Air J 131.899 20 0.71 0.008 ± 0.004 --33 -30 
J-5-4' 164.868 15 0.66 aoti ±0.005 -34.01 3.0 29.1 ± 3.0 

263.749.5 9 0.45 0.027 ± 0.007 -32.0 ±10 203 ±10 
MgNC ,v. n-io»^ 

J « 10.5 - 9.5 I3U41,6 48 OJ 0.005 ± 0j003 --37 -30 
131^fi.8 48 oi a003 i 0.003 --37 -30 

12-II* 
11.5-las 143.168.7 44 0.77 OXXH ± 0.002 --37 -30 

J-12.3-11.3 143,183.9 44 0.77 0.004 ± aoo2 --37 -30 
13-12' 
113-iu 135.094.6 40 0.73 (U»3 ± 0.001 -37 -30 

J » 13.5 - 115 155.109.8 40 0.73 0.003 ± 0.001 -37 -30 
NtCN* .138.651.9 46 0.78 OiJOS ± 0.003 -36.2 ±2.2 302 ±4.3 

x,)=. 10(0,10)-9(0,9) 153.557.7 41 0.74 0.008 1 0.003 -35.6 ±10 27J ± 3.9 
J(IC., X,) - 10(3, 8)-9(3. 7) '1S6.54U 40 a73 a004 ± 0.003 -3ao±3J 306 ±3J 
MK,. X,)-10(3. 7)-9(3. 6)* 156.684J) 40 0.73 0.005 ± 0.003 -3ao± 3.8 30.6 ± 3.8 
J{K,. X,)-JOfZ 8)-9{Z7) 158.616.4 40 0.72 0.003 ± 0.004 -35.4 ±10 217 ± 3.8 

* Al] erron are i tf. 
^ Main beam eOicieDcy depending on temperalun scak (ii, for 12 m data, f|| for IRAM 30 m. where r„ c rj/i), and T„ " 
' Assumes a filling faaor of 1. 
' IRAM 30 m data. Resolution is 1 MHz. 
* Kitt Peak 12 m tlala. Resolution is 2 MHz. 
' Blended ttypenne componenu; see teat 
' Blended with another line: see text. 
'Two blended spin-rotation components. 
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Measurements of AIF were conducted during 2000 
Octobcr using the IRAM 30 m telescope at Pico Veleta, 
Spain. The observations were carried out at 1.2 and 2 mm 
simultaneously using dual polarization receivers at eub 
wavelength that were approximately single-sideband Rejec
tion of the image was typically 13 dB. The back end tisrf 
was a 1 MHz filter bank with 1024 channels, configured in 
4 X 256 mode for simultaneous observation with 4 receiver 
channels (2 at 2 mm; 2 at 1.2 mmV The temperature scale at 
the 30 m telescope is given in terms of the chopper-wheel 
corrected anteima temperature T', where the conversion to 
radiation temperature T, is the main beam eiTidency i.e., 

= . u . 
All observations were earned out by beam switcnmg 

toward the CRL 2688 position a = 21'00"20!0; 
4 = 36°29'44' (B1950.0). The beam throw was ±2' at the 12 
m and ±r.5 at the 30 m. Local oscillator shifts were per
formed for all observations to insure proper sideband iden
tity of detected features. 

3. RESULTS 

A summary of the MgNC, NaCN, and AIF observations 
toward CRL 2688 are presented in Table 1. This table lists 
the measured line parameters of these species, as well as the 
beam size and beam efficiencies at the respective fre
quencies. As seen in the table, three transitions of AIF were 
detected (J = 4— 3 and J = 5 -• 4 at 2 mm; J = 8 -• 7 at 1 
mm), which have intensities less than 30 mK. The./ ^ g -» 7 
line of AIF appears as a " shoulder " on the J = 29 -• 28 
transition of HCjN, which explains its somewhat narrower 
line width (~21 km s"' for the J = 8 -»7 transition vs. 
— 30 km s"' for the 2 mm AIF lines). For MgNC three 
rotational transitions were also observed, each consisting of 
two fine-structure components separated by about 14.5 
MHz or 30 km s~' at 2 mm (Kawaguchi et aL 1993). The 
ground state of MgNC is 'I, and the splitting arises from 
spin-rotation interactions. Given the typical line widths of 
~ 30 km s "' observed in CRL 2688 (e.g. Young et aL 19921, 
these two components should be blended together to form 
one broad feature with ~ 60 km s"'. These widths 
were observed for every transitioa confirming the identifi
cation of MgNC in this source. The N = 11 -• 10 transition 
appears to be blended with a C,H feature. Also, there is a 
possible contaminating line of Si'^S in the s l2-> 11 
transition; however, it is unlikely to contribute much to the 
MgNC line intensity. Five lines were detected for NaCN, 
which are from K, components of the J = 9 -• 8 and 
J = 10->9 transitions. These features have line widths. 

~ 23-31 km s-'. The J(K., K,) = 10(3, 7)- 9(3, 6) 
transition may be panially contaminated by one of the 
lambda-doublets of the CjH('n 3,j): J = 56.5 -»55.5 line. 
NaCN, MgNC, and AIF all exhibit LSR velocities near 
— 30 to — 37 km s"'. aa expected for CRL 2688 (e.g, 
Truong-BachetaL 1988; YoungetaL 1992). 

Figures 1, 2, 3, and 4 present the spectra of all transitions 
of AIF, MgNC, and NaCN observed toward CRL 2688. 
Figure 1 displays the data for AIF obtained with the 30 m 
telescope. The top panel shows the J = 4 -«3 line, which 
consists of 10 hyperfine components arising from the 
I — 5/2 spin of ^'Al (Wyse, Gordy, & Pearson 1970). These 
ii/lines. along with a blended SiCt feature, give a very broad 
appearance to the line profile. The position of the arrow 
under the spectrum indicates the centroid of the frequencies 
of the three strongest /i/ components. The middle panel 
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Fig. 1.—Tlw 5-*4, ud 8«*7 rotfttional iniuitioDs of 
ALFOC'Z* ) detected toward CRL 2688 using the IRAM 30 m telescope. 
Cbanael resolutioo is 1 MHz. The arrowi uodeneatb Ifae spean todicatc 
the centroid of the stroogcst byperue compooeatt of AIF: for the 
J m4 — 3 line, these are sufficiently spread out lo broaden the line proiile. 
In addition, this line is contaminated with a SiC« tcinsitioa Tltc J m 8-* 7 

line appean on the wing of a strong HC,N feature. 

displays the J - 5 -> 4 transition of AIF. Here the strong hf 
components lie within 1 MHz of each other, and hence the 
line shape has the expected -30 km s~' width. There is 
some suggestion of a U-shaped profile in this spectra, indi
cating that the aluminum fluoride source may be partially 
resolved in the IS' beam. However, the J = i-*l tran
sition, shown in the bottom panel, does not appear U-
shaped, although its location on the wing of a strong HC,N 
line somewhat distorts the profile. The lack of these 
" horns " suggests that AIF is not resolved in the 9' beam at 
263 GHz. For this transition, the hf splitting is negligible. 

In Figure 2, spectra for the ;V«= 11 — 10. 12-11, 
13 — 12 transitions of MgNC are presented, as measured 
with the 12 m telescope. The arrows imdemeath each 
feature indicate the positions of the two fine-structure com
ponents, which can account for the unusually broad line 
profiles (c(. the HC3N feature in the Af 1= 13 — I2spectruml 
The partially blended C,H feature is indicated on the 
W = 11 -• lOspectrum. 

Figure 3 shows three of the transitions detected for 
NaCN using the 12 m anteima. Arrows indicate the posi
tion of the respective NaCN lioes. These detection include 
the K, = 0 component of the 7^9 — 8 transition. The 
X, = 0 and one of the K, = 2 asynmietry components of 
the J = 10 -• 9 line were also seen. (The strongest NaCN 
transitions are a-dipole allowed, i.e, AX, = 0, AX, = ± 1). 
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Fic. 2.—The ;V ^ U •* 10. 12-* 11. aad 13«*12 tnositioiu of 
MgNCfX'I* ) observed toward CRL 2688 using the 12 XD telescope. Tbe 
resoiutioQ here is 2 MHz. Tbe arrows usdemeatb the speara todiaiie (Ite 
posuioos of tbe blesded spiD'TOiauoD doublets of each tranaiion. which 
broaden each line profile id. HC,N). The AT • 11 -• 10 tnnniioDS also 
appears to be blended with a C}H line. 
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Fig. 3.—Three of ihe five traiuiuoiu of NaCN(XM) deieaed toward 
CRL 2688 using Ihe 12 m telescope, with 2 MH2 resolution. Tbe quantum 
Dumber designaitoo is JtK,, K,). Botb X, » 0 compoDenis were deieaed 
in the 7^9-^8 and J ^ 10 -* 9 traimiiou. 

Figure 4 presents tbe two additional NaCN detections, in 
this case tbe K, = 3 asytnmetry components of the 
J = 10-> 9 transition. One of tbe doublets (K, = 7-»6) 
appears to be somewhat stronger than the other |K, = 
8 -> 7) because of contamination by C,H, as mentioned. 
Several U-lines are also visible in the data. 

Within the limitations of the signal-to-noise ratios, the 
observed 12 m line profiles all appear to be flat-topped. 
These profiles indicate that tbe MgNC and NaCN sources 
are optically thin and not resolved in the -40'' beam of the 
12 m telescope. AlF emission is very weak so these lines are 
certainly optically thin, and well-defined horns are tiot 
visible on the profiles, although line blending and hyperiiDe 
structure complicates the interpretation. It is reasonable to 
assume the AlF source is not resolved as well, even in a 9" 
beam. Additional evidence of a small angular source size is 
our failure to detect 2 mm AlF emission wit)i the 12 m 
telescope. 

A variety of carbon and silicon-bearing species were also 
observed. These results are summarized in Table Z Several 
U-lines were detected as well 

4. DISCUSSION 

4.1. Origin in the AGB Envelope 

CRL 2688 is a complicated source with multiple outflows 
(e.g.. Young et al. 1992: Skinner et al. 1997: Sahai et aL 
1998a; Cox et al. 2000). From the chemistry viewpoint, it is 

probably sufiiciem to describe this source as having a mass 
of rougUy 7 Mq (e.g. Skinner el al. 1997; Lopez & Perrin 
20001 and being comprised of a slow-moving AGB shell 
with an expansion velocity near 18 km s'' (Young et al 

o.ooso 

u 1m3s 
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Flo. 4.—The other two iransitiDns of NaCN observed toward CRL 
2688 using itie 12 m (2 MHz resolutioat These are the /C, « 3 uyzmneiry 
doublets of Ihe J - 10 - 9 Iransilion. The (JC„ XJ - (3, 7) - (3, 6) com-
poneoi may be blended with one of the lambdaMtoublra of ihe 
J "= S6.5 -* S5.S transiiioD of C,iH: the other doublet is visible in the spec
trum at the center of the bandpass. Two Unci are also present 
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10(3,7) 
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TABLE : 

Othek Molecule! Ossxved in tin Bandpass* 

Frequency n 
Molecule Tnnsidos (MHz) (K) (km I'M flan I"') 

c,H(^n J - 27.5 - 26J (e & n isims aoo4 ± ojdos --33 -30 

C,S(7) N,-43*^-42o 131MJ 0M4 ± 0.003 -32 ±4 45 ±4 

HCCN' N,«6,-5, 131.7618 0024 ± 0.004 -35.7 ±13 31.8 ±13 

HCCN* 13U33J 0022t 0.004 -34.6 ±13 33.0 ± 13 
;»43-42 13U85.9 0006 ± 0.004 ~-33 -30 

HCCN* 131.956^ 0017 ± 0.004 -37.1 ± 13 34.1 ± 1.1 

cjn N«t4-»I3H 138,534.5 0.032 ± 0.003 --38 34.6 ±12 
»»cs y-3-2 138.739J 0018 t 0.003 -38.6 ±12 255 ±12 

HCjNiv,.!) J » l 7 - I 6 e  155^37^ 0.011 ±0.001 -34.9 ± 10 27.1 ± 10 
HCjN(v,«l) ;-l7-»l6f 155059^ 0.011 t 0.003 -36.8 ± 10 23J±10 

wn J«56J-»55.5fl 156,612J 0.004 ± 0.003 -31.7 ±3.8 26.7 ± 3.8 
J(*,.A%)«7fO,7)-6(0.6) 138.499.2 0.049 ± 0.004 -34.9 ± 10 30.2 ±10 

H"CCCN J-18-»i7 158,692.0 0017 ± 0004 -36.5 ± 3.8 26J ± 3.8 
J(K., JC,)«7(6,2)-6(6, 1) 

A 7(6. i)-6(6.0) 
164.7705 012710.010 --33 -35 

h:cv(?) 8(1.8)-7(1.T> 164.777.6 1 ' 

HCCN** ni « 12|| •• 11(0 263.683.6 OJ^ ± 0.007 --33 -30 
hcjn*-' J - 29 - 28 263.7914 'lis ±01 --37 -30 
U(?) 143.238 0003 ± 0.002 -33 25.1 ± 4.2 
u 156,468 0.004 ± 0003 -33 306 ±3.8 
u 156.647 0JOO4 ± 0.003 -33 23J0 ± 3.8 
u 156,846 0.W5 ± 0.003 -33 306± 3.8 

* Kitl Peak dau with a resolulioD of 2 MHz. tmies) Doled All eiron are 3 a. Bean sizes aod eflidendes as gtvcn in 
Table 1. 

^ Blended line: see text 
* Defected with iRAM 30m. Resolutioois 1 MHz. 
' Possible cooiamijaalioD ofCCNf'Fl „2}J " IU -• 10.2 (e & 0. 
' Multiple velocity components. 

expected, the gas density decreases rapidly with distance 
from the star. Tniong-Bacfa et al. (1990) have additionally 
calculated the temperature gradient for this object and 
found a similar dependence to that of IRC +10216 
(Truong-Bach et al 1991). Therefore, it seems logical to 
assume that the shell in CRL 2688 has significant tem
perature and density gradients as a function of distance 
from the star, similar to what is observed in IRC +10216 
(see Keady & Ridgway 1993). 

Given this scenario, it is likely that MgNC exists in the 
outer envelope of CRL 2688, where temperatures and den
sities are sufficiently low (T < 25 K, n ~ 10' cm"') such 
that free radicals have a reasonable lifetime. In contrasL 
AIF and NaCN, both stable, closed-shell species, probably 
form in the itmer envelope under LTE conditions, as pre--
dieted for such molecules by Tsuji (1973). These varying 
distributions have been found for these three compounds 
toward IRC +10216 (e.g, Guelin et aL 1997V .Moreover. ;n 
CRL 2688 the location of molecules such as CS, SiS, and the 
carbon chains and radicals (C,H, C.H, HC,N, HC,N, 
HC,N) mimic those of IRC +10216. CS and SiS in both 
sources are confined to the inner envelope (Nguyen-Q-Rieu 
& Bieging 1990; Kasuga, Yamamura, & Deguchi 1997: 
Highberger et aL 2000), while the carbon chains appear to 
exist exclusively in the outer shell (Guelin et aL 1996; 
Truong-Bach et al. 1988; Fukasaku et aL 1994). 

4.Z Determination of Column Densities and Abundances 

Tlie total columx] density and roiatioDal temperature for 
each metal-bearing molecule was computed from the radi
ation temperatures using a rotational diagram, where upper 
state column density is plotted as a ftmction of upper state 

1992; Truong-Bach et aL 1993). Molecular emission arising 
from this envelope typically has velocities near I'lji, — 33 
km s~' (Fukasaku et aL 1994). In addition, CRL 2688 
appears to have undergone more recent (and more violent) 
mass loss which has resulted in the ejection of approx
imately 1 Mq of tnateiial (Jura et aL 2000). This wind, 
which has some bipolar characteristics, may be entraining 
gas-phase CO. which subsequently causes shocks and 
vibrationally excited H, emission on the inner edges of the 
AGB envelope iCox et aL 2000). These high-velocity flows 
manifest themselves as broad wings (AI',, ~ 70-100 km 
s~M on molecular line profiles, often asymmetric on the 
blueshifted side (e.g. Young et aL 1992). 

Although the spectra are weak, there is no clear evidence 
of high-velocity wings on the profiles of the three molecules 
detected here. (The broad AIF; J s4-«3 profile can be. 
explained by line blending and li/components). In fact, their 
line parameters are identical to molecules known to orig
inate in the AGB envelope (Fukasaku et aL 1994). Thus, it 
can be concluded that at least the bulk of NaCN, MgNC 
and AIF emission detected in CRL 2688 originates in the 
AGB remnant shell. Hence, these molecules are likely 
formed from circumstellar chemistry similar to that in IRC 
-H0216. 

The three molecules probably do not all arise from the 
same pan of the AGB envelop^ however. MgNC is a free 
radic^ and hence highly reactive in hot, detise gas, while 
the other two species are closed-shell and would form under 
LTE conditions. Although, to our knowledge, a detailed 
model of the density profile in the envelope of CRL 2688 
has not been produced, Yamamura et aL (1995) have calcu
lated a density gradient based on "CO measurements. As 
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energy (£,). The resulting slope is directly related to the 
inverse of the rotational temperature (T^J, and the y-
intercept is proportional to the total column density (S^d 
of the molecule. A linear relationship is obtained in such 
plots if ai] transitions are opdcally thin and can be 
described by a single rotational temperature. The functional 
form of this plot is given by the following equation: 

log (3fcT, = log 

-{log e)iEJT,J (1) 

Here v is the frequeccy of the trassitioa, is its line 
strength, is the permaneot dipoie moment of the mol
ecule. and Qre, is the rotational partitioo function. 

The line intensities measured for AIF. MgNC and NaCN 
are sufHciently weak to justify the optically thin assumption. 
However, since the spatial extent of each molecule is not 
definitively known, the rotational analyses were performed 
for a range of source sizes (S", 10", 30" and for a unity filling 
factor). The appropriate filling factor correction was applied 
to the line intensities for source distributions smaller than 
the telescope beam. (The filling factor correction is /= 
(0? -f where 6, is the source size.) The resulting fits 
are shown in Table 3, along with the correlation coefficient 
R^. Some representative fits are shown in Figure 5. One 
trend is clearly apparent from this analysis: the rotational 
temperatures for MgNC are 7^ < 15 K, no matter what 
source size is chosen, while those of AlF and NaCN are 
hij^er. The value for NaCN is > 50 K, and that of AlF 
is in the range 20-70 K. These differences are not just a 
result of varying dipoie moments because then the rotation* 
al temperatures of AlF would have the highest values. The 
dipoie moments for AlF, NaCN, and MgNC are 1.53 debye 
(Wysc et al. I970V 3-60 debye (Klein. Goddard, & Bounds 
1981V and 5.22 debye (Ishii et al. 1993). respe«ively. 

The variations in Tf^ more likely reflect differences in gas 
kinetic temperatures. MgNC arises in colder gas. hence in 
the outer envelope where r,t :S 20 K, or r ^ 10", where r is 
the distance from the star (Truong^Bach et aL 1990V In 
contrast, AlF and NaCN must arise from further within the 
envelope, for example, at r < 5", where Tn ^ 40 K. Another 
point to note is that the correlation coefficient of the MgNC 
analysis does not improve significantly by decreasing the 

TABLE 3 

rbsuln op Rotational Ougilam Analysis* 

7"r. 
Source Size Molecule (OD**! (K) K'-Vtlue 

Fills Maio Beam AlF 3J X 10" 79 a998 

MgNC 7D * 10" 17 0.999 

N«CN Ji * 10" 88 0J29 
30- AlF 

MgNC 3.7 X 10" 13 . 1-0 

NiCN 12 X 10" 61 0.489 
20- AlF 4.5 X 10" 42 0.958 

MgNC 7.8 * 10" 12 ID 

N«CN 11 * 10" 57 0il6 
10- AlF 8.8 X 10" 28 0.961 

MgNC 3.0 X 10" 12 0.999 
N«CN 6S X 10" 54 OJ36 

5- AlF 17 X 10" 23 a969 
MgNC 1.2 X 10'* 12 a999 

NaCN 16 X 10'* S3 aS42 

• Also tee Fig. 5. 
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F^o. 5.—RoudoDml diaenni plots (or AlF. NaCN, and MgNC. Source 
sizBi of S' asBumed for AlF and NaCN. and 30' for MgNC Error ban are 
3 e and ate based on unixrlaiiities io iioe mlensilT and line widdt TIk dau 
points for eacfa/molecitJe fit reasonably well to a stiaiglit line, indicating 
optically thin emission described by a single routional temperstnie. 

I 
I 

source size, while that of NaCN only improves. Overall the 
beam-filled column densides of the three species are on the 
order of N^, ~ 10'^ cm"'. They increase to ~10'* cm"' 
for the cyanides and ~ 10" cm"' for AlF it the source size 
is 5". 

To calculate fractional abundances, source sizes were 
assumed. Based on the previous results, spherical sources 
were chosen for AlF and NaCN with source sizes of 6, ~ S" 
and 10'. In the case of MgNC a spherical shell-like 
geometry was deemed appropriate. The outer shell radius 
was chosen to be that of the carbon chain species, namely 

~ IS" (Tniong-Bacb et aL 1988,1993), while the inner 
radius was selected to be approximately the full extent of CS 
emission, or r,,^ ~ 5" (Kasuga et aL 1997). Circumstellar 
chemistry models (e.g, Glassgold 1996) predict that carbon 
chain species are created by photochemical reactions, which 
also produce free radicals, liis prediction sets the choice of 
outer radius. CS b apparently destroyed by such reactions 
(e.g, Highberger et ^ 2000), and therefore its extent was 
chosen to define the iimer radius. 

Fraaional abundances were derived by the following 
procedure. First, the total column density, corrected 
for source size, was used to compute the number of mol
ecules in the cross-sectional area of the source. Then, this 
number was divided by the assumed source volume (sphere . 
or shell) to compute the number density p, e.g., p 

f^A^/3)icr-', where r is the source radius for the spher
ic^ case. For a constant mass-loss rale of M ~ 1.7 x 
10"* Mo yr"' (Truong-Bachet aL 1990:Sahai etaL I998al, 
the number density of H, molecules, pfH]), was then calcu
lated for the various geometries from the mass-loss formula 
(Olofsson 1997): 

lH = 4nr=K.,P(H,) • (2) 

Here r is the radius from the star and V„^ is the expansion 
velocity of the shell assumed to be 18 km s '' (Truong-Bach 
et al. 1993). By dividing the metal-molecule number den
sities by the Hj density, the fracrional abundances were 
determined. These results arc summarized in Table 4. 

4.3. "Melal'-ChematryintheEgg 

The presence of AlF in the envelope of an AGB star is not 
surprising; it is predicted by LTE chemistry (Tsuji 1973). It 

•r-^-4 

5-
• jo* 
jn#cn: 5* 

••••f-i... 
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TABLE * 

Abundances in CRL 2681 vs. IRC +10216 

Object Disuaoe Molecule 
Source Size 

(uoee) 
r». 
(K) (ob"-) 

Fnctional 
Abuadance* 

CRL 2688 1 kpc AIF 5 23 17 * 10" S.4 x 10"* 
to 28 x 10" 3J x 10" • 

MgNC 30 (sbeU of IV widih) 13 3.7 « 10" 4.1 x 10"' 

NftCN 5 53 16 * 10" 5J x 10-' 
10 54 6.9 x 10" 17 x 10"' 

HCjN' -30 3.6 x 10"' 
HC,N* --30 7 x lO"' 

IRC ^10216 ISOpc AlP 5 25 1.1 « 10" 1.5 x 10" 
10 25 3.0 * 10" «.4 x 10-* 

MgNC* 40 (shell of 10* width) 15 5 * 10" 4.« X 10" • 
NiCN' 3 10 U x 10" 1.1 x 10"' 

10 10 15 x 10" 3J x lO"' 
HC,N' -40 , IJ x 10" 
HC,N» 

1^5 U-
« * lO"' 

' Relative to H;. 
* FroiD Tnloog-Bach et aL 1993. 
* Froio ZiuTTs el aL 1994. 
' FroiD GueiioetaL 1993; Kawaguchi el aL 1993;Ziuj7ietai 1993. 
* ProiD Guelio el aL 1997: Turner etaL 1994. 

is interesting, however, that the molecule has survived into 
the post-AGB phase, which means that destruction mecha
nisms for AIF (chemical reactions and/or condensation 
onto grains) cannot be important on the timescale of about 
1000 years, the approximate PPN lifetime (Blocker 1995). 

The fractional abundance derived for AJF in CRL 2688 is 
/(AlF/Hj) ~ 3.5-5.4 x 10"', for 6. ~ 5"-10". In compari
son, the fractional abundance of aluminum, relative to 
hydrogen, was found to be Al/H - 2.3 x I0~', measured in 
the photosphere of CRL 2688 (Klochkova, Szczerba, & 
Panchuk 2000). This measurement suggests that less than 
1% of the aluminum available at the photosphere is chao-
neled into AIF. The remaining concentration of this element 
may be in the form of other molecules, such as AlCL and/or 
be condensed into grains. However, the limiting reagent in 
the case of AIF synthesis is likely not to be aluminum, but 
rather Suorine. The cosmic (i.e., solar system) abundance of 
"F, the only sublc isotope of this element, is F/ 
H - 3 X 10"" (Anders & Grevesse 1989). If this abundance 
is characteristic of the photosphere in CRL 2688, it would 
imply that about 10% of this element reacts to form AIF. 
Fluorine could also be in the form of HF, which is routinely, 
observed in C-ricb stars (Jorissen, Smith, & Lambert 1992), 
and other F-bearing molecules. In contrast, Tsuji (1973) 
predicts that 90% of the fluorine is in AIF at T ;£ 12(X) K, 
while about 10% is in HF. 

For MgNC, the fractional abundance was found to be 
4.1 X 10"', assummg a shell distribution. This concen

tration is orders of magnitude less than the cosmic abun
dance of magnesium (Mg/H ~ 3 x 10"'), neglecting 
interstellar depletion factors (~99%: Savage & Sembach 
1996). On the other hand, it is about a factor of 10 less than 
what is found for the longer cyanopolyyne chains in the 
outer envelope of CRL 2688. For example, Truong-Bach 
ef al. (1993) measured /(HCtN)~ 7.0 x 10"' and 
/(HC,N) ~ 5.3 X 10"'. Such a comparison is of interest, 
because a proposed mechanism for MgNC formation in 
circumstellar envelopes is the radiative association reaction 

ofMg^ and HC,N(Petrie 1996): 

Mg'+HC,N-.MgNC,H''+»», (3) 

MgNQH"-i-e--MgNC + C..,H. (4) 

The longer the cyanopolyyne chain, the faster the rate of the 
radiative association process because excitation of low-
lying bending modes stabilizes the product molecular ion. It 
thus appears that there are sufBcient precursor molecute 
available in CRL 2688 to make this mechanism possible. 

The calculated abtmdance of NaCN is quite high in CRL 
2688, with/~ 3-5 x 10"', but is coosistent with precursor 
abundances. Nguyen-Q-Rieu & Bieging (1990), for example, 
found/(HCN) > 2 x 10"' in a 9" x 8" source. Moreover. 
Klochkova et aL (2000) directly measured the abundance of 
atomic sodium in the photosphere of CRL 2688 to be Na/ 
H ~ 1.7 X 10"'. In addition, these authors detected an 
atomic sodium component near ^ ~ — 70 km s"' of com
parable intensity to the photospheric line, which they attrib
ute to the high-velocity wind. Hence, there appears to be 
sufficient sodium in the gas phase both near the star and in 
the inner AGB envelope. As much as 10% of this element 
may have reacted to form sodium cyanide. 

4.4. Comparison to IRC +10216: Implications for AGB 
Chemical Evolution 

AJF, NaCN, and MgNC have only been detected toward 
one other object, the circumstellar envelope of IRC 

10216. (We also recently observed MgNC in CRL 618: 
Highberger et aL 2001, in preparation). Because IRC 
+10216 is at an earlier stage of evolution, it is useful to 
compare abundances in this object with those of CRL 2688. 
Fractional abundances of these three molecules in IRC 
-<-10216 are thus listed in Table 4. These values were 
derived from the same method used lo determine the CRL 
2688 abundances for a meaningful comparison. 

For AIF in IRC -t-10216, the column density was taken 
from Ziurys el al. (1994), who listed values both for f" and 
10' sources. The MgNC colunm density was obtained from 
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Ziurys et al. (1995), and the source distribution (a shell with 
a diatneter of 40' and width of 10") was determined from 
Plateau de Bure (FdB) interferometer maps (Guelin et al 
1993). ID the case of NaCN, the data of Turner et aL (1994), 
obtained with the 12 m telescope, were reanalyzed using a 
rotational diagram. Here column densities were calculated, 
assuming 5" and 10" source size estimates, also based on 
PdB maps. Using these column densities and source dis
tributions, fractional abundances were determined. A mass-
loss rate of 3 x 10"' Me yr"' and a constant expansion 
velocity of 15 km s"' were assumed (e.g, Guelin et aL 
1996). 

As shown in Table 4. the fractional abundance of AIF in 
IRC +10216, relative to H,, is 0.8-2 x 10"', depending on 
the source size. (This value Offers from that originally calcu
lated by Ziurys et al. 1994 because these authors bas^ their 
abundance on an unusually large H] column density of 
10^* cm "'). In contrast, the AIF abundance in CRL 2688 is 
over an order of magnitude lower (4—5 x 10"'). For 
MgNC, the difference between the two sources is about a 
factor of 10: /~5xl0"' for IRC +10216 and 
/~ 4.1 X 10"' for CRL 2688. On the other hand, the 
abundance of NaCN is comparable in both sources (IRC 
+ 10216: /-0.5-1.1 X 10"' vs. CRL 2688: /-0.3-
OJ X 10"'). 

The decrease in abundance for MgNC may be due to 
chemical changes resulting from AGB evolution. It is cer
tainly the case that the AGB envelope in CRL 2688 has 
moved a greater distance from its central star. The outer 
envelope of IRC +10216, for example, where photochemis
try is producing radicals and carbon chains (~7 x 10" 
cm), is not even as large as the HCN source in CRL 2688 
(~ 10" cm), where molecules are still heavily shielded by 
dust. 

Chemical variations on the evolutionary track from AGB 
to planetary nebula have been studied by Bachiller et al 
(1997). These authors found that the abundances of the ref
ractory molecules SiO and SiCj decrease at least an order 
of magnitude in CRL 2688 and CRL 618 relative to AGB 
stars, and these species disappear altogether in PN sources. 
Moreover, Nguyen-Q-Rieu & Bieging (1990) found a factor 
of 10 smaller SiS abundance in CRL 2688 relative to IRC 
+10216. Destruction of these molecules is thought to result 
from fragmentation of the AGB shelL producing clumps of 
dense gas exposed to extreme UV radiation, i.e., small 
photon-dominated regions. Chemistry in this environment 
favors ions, but the exact destruaion routes for the silicon 
molecules have yet to be established (Bachiller et al. 1997). 
Regardless, if SiC, and SiO slowly disappear as a system 
evolves to a planetary nebula, MgNC and other refractory 
species may follow a similar track. 

In contrast, the abundance of NaCN does not signifi
cantly vary between CRL 2688 and IRC -r 10216. Conse
quently, NaCN does not follow the evolutionary chemical 
trend of silicon species (and MgNC). This difTerence is 
perhaps because NaCN is closed-shell and is produced by 
itmer envelope LTE or even shock chemistry, as opposed to 
outer envelope photochemistry necessary for the radical 
MgNC. Active photochemical reactions at the shell edge in 
CRL 2688 obviously arc altering AGB abundances (e.g., the 
case for HNC: Bachiller et aL 1997); inner shell species are 
shielded from such processes and remain intact for a longer 
time. Gas-phase so^um fotmd in the high-velocity winds 
(Klochkova et aL 2000) may also be replenishing the NaCN 

concentratioii, although this must occur on a short time-
scale. 

4.5. AIF and "F Production in AGB Stars 

The lower abundance of AIF in CRL 2688 compared to 
IRC +10216 may be a chemical effect. The chemistry of this 
molecule, however, depends on the "F abundance in the 
stellar envelope. The amount of AIF in CRL 2688 (AIF/ 
H ~ 3 x 10"') is a factor of 10 less than the solar system 
value of fluorine (F/H ~ 3 x 10"'). For IRC +10216, as 
shown in Table 4. the fractional abundance of AIF relative 
to H (not Hj), is/~ 4-8 x 10"'—as much as a factor of 15 
higher than the "F solar system number. Since fluorine 
may also be contained in other molecules, particularly HF, 
our derived AlF/H abundances aie actually a lower limit to 
the F/H ratio. The derived AlF/H value for IRC +10216 
implies that the fluorine abundance in this object at the 
current ep|3ch may be larger than what is found in the solar 
nei^bo^ood, which probably represent the initial F/H 
ratio wqeO the star formed. The current abundance ratio of 
AlF/H in the circumstellar envelope of IRC + I02I6 may 
indicate a significant net production of fluorine on the 
AGB. 

The origin of "F in nucleosynthesis is uncertain. The two 
commonly accepted ideas for "F synthesis are *°Ne spall
ation in supemovae, and hot proton addition to "O during 
helium-shell burning in AGB stars. The latter process is 
thought to be more likely (Forestini et at 1992; Goriely & 
Mowlavi 2000). Unfortunately, fluorine does not have 
useful optical transitions for the usual atomic abundance 
determinations. Studies of rovibrational transitions of HF 
toward red giant stars have up to the present provided the 
only available information concerning the "F abundance 
outside the solar neighborhood (Jotissen et aL 1992). The 
HF measurements indicate an abtmdance of fluorine in red 
giants as large as F/H ~ 9 x 10"' (30 times that of the solar 
system) with the value increasing with the C/O ratio. 

Our AIF observations are in agreement with an increase 
in "F abundances as suggested by the HF sradies. Such 
enhancements have been predicted by nucleosynthesis 
models (Forestini & Charbonnel 1997). As the AIF mea
surements also indicate, the "F abundance appears to be 
lower in CRL 2688 than in IRC +10216. This result may 
have an explanation in nucleosynthesis as well Calculations 
suggest that fluorine production is not as effective in higher 
mass stars, i.e_ with initial mass greater than 4 Mq. Hot 
convective plumes are thought to destroy some of the "F 
synthesized in previous thermal pulses from the reaaiom 
'*F(a, p) *'Ne and "F(ii, y) *°F (Forestini & Charbonnel 
1997). Given the apparently larger mass of CRL 2688 i ~ 7 
Me) and later evolutionary phase, as compared to IRC 
+ 10216, such "F destruction may have occurred. There
fore, the AIF abundance differences . between the two 
sources may simply reflect variations in the amount of 
overall "F production. 

3. CONCLUSIONS 

The detection of AIF, NaCN, and MgNC in the AGB 
wind of CRL 2688 indicates that grain condensation does 
not remove all refractory elements from the gas phase in the 
proto-planetary nebula stage of stellar evolution. In fact, 
the NaCN abundance in CRL 2688 is comparable lo that of 
IRC +10216, which is still in the AGB phase. However, 
chemistry occurring in the outer envelope of CRL 2688 
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appears to have decreased the abundance of MgNC relative 
to that m IRC +10216. This result is not surprising, since 
chemical processing in the outer envelope has altered con
centrations of molecules like HNC in post-AGB stars and 
in planetary nebulae. Inner envelope metallic compounds 
such as AIF and NaCN may survive longer in the evolu
tionary sequence of stars, perhaps even to the PN stage. 
Finally, the relatively high abundance of AIF in both CRL 
2688 and IRC +10216 suggests that the "F abundance in 
certain objects may be higher than solar system values— 

additional evidence that this element is produced in at least 
some AGE stars. 
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ABSTRACT 

NaCl has been deteaed toward the circiimstellar envelope of the post-AGB star CRL 2688 using the 
IRAM 30 m telescope, the first time this molecule has been identified in a source other than IRC +10216. The 
/ = 7 -• 6,11 -• 10,12 11, and 18 17 transitions of NaCl at 1,2, and 3 mm have been observed, as well 
as the 7 = 8 —• 7 line of the ^'Cl isotopom®-. The J = 12 ^ 11 line was also measured at the ARO 12 m 
telescope. An unsuccessful search was additionally conducted for AlCl toward CRL 2688» although in the 
process new tnmsitions of NaCN were observed. !l^th NaCl and NaCN were found to be present in the AGB 
remnwit wind, as suggested by their U-shaped line profiles, indicative of emission arising from an optically 
thin, extended shell-like source of radius These data contrast with i»st results in IRC +10216, 
where the distribution of both molecules is confined to within a few arcseconds of the star. A high degree of 
excitation is required for the transitions observed for NaCl and NaCN; therefore, these two species likely 
arise in the region where the high-velocity outflow has collided with the remnant wind. Here the effects of 
shocks and clumping due to Rayleigh-Taylor instabilities have raised the densities and temperatures 
significantly. The shell source is thus likely to be clumpy and irr^lar. The chemistry producing the sodium 
compounds is consequttitly more complex than simple LTE formation. Abundances of NaCl and NaCN, 
relative to H2, are / 1.6 x 10~'® and -^5.2 x 10~®, rrapectively, while the upper limit to AlCl is 
/ < 2 X 10"^. These values differ substantially from those in IRC+10216, where AlCI has an abundance near 
10"'. The NaCl observations additionally indicate a chlorine isotope ratio of ^^Cl/^'Cl = 2.1 ± 0.8 in CRL 
2688, suggestive of 5-process enhancement of chlorine 37. 
Subject headings: astrochemistry — circumstellar matter — ISM: molecules — radio lines: stars — 

stars: AGB and post-AGB — stars: individual (CRL 2688) 

L INTRODUCTION 

Mass loss from asymptotic giant branch (AGB) stars 
plays a significant rote in determining the overall chemical 
composition of the interstellar medium (ISM) (Villaver, 
Garda-Segura, & Manchado 2002; Villaver, Manchado, & 
Garda-Segura 2002). Therefore, tracing the chemical evolu
tion of circumstellar envelopes through the AGB and post-
AGB phases can give particular insight into the present state 
of the ISM. In fkct, Bachiller et al. (1997) have recentiy 
begun to examine this evolution by measuring millimeter-
wave lines of such molecules as CN, HCN, CS, and SiC2 
toward post-AGB stars and planetaj^ tabula. They have 
found Aat as a star evolves b^ond the AGB, the 
abundances of silicon- and sulfur-bearing molecules 
decrease, while those of radicals and ions increase. 

The fate of refractory molecules is particularly of inter^t 
in this evolutionary scheme. Such species are thought to be 
formed in the AGB phase by LTE chemistry close to the 
photosphere and then condense onto dust grains as the 
envelope material flows from the central star (Glassgold 
1996, 1999). Observations of refractory molecules carried 
out toward IRC +10216, the best-studied AGB circum
stellar shell, suggest that incorporation into grains of these 
compounds may indeed occur. For example, the distribu
tions of both NaCl and NaCN appear to be spatially con
fined to within a few arcs^onds of the star (Guelin, Lucas, 
& Neri 1997). SiS also appears to be predominantly present 
in the inner envelope (Boyk et al. 19W). On the other hand, 

MgNC, MgCN, and AINC exhibit cusp-shaped line pro
files, indicating extended, shell-like distributions (Guelin, 
Lucas. & Ceraicharo 1993; Ziurys et al. 1995,2002). In fact, 
Plateau de Bure interferometer maps of MgNC show that 
emission from this radical arises from an expanding hollow 
shell of radius 15^. Hence, these refractory molecules 
are primarily presait in the outer cold (7* 25-50 K) enve
lope, far from the dust condensation zone near r < V, Their 
distribution is difficult to explain chemically. Photochemis
try, shocks, and radiative association processes have been 
postulated to create such species (Glassgold 1996; Petrie 
1996). The case of the magnesium compounds is particu
larly intriguing because their abundances can be predicted 
only if Mg is not heavily depleted (Glassgold 1996). Hence, 
a major fraction of refractory elements must remain in the 
gas phase. 

The chwnistry of refractory-bearing molecules, however, 
has been based solely on observations of IRC +10216. Until 
recently, metal-bearing molecules (in the chemist's sense) 
had only b^n cte^ted in this one obj«^. Another source of 
interest is the wivelope of CRL 2688, the so-called Egg 
Nebula. The central star in this case has evolved to the 
proto-planetary stage, as evidenced by a surrounding bipo
lar refl»:^ion nebula observed at optical wavelengths (see, 
e.g., Sahai et al. 1998a). This object is also characterized by 
a low-velocity wind observed in millimeter lines of mole
cules such as C2H, HC7N, and SiS (Fukasaku et al. 1994), 
which is likely to be the circumstellar shell from the earlier 
AGB phase of the star (see, e.g., Young et al. 1992; 
Yamamura et al. 1996; Goto et al. 2002). In addition to this 
outflow, there appears to be a very recrat, more violent mass ' National Radio Astronomy Observatory Junior Research Associate. 
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loss from CRL 2688. as evidenced by high-velocity molecu
lar emission (see. e.g.. Young et al. 1992; Jamineteial. 1992; 
Cox et al. 1997, 2000) and the presence of vibraliondly 
excited H-) and very high rotational lines of CO (Justtanont 
et al. 2000; Kastner et aJ. 2001; Herpin et al. 2002). Multiple 
molecular outflows are apparent near the star (see, e.g.. Cox 
et al. 1997. 2000). and their interaction with the older, 
slower AGB wind results in shock zones with temperatures 
near 1000 K (Sahai et al. 1998a: Herpin et al. 2002). 

Highbereer et al. (2001) have recently detected AIF. 
MgNC. and N'aCN toward CRL 2688. the first meullic 
species obser%'ed in this object. The line profiles of these 
molecules suggest that they arise exclusively from the rem
nant AGB wind. Much of'these data, however, were taken 
with a large telescope beam such that source distributions 
could not be easily established. To further this study, we 
have conducted searches for AlCl and NaCl toward CRL 
2688 using the IRAM 30 m telescope. While no evidence of 
emission from AlCl was found down to a low noise limit. 
NaQ was definitely detected in this source. We also 
obtained new data for NaCN in CRL 2688 and did addi
tional measurements at the Arizona Radio Observatory 
(ARO)- 12 m telescope. In contrast to IRC 4-10216. both 
the sodium molecules appear to arise from extended shell
like sources at a significant radius (r > 10") from the star. In 
this paper we present our observations and discuss their 
implications for circimistellar chemistry. 

2. OBSERVATIONS 

Measurements of NaCl. NaCN, and AlCl toward CRL 
2688 were made on 2000 October 4-10 and 2001 September 
8-15 using the IRAM 30 m telescope at Pico Veleta, Spain. 
Rest frequencies of the transitions studied are listed in 
Table 1. as well as beam sizes and efficiencies. Observations 
were conducted by wobble switching with a beam throw of 
±1"5 toward the CRL 2688 position, a = 2I''00"20!0, 
6 = 36''29'44" (81950,0). Dual-polarization receivers were 
used to obsen-e at I. 2, and 3 mm. with rejection of the 
image sideband t>'pically at levels of 10, IS, and 20 dB, 
respectively. The back end used was a 1 MHz filter bank 
with 1024 channels, which was coniigiu'ed in a 4 x 256 mode 
to allow simultaneous observations at 3 and 1.3 mm or 2 
and 1.1 mm. An autocorrelator was also simultaneously 
employed as a back end for the 2 and 3 mm measurements. 
This spectrometer was configured in parallel mode (2 x 640 
MHz) with 1.25 MHz resolution. The temperature scale at 
the 30 m telescope is the chopper wheel corrected antenna 
temperature. 7^. Conversion to radiation temperBture is 
done using rii,, the main-beam efficiency, i.e., Tn = T^/nh-
Except for the AlCl transition at 160 GHz, the local oscilla
tor was shifted at each frequency to obtain the proper side
band identity of spectral features. Pointing was established 
by observ'ations of the planets and nearby quasars. 

Observations of the J — 12 — II transitidn of NaCl at 
156 GHz were also conducted between 1999 October and 
2002 December toward CRL 2688 using the ARO 12 m tele
scope at Kitt Peak. Arizona. In addition, five transitions of 
AlCl were studied at 2 and 3 mm toward IRC -i-10216 
(q = 9M5">14;8, d = 13''30'40" (BI950.0]) using the 12 m 

'The Arizona Radio Observatory (ARO) is operated by Steward 
Observatory, Univenity of Anzona. with partial suppon from the NSF 
and the Research Corporation. 

telescope during 2002 June 6-11. The receivers employed 
were dual-channel SIS mixers, operated in SSB mode with 
at least 20 dB image rejection. Two 2S6-channel filter banks 
were used simultaneously in parallel mode, with 1 and 2 
MHz resolutions (2 x 128 channels for both mixer polariza
tions). The temperature scale al the 12 m telescope is given 
in terms of rj, the chopper wheel antenna temperature cor
rected for forward spillover losses. Conversion to radiation 
temperature Tf in this case is Tx = where ric is the 
main-beam efficiency corrected for rjrn- All measurements 
were taken in beam-switching mode with a subreflector off
set of ±2". Beam sizes, efficiencies, and rest frequencies are 
listed in Tables 1 and 2. Pointing was determined by 
measurements of the planets, OJ -1-287 and DR 21. 

3. RESULTS 

The results obtained for CRL 2688 are presented in 
Table/Iji which displays line parameters for all obser\'ed fea
tures.'As shown in these data, four transitions of NaCl were 
detected toward this object using the 30 m telescope, rang
ing from 91 GHz iJ = 1 — 6 transition) to 234 GHz 
(J = 18 — 17), In addition, one line of the -"G isotopomer 
was measured, namely, the J = i~l transition at 102 
GHz. The y = 12 — 11 line of NaQ was detected with the 
12 m telescope as well. All observed features have velocities 
in the range I'lsr = -34.6 to - 39.1 km s~' and line 
widths near 30 km s'', which are typical values for the low-
velocity AGB wind of CRL 2688 (see. e.g., Sopka et al. 
1989; Young et al. 1992). The lines appear to get slightly 
narrower as the frequency increases (and the beam size 
decreases), with somewhat lower expansion velocities. 
Hence, the higher energy lines may be preferentially sam
pling the wind closer to the star. (LSR velocities and line 
widths were established by fitting cusped shapes to the NaCl 
profiles.) 

The NaG line profiles arising from the main chlorine 
isotope observed with the 30 m telescope are shoun in 
Figure I. Here the most interesting characteristic of these 
features is illustrated—they all appear to be U-shaped. The 
lower frequency lines (7 = 7 — 6 and 7=11 — 10) also 
appear to have asymmetric horns with the blueshifted peak 
weaker than the redshifted one. This asymmetn' could be 
due to absorption of emission from the inner shell by outer, 
colder material, as seen in CO 7 = 2 — 1 (Cox et al. 2000). 
Alternatively, this effect could result from asymmetry in the 
remnant shell itself, such as suggested by HC7N maps by 
Rieu. Winnberg, & Bujarrabal (1986). This asymmetric line 
shape is not unusual for this source and has been ohsLT-'cd 
in emission from SiC^, SiS. and C^ (see. e.g.. Fukasaku 
et al. 1994). The 7=12—11 and 7 = 18 — 17 features, on 
the other hand, have more symmetric horns. 

Although the NaCl lines are quiu weak, the U-shaped 
profile appears on four individual transitions, suggesting 
that it is a real effect. Averaging all four transitions also 
enhances the cusped appearance, yielding a hom-to-center 
ratio of ~2-3. The U-shaped profiles indicate that the emis
sion from NaCl arises from a resolved, optically thin shell 
(see. e.g., Olofsson et al. 1982). The respective telescope 
beams fall in the range 11"-27" for the NaG frequencies, 
suggesting a sbell source on the order of 25" in extent. The 
line profiles do not show any high-velocity wings as seen, for 
example, in lines of CS, HCN, HNC, and HCjN fYoung et 
al. 1W2; Jaminet et al. 1992; Rieu & Bieging 1990). The 
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TABLE 2 
OTHER MOLECULES OBSERVED IN THE BANDMSS FOR CRL 2688 

Frequency r: 
Molecule Transition (MHz) (K) (kms-') (kms-') 

HCtN 10-9,;= le 91J02.5 0.024 ± 0.001 -36.7 ± 3.3 29.6 ± 3.3 
QH 36.5 - 35.5b 101.925.3 0.005 ± 0.001 -36.8 ± 2.9 33.3 ± 2.9 

MgNC 12— 11 
Js 11.5 — 10.5 143.168.7 

12.5 - 11.5 '143.183.9 0.020 ± 0.002 —33 
Si"S" y«8-7 143.175.3 

CiH- 'n,/5.y«32.5-M.5a 156.178.8 0.006 ± 0.003 —33 -50 
%/j.y=32.5-3I.5b 156.183.0 

U 

%/j.y=32.5-3I.5b 

91.130 0.002 ± 0.001 -33.0 36.2 X 3.3 
102.010 0.002 ± 0.001 -33.0 •^30 
140.433^ 0.010 ± O.OM -33.0 50.7 ± 2.7 

Non.^IRAM 30 m data measured with a resolution of 1 MHz^i All erron are 3 a. Beam sues and efhdenoes as 
given in Table I. / 

* Blended lines. 
^ Measured with 1^3 MHz resolution using the auiocorrelator. / 
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U! 0.000 

0.015 -

HC,N 
' N 

NaCN 

0.015 
J = 18 —17 
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•133 -35 63 
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F ig. 1 .—Spccira of the y S  7  — 6. / * 11 « 10. y « 12 11, and 
J ^ 18 — 17 transitions of NaCl detected toward CRL 2688 using the 
IRAM 30 m telescope at 91. 143.156, and 234 GHz. respectively. Spectral 
resolution is I MHz. Ail four NaQ lines appear to have U>shap^ profiles, 
indicating emission arising from an opiically thin shell, rnolved with 
respect to the telescope beams ~ 1 r-27''). NaCl had previously been 
ob^rved only toward IRC 4-10216. 

high-velociiy gas is thought to originate from the post-AGB 
mass cicciion; typically the mngs fall in the ranges -6i to 
-45 km $"' and -15 to -5 km s"'. There is no emission at 
these velocities in NaCl. 

Further evidence for an extended source comes from the 
detection of the y =: 12 —• 11 transition of sodium chloride 
in CRL 2688. using the 12 m telescope, which has a beam 
size of 40" at this frequency. This spectrum is displayed in 
Figure 2. The line shape in this case appears to be flat-
topped. although this conclusion is cenainly tentative, given 
the signal-to-noise ratio. However, the NaCN line obser\-ed 
with the 30 m telescope is quite visible in the 12 m spectrum, 
and the C5H line is txginning to appear as well (see Figs. I 
and 21. The antenna temperatures of the 7 = 12 — II line 
measured at the two telescopes are consistent with a source 
extent on the order ol'fl, ~ 20"-2J". 

In contrast to NaCI. AlCl was not detected in CRL 2688 
using the 30 m antenna. As shown in Table 1. the J = 7 — 6 

0.002 

CRL 2688 

NaCN 

P-

V™ (kms ) 'LSR 

Vkj.I.—J a: 12 •— I! lint of NaCl in CRL 2688. measured with the Kin 
Peak 12 m telescopc with 2 MHz resolution. This line appears flat-topped, 
as expected for unresolved emission in a 40" antenna beam. 
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FIG. i.—Spectra of the 7 = 8 — 7 transiiion of Na^'Cl delected toward 
CRL 1688 using the IRAM 30 m teleuape. The spectral resolution is 
1 MHz, Combing with the Na'-O dau. this spectnim indicates a "a/"a 
ratio of 2.1 ± 0.8. suggestive of j-process enhancement of 37 chlorine. 

and y = II — 10 transitions at 102 and 160 GHz were not 
obser\ed down to 3 <t noise limits of 3 and 4 mK. 
respectively. Coincidentally, the / = 8 — 7 transition of 
Na^ CI appears in the bandpass of the AlCl / = 7 —• 6 line. 
This line was detected, as shown in Figure 3. Even in this 
extremely weak feature there is a hint of a cusped shape. 
The QH line in the bandpass also has a suggestion of a 
U-shaped protile. 

Transitions of NaCN were often present in the observing 
bandpasses for NaCl. as shown in Figure I. Visible here are 
the K„ = 4 components of the /= 10 — 9 transition of 
sodium cyanide near 136 GHz and K. == 5 components of 
the y t= 15 — 14 line at 234 GHz. Curiously, the lower fre
quency line appears to be flat-topp^. indicating unresolved 
emission, while the other transition looks cusp-shaped. 
Additional NaCN transitions had been previously mea
sured in past studies toward CRL 2688 with the 30 m 
antenna (Highberger ct al. 2001); for comparison, several of 
these are displayed in Figure 4. The K„ = 2. 4. and 5 asym-
metn- componenu of the y = 9 — 8 transition seem to have 
cusped profiles, while the / = 10 — 9, /C, = 5 line looks 
flat-topped. (The y = 9 — 8, /LO = 6 feature is too weak to 
ascertain a line shape.) 

Line parameters for the complete data set of NaCN are 
given in Table 1. The eight observed features have consistent 
LSR velocities and line widths, which indicate an origin in 
the remnant .AGB wind. The cusped versus flat-topped 
shapes for the sodium cyanide features could just bp a result 
of low signal-to-noise ratio. On the other hand, the cusped 
features arise from transitions that are lower in energy 
(£„ < 90 K—comparable to energies of the NaQ 2 and 3 
mm lines) or were observed with the smaller beam at I mm. 
The flat-topped features are higher energy lines, measured 
with a larger beam. The low-energy lines, therefore, trace an 
optically thin, spatially resolved shell: the higher lying 
transitions require more stringent excitation conditions and 
arise from a smaller shell, closer to the star, which is only 
spatially resolved at 1 mm. Consequently, the distribution 

0.012 

0.000 

£ 

0.013 

0.000 

0.010 

0.000 

-18S -3} 115 

(kms"') 

FIG. 4—Spectra of A^«<ofnponents of NaCN in the y = 9 — 8 and 
y s 10 9 transitions observed toward CRL 26S8. Multiple AV 
components arc present, conhrming the previous detection ot' this molecule 
in this source. The <lata were taken with 1.25 MHz resolution. Some lines 
appear U>shaped and others are flat-iopped. depending on their energy 
above ground state (see text). 

of NaCN is likelv to be as extended as that of NaCI 
(fi, ~ 20"-25"). 

A summary of other molecular transitions observed in 
the bandpasses is given in Table 2. These features include 
vibrationally excited HCiN. the free radicals CsH. Cf,H.. 
and MgNC (previously detected by Highberger et al. 2001). 
and several unidentified lines. 

Line parameters for the AlO transitions obscrtx'd toward 
IRC -f-10216 with the 12 m telescope arc presented in 
Table 3. These data were taken to establish a more accurate 
abundance for AlCI in this source. All line profiles were flat-
topped in this case, as expected. The LSR velocities for all 
features are near -26 km s~', and the'line widths fall in 
the range of 22-30 km s"'. These values are typical of 
IRC -r 10216 (see Cemicharo, Guelin. & Kahane 2()()0). 

4. DISCL'SSrON 

4.1. The Extreme Excitation Conditions Required 
for NaCI an</NaCN 

Sodium chloride has been identified in CRL 2688. the first 
source other than IRC -1-10216 where this refractory species 

No. 1. 2003 DETECTION OF 
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TABLE 3 

OBSERVATIONS or AlCI IN IRC + I02I6 

Freqtwncy n yis* 

Transition (MHz) (arcsec) <K) (kms"') (kmi-') 

7 - 6' 102.031.9 62 0.87 0,009 ± 0.002 -28.0 ± 2.9 21.7 ±2.9 

9 - 8 131,175.2 48 0.80 0.013 ± 0.004 -25 J ± 4.6 27.4 ± 4.6 

1 
0
 II -» 

145,744.5 43 0.76 -0.015 —26 -25 
ys 11 - 10 160.3I2.I 39 0.72 0.022 ± 0.004 -26.5 ± 3.7 29.9 ± 3.7 

J - 12-11' 174.877.6 36 0.67 •wO.02 —26 -25 

NoTz.—Kin Peak 12 m data measured with a resolution of 2 MHz. All errors are i a. 
' Measured u-itli I MHz resolution. 
'In line wing ofO^S. 
' Blended with CjH and SiN. 

has been found (Cemicharo & Guelin 1987). These observa
tions suggest that NaCl may be present in other AGB and 
post-AGB circumstellar envelopes as well. Unlike IRC 
+ 10216. however, where interferometer maps show (he 
NaCl distribution to be confined to within a few arcseconds 
of the star (Guelin et al. 1997), the observations toward 
CRL 2688 indicate that the emission from this molecule is 
more extended and exists in a shell-like source with a 
diameter ~20"-25". The same situation also appears to 
apply to NaCN. 

The extended emission of NaCl and NaCN at first glance 
is not unusual: species such as SiS. HNC. and HC7N also 
have extended, shell-like sources in CRL 2688 arising from 
the remnant AGB wind. For example. Fukasaku et al. 
(1994) estimate that SiS and HNC arise from shells with 
radii of ~I7" and 14", respectively. However, these results 
are based on measurements of transitions that lie relatively 
low in energy (HNC 7 = I — 0, SiS 7 = 5 -• 4). Also. SiS 
and HNC have moderate dipole moments of 1.73 and 2.7 D 
and thus are excited relatively easily, given the physical con
ditions in the remnant wind. Such conditions are traced by 
CO observations, which suggest a considerable gradient in 
both gas kinetic temperature and density as a function of 
radius from the star. For example, al a radius of 
/• = 1.5 X 10" cm (or ~I0"). modeling of CO indicates a 
temperature of T"* ~ 10 K (Truong-Bach et al. 1990) and 
n ~ 10' cm"' (Yamamtira et al. 1996). Measurements of 
CO y = 3 — 2 and HCN J = 4 — 3 emission, on the other 
hand, suggest that the kinetic temperature must be some
what higher than that of the Truong-Bach et al. model 
(Jammei et al. 1992). These authors conclude nonetheless 
that the rapid decrease in temperature and density from the 
star must be qualitatively correct. 

In contrast to molecules like CO, SiS. and HNC, both 
NaQ and NaCN have very large dipole moments. Experi
mental measurements have shown that the dipole moment 
ofNaClisrt) = 9.0D(Sethetal. 1999). Only theoretical cal
culations exist for NaCN, which indicate ^ = 9.05 D 
(Klein. Goddard. & Bounds 1981), not 3.56 D. as incor
rectly quoted by Turner, Steimle. & Meerts (1994). The 
transitions detected for both NaQ and NaCN are, in gen
era). relatively high in energy. The 7 = 7,11.12, and 18 lev
els of sodium chloride lie at 17.3, 41.3, 48.8, and 106.9 K. 
above ground state, respectively. The soditmn cyanide tran
sitions have upper-state energies in the range 43.3 

=92.j — 81,7) to 150.0 K (7jt,jt, = 155.11 — l^j.io 
and 15s.io — 

Exciting these observed transitions requires high densities 
and temperatures. For instance, in order to equate the spon
taneous dicay rate downward with the collisional rate 
upward M„i ~ C|„) for the 7 = 7 — 6 transition of NaCl. 
gas denudes on the order of n(H2) ~ 5 x 10* cm"' are 
required! assuming T/f ~ 50 K and an estimated cross sec
tion of 10"" cm^ For the 7 = 18 — 17 line, the required 
density is «(H3) ~ 10* cm"'. .M 300 K. the respective den
sities drop only a factor of 3. Modeling the relative inten
sities of the four observed NaCl transitions using the large 
velocity gradient (LVG) approximation yields equally high 
densities and temperatures. For Tx ~ 50 K. no reasonable 
reproduction of the relative intensities could be obtained. 
Temperatures near 250-300 K gave better results, provided 
that the densities were (4-6) x 10' cm"'. Such physical con
ditions are not found in the AGB remnant wind, at least 
according to the millimeter-wave CO data (Truong-Bach 
et al. 1990: Yamamura et al. 1996). 

Modeling of the NaQ line profiles was also carried out 
using the radiative transfer code for circumstellar shells of 
Sieging & Tafalla (1993). Inputs to this model are the mass-
loss rate, the temperature of the star, expansion velocity, 
molecule abundance, and u temperature profile. For CRL 
2688. the first three parameters were assumed to be 
1.7 X lO-" yr"'. 6500 K. and ~ 18 km s"' 
(Truong-Bach et al. 1990: Young et al. 1992). Collisional 
cross sections were estimated from those of SiS. Employing 
the temperature profile of Truong-Bach et al. (1990) and an 

density gradient, as expected for an expanding envelope, 
the line profiles for NaCl could not be reproduced inde
pendent of the abundance chosen. Either the model grossly 
underestimates the line temperatures of all four transitions 
or it reproduces an overly strong 7 = 7 — 0 transition, 
while underestimating the intensities of the higher energy 
lines. Moreover, the line profiles derived were never 
U-shaped. 

4.2. Further Evidence for Shocks and Clumping in CRL :688 

To account for the observed NaQ (and NaCN) lines, a 
higher degree of excitation must be occurring than is found 
in the remnant wind alone. Infrared pumping from the cen
tral star is not the likely aliemativt. The i- = 1 level of NaQ 
lies 520 K above ground state, or at 27.6 /an. The infrared 
field from CRL 2688 is characterized by dust with T < 200 
K (Forrest et al. 1975; Omont et al. 1995). Another possibil
ity for creating high-excitation conditions are shocks and 
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their associated instabilities. Observations of both CO in 
the infrared and vibrationaily excited Hj at 2 suggest 
that shocks are created when the high-velocity flow from the 
most recent episode of mass loss collides with the remnant 
AGB wind (Cox et al. 2000; Kastner et al. 2001; Herpin et 
al, 20021. Substantial clumping may occur due to Rayleigh-
Taylor or thermal instabilities at this interface as well, 
yielding substantial increases in gas density in a shell-like 
structure iHartquist & Dyson 1987; Young et al. 2003). In 
fact, the quadrupole. or clover-like, structure observed in 
Hi emission corresponds to the edges of the high-velocity 
outflows in CO (Cox et al. 2000), which is material thought 
to be entrained in jets originating at the star. Furthermore, 
the extent of H; emission is on the order of 10"-12" (Sahai 
et al. 1998a). measuring from lobe to lobe. Hence, it is about 
the approxunate size of the inner shell tracing the NaCl 
emission, as deduced from the line profiles. In fact, the pro
posed shell geometry is likely to be an idealization of the 
source distribution. NaCI and NaCN emission probably 
arises from a more irregular, clumpy distribution, perhaps 
coincident with the jets interacting with the AGB wind. The 
filling factor of the emitting region cannot be too small, 
however; otherw-ise. NaCl would not have been observed in 
the 40" beam of the 12m. 

Herpin et al. (2002) have modeled far-IR and millimeter-
wave lines of CO using an LVG code. Their data can be 
fitted with a three-component model: (1) a fast wind within 
a K5 radius I'rom the star, with temperatures in the range 
800-400 K. /II Hj) ~ 5 X 10' cm"', and v ~ 60-200 km s"'; 
(2) a moderate wind with T ~ 250 K. "(Hi) ~ 3 x 10', 
cm"', and r ~40 km s"' with B, ~ 15"; the decrease in 
velocity occurs on collision with the AGB shell; (3) the AGB 
remnant envelope with T ~ 50 K, n ~ 5 x 10' cm"^. and 
B, ~ 25". Curiously, the extent of NaCl emission is roughly 
a 20"-25" shell, i.e.. intermediate in size between the 
medium wind and the AGB remnant. Hence, the emission 
likely traces the back of the envelope material that is 
impacted by the last winds. In fact, if one uses density and 
temperature profiles based on Herpin et al. (2002). such that 
at r ~ 7". [he temperature is T ~ 200 K and niHj) ~ 10' 
cm"\ all four of the line profiles are fairly well reproduced 
using a shell model with a ~ 7" width and rj„„, ~ 5". Hence, 
if the eiTects of shocks and clumping from the impact of the 
fast outflow do sufficiently compress the gas and raise its 
temperature to near 200 K. the necessary excitation condi
tions ure present in CRL 2688 to explain the observed NaCl 
emission. Because the dipole moment of NaCN is virtually 
identical to that of NaCl. these sets of conditions explain the 
sodium cyanide lines as well. 

4.3. Another View of Refractory Chemistry 
in Circumsiellar Envelopes 

According to models of equilibrium chemistry in circum-
stellar shells (Tsuji 1973; McCabe. Smith. & Clegg 1979; 
Lafont. Lucas. & Omont 1982; Sharp & Huebner 1990). 
refractory species form abundantly in the hot. dense gas 
close 10 the stellar photosphere. As this material flows away 
from the star and cools, the refractory species condense into 
dust grains. Most of the heavy elements, such as siUcon. 
magnesitmi. and aluminum, are thought to remain in the 
gaseous state until T < 1000 K. which is thought to corre
spond to a few stellar radii away from the star itself (Lafont 
et al. 1982; Glassgold 1996). There is some observational 

evidence for this effect in IRC -t-10216. for example, in the 
case of SiS (see. e.g., Boyle et al. 1994). Therefore, if the rem
nant AGB wind has traveled sufiiciently far away from the 
star, all refractories should be in the form of dust grains. 

In contrast to these predictions. NaCl and NaCN in CRL 
2688 appear to be located at a considerable distance from 
the star (r > 10", or r > 1.5 x 10" cm. corresponding to 
>1000J!. at l.O kpc; Sahai et al. 1998b). These molecules 
may have survived in the gas phase and therefore escaped 
condensation. Another possibility is that they have bwn 
newly formed in the shocked, turbulent material, perhaps 
after refractory elements have been sputtered from grain 
surfaces. 

There is some evidence that species such as NaCl and. by 
inference. NaCN remain in the gas phase after grain forma
tion. In the LTE calculation for an oxygen-rich star. Tsuji 
(1973) predicts that the NaCl abundance steadily increases 
as the gas cooU from 5000 to 1000 K. AlF has similar behav
ior. Aip, in contrast, starts to decrease in abundance 
around 1^00 K. Tsuji. however, does not consider grain for
mation. iSharp & Huebner 11990) compute a solar abun
dance. LTE chemistry model with condensation and also 
find that the NaCl abundance increases as the tempei^ture 
decreases from 2000 to 1000 K. AID and AlF. on the other 
hand, are incorporated rapidly into grains at T 1200 K. 
In fact. NaCl and KCl are the only refractory spraes in the 
gas phase at this temperature. (Such calculations could 
explain why AIQ was not observed; however. AlF is quite 
abundant in CRL 2688; Highberger et al. 2001.) The reason 
for the persistence of NaCl and KCl is that metals like alu
minum. iron, and magnesium are found more frequently in 
solid-state materials than Na or K. According to Sharp Sl 

Huebner. sodium only gets incorporated into NaiSiOi and 
NaAlSi]0| and potassium into KAISijOi. These com
pounds are not good possibilities for carbon-rich envelopes, 
however. Hence, it is very unclear what actually happens to 
NaCl at temperatures lower than 1000 K. 

There is some observational evidence that grain conden
sation actually does occur for NaCI and NaCN in IRC 
-f-10216. Interferometer observ'ations of 3 mm transitions of 
these specics show a confined " inner shell" distribution for 
both molecules (Guelin et al. 1997). Because both com
pounds have such large dipole moments, however, some of 
this confinement may be a result of excitation rather than 
chemistry and grain formation. In contrast, MgNC is ibund 
in the outer shell in IRC -1-10216. This species has a dipole 
moment of 5.2 D (Ishii et al. 1993), also requiring rather 
extreme excitation conditions. MgNC, on the other hand, is 
postulated to be formed by radiative association reac
tions (Petrie 1996) and hence may undergo appreciable 
vibrational (and hence, rotational) excitation. 

Formation of NaCI and NaCN under shock conditions m 
CRL 2688 itself is another option. Willacy & Cherchncif 
(1998) have found that pulsation-driven shocks can initiate 
silicon and sulfur chemistry in AGB ciicunutellar shells. 
Given the presence of vibrationaily excited Hj, the shocks 
and clumping effects in CRL 2688 are probably even more 
capable of inducing chemical reactions. Furthermore, a sim
ple calculation shows that timescales are not too short for 
the gas-phase chemical formation of compoiuds such as 
NaCI. For example, if it is asstuned that all of the available 
chlorine is in the form HCI, the reaction Na HQ — 
NaCl + H is a likely route to the formation of sodium chlor
ide. (NaCI is thermodynamically more stable than HO.) If 
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TABLE 4 

COMPARISON OF ABUNDANCES IN CRL 2688 AND IRC -F 10216 

Distance Source Distribution' TJ' 
Object flcpc) Molecule (arcsecl Fractional Abundancr 

CRL 2688 1.0 NaCI <25 1.9 X 10" 75 1.6 X 10-'® 

Aia <25^ <1.9 * 10" so <1.7 X I0-* 
NaCN <25 6.0 X lO*} ul 5J X 10-* 

IRC+10216 0.15 NaCI 5 3.0 X 10'^ 18 4.3 X 10-' 
Aia 5«» 6.7 * 10'^ 42 9.4 X I0-* 

NaCN 5 1.6 X I0'« 122 2J X I0-* 

Shell distribution assumed for CRL 2688 with width 7". s t2rS. and = STS. Spherical disinbuiion I'or IRC -r 10216 
wjih/^= 

^ Derived from rotationai analysis. 
< Reiattve to Hj: assumes fnass*io&s rate of 1.7 x lO"^ A/t yr~' for CRL 2688 and 3 x 10~* for IRC-rl02I6(Me lexu. 
^ Assumed value. 

the reaction rate of this process is estimated to be Ar ~ 10"'° 
cm^ s"' for T ~ 250 K and ~ 5 x 10' cm"^ the time-
scale needed to convert all of the HQ to NaCl is ~50 yr. 
CRL 2688 is thought to have left the AGB ~200 yr ago 
(Skinner et al. 1997). and the interaction of the fast wind 
with the AGB remnant is thought to have been occurring 
for ~200 yr as well, based on the linear extent of the H; 
images (Sahai et al. 1998a). This calculation does assume 
that atomic sodium is already In the gas phase and/or is 
quickly liberated from grains in the initial shock. 

Further evidence for the effects of shocks/clumping is 
apparent in the abundance differences between IRC +10216 
and CRL 2688 for NaCI. NaCN, and AlCl. presented in 
Table 4. The values here were derived from a rotational 
analysis of multiple transitions for each species, using the 
spectra presented here and the data of Cemicharo & Guelin 
(1987) and Cemicharo et al. (2000) for NaCI and NaCN in 
IRC +10216. The source sizes in IRC + 10216 for NaCI and 
NaCN were based on the maps of Guelin et al. (1997); AIQ 
was assumed to have a similar distribution. For CRL 2688. 
a shell geometry was used as an approximation, as dis
cussed. The column densities obtained from the rotational 
diagrams were converted to fractional abundances assum
ing the described Eeometries and a mass-loss rate of 
1.7x lO--" .V/.jyr-'forCRL2688and3 X lO-M/^ yr"'for 
IRC -^10216 (Truong-Bach et al. 1990: Sahai et al. 1998a; 
Guelin et al. 1997). The rotational temperatures obtained 
from the analyses fail in the range 50-100 K—as to be 
expected for molccules with high dipole moments residing 
in hot. dense gas. (The dipole moment of AlCI is estimated 
to be 1.5 D: Huzinaga, Miyoshi. & Sekiya 1993.) 

The most noticeable difference between the two sources is 
the lack of AlCl in CRL 2688. which is at least a factor of 50 
less abundant than in IRC +10216. Also, the NaCI abun
dance is about a factor of 25 lower in CRL 2688. while that 
of NaCN is roughly comparable. (It should be noted that 
previous abundances derived for NaCN in these objects by 
Highbergcr et al. 2001 have been revised.) The abundances 
in IRC +10216 can quantitatively be accounted for by LTE 
chemistry as long as T > 1200 K ^suji 1973; Sharp & 
Huebner 1990). In CRL 2688. the situation is completely 
different: there are two possibilities. NaCI and NaCN may 
have survived in the gas phase in the AGB wind, unlike 
AiCl: shocks/clumping effects are only needed to excite 
them. Hence, refractory material has a substantial gas-
phase component, long after grain formation. The shocks 

themselves may. on the other hand, be chemically producing 
NaCI and >)iaCN via neutral-neutral reactions, which 
require high temperatures and densities. Tlie shocks may be 
required to liberate atomic sodium from the grains as a 
prior process as well. Sodium, with its lower melting 
point, is more easily vaporized off solid-state surfaces than 
aluminum, hence the absence of AlCI. Cunously. atomic 
sodium has been detected in the shell of CRL 2688 
(Klochkova. Szczerba. & Panchuk 2000). 

4.4. r/ie ^^Q/"CI Ratio in NaCI and lis Implications 

In AGB stars, the abundances of many hea\'y elements 
are enhanced via slow neutron capture processes (j-
processes). driven by "C(o. n)"0 and -Ne(Q. n)-'Mg 
reactions (see. e.g., Busso, Gallino. &. Wasserburg 1999)* 
The latter process only becomes activated in intermediate-
mass AGB stars, when the temperatures in the thermal-
pulse phase become sufficiently high. Inteimediate-mass 
nuclei in the range Ne to Fe. including chlorine, are thought 
to undergo some abundance variations due to j-processing. 
''01 is postulated to be enhanced by neutron capture reac
tions. while •'^CI is depleted (Kahane et al. 2000). Hence, the 
"Cl/"a ratio can be a sensitive tracer of j-processes in 
intermediate-mass AGB stars. 

From the measurements carried out in this study, the 
"CI/"CI ratio can be calculated. This ratio was derived by 
comparing the / = 7 — 6 lines of Na'-Q and the 
•/ = 8 — 7 transition of Na"Cl, corrected for the different 
beam efficiency, transition frequency, line strength, and 
energy above ground state (13.1 and 17.1 K), Both transi
tions are very close in energy and thus can be assumed to 
have the same excitation temperatures. The chlorine ratio 
was calculated to be •'Ja/"a = 2.1 ± 0.8. In comparison, 
the solar value is 3.13 (Anders & Grevesse .1989). While the 
ratio measured toward CRL 2688 has large errors bars, it is 
still low relative to the solar value and suggestive that some 
enhancement of "CI has occurred. The mass of CRL 2688 is 
estimated to be at least 3 (see, e.g.. Speck. Meixner. & 
Knapp 2000); i.e.. activation of the ^Ne neutron source can 
occur. 

The isotope ratio has also been measured in 
IRC +10216 by Kahane et al. (2000). These authors 
obtained a value of 2.33 ± 0.5. based on NaCI. and a value 
of 2.15 ±0.33. using AIQ emission. Consequently, IRC 
+ 10216 shows clear evidence of ^-process chlorine 37 
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enhancement. Higher sensitivity measurements should be 
able (0 better constrain this ratio toward CRL 2688. 

5. CONCLUSION 

NaCI has been conciusively detected toward the proto-
pianetary nebula CRL 2688—(he first time this molecule 
has been obser\'ed in a source other than the envelope of the 
AGB star IRC +10216. New transitions ofNaCN have also 
been observed in this object. Searches for AIQ toward CRL 
2688. in contrast, proved negative, although this molecule is 
more abundant than either sodium species in IRC +10216. 
Thus, four metal-bearins species have been observed to date 
in CRL 2688: NaCl. NaCN. MgNC, and AlF. NaQ and 
NaCN appear to be present much farther from the star 
in CRL 2688 than in IRC +10216 [r~10i' cm vs. 
(O.S-I.O) X 10" cm] and are concentrated in the remnant 
AGB wind, as opposed to the newer, fast outflow arising 
from the most recent mass-loss event. However, the gas den
sities and temperatures required to excite the transitions 
observed are extremely hi^, given the molecular dipole 
moments, and such conditions would not be found in the 
remnant wind alone. Shocks and associated cliunping are 

required to explain the observations. The presence of vibra-
tionally excit^ Hi and infrared CO lines indicates that 
shocks and high gas densities and temperatures must exist. 
The spatial distribution of these high-energy tracers is 
consistent with the extent of the NaQ and NaCN lines, sug
gesting that the soditun molecules arise from the region 
where the high-velocity wind collides with the AGB rem
nant shell. Therefore. NaCl and NaCN in CRL 2688 may 
be produced by shock chemistry, possibly in conjunction 
with grain sputtering, as opposkl to the traditional LTE 
synthesis near the stellar photosphere. Clminutellar chemi-
«il models may therefore need to include the effects of 
shocks and enhanced densities and temperatures at substan
tial distances from the star, at least in post-AGB models. 
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Table El. 
Temperature Dependence from 1000 K to 2000 K 

Temp. 
Specie 

1000 1200 1400 1600 1800 2000 

H 
C 
N 
O 

F 
Na 
M g  
A1 
Si 
S 
CI 
K 
H2 

C2 
C3 

CH 
CH2 

CH3 

CH4 
C2H 

C2H2 

C2H4 
N2 

NH 
NH2 

NH3 
CN 
HCN 
C2N 

HC3N 
NO 
O2 

OH 
CO 
CO2 
H2O 

HCO 
H2CO 
HS 
H2S 

2.27E-07 
2.69E-25 
6.54E-24 
1.57E-30 
3.77E-27 
5.92E-06 
7.61E-05 
7.76E-07 
1.09E-05 
1.63E-22 
1.18E-17 
2.70E-07 
l.OOE+00 
9.47E-21 
1.96E-22 
3.67E-23 
2.47E-17 
2.33E-10 
4.97E-05 
7.75E-12 
1.31E-04 
1.61E-09 
6.48E-05 
5.28E-23 
3.26E-18 
1.29E-11 
2.47E-15 
3.22E-05 
5.30E-12 
7.90E-11 
1.78E-24 
O.OOE+00 

2.78E-25 
8.17E-04 
6.24E-19 
5.31E-16 
5.04E-16 
1.13E-13 
6.55E-18 
9.22E-13 

1.98E-05 
3.02E-18 
1.91E-18 
3.54E-24 
1.61E-21 
4.32E-06 
7.60E-05 
1.53E-06 
2.34E-06 
2.18E-16 
1.56E-13 
2.70E-07 
l.OOE+00 
6.77E-18 
3.05E-12 
3.26E-17 
3.17E-13 
2.21E-08 
4.94E-05 
l.llE-09 
1.22E-04 
1.28E-07 
6.48E-05 
2.06E-18 
2.75E-15 
8.76E-11 
1.06E-12 
3.32E-05 
5.30E-12 
5.87E-10 
3.42E-24 
O.OOE+00 

1.82E-19 
8.17E-04 
6.64E-16 
l.llE-12 
2.19E-14 
1.82E-13 
1.12E-12 
9.21E-13 

4.87E-04 
1.79E-14 
2.87E-16 
4.41E-20 
1.08E-17 
5.37E-06 
7.61E-05 
3.82E-06 
1.79E-05 
2.29E-13 
6.09E-11 
2.70E-07 
l.OOE+00 
1.53E-14 
3.11E-10 
3.15E-14 
1.48E-11 
3.10E-08 
2.66E-06 
3.88E-08 
1.19E-04 
8.64E-09 
2.67E-05 
7.25E-17 
6.20E-15 
6.30E-12 
2.70E-10 
1.14E-04 
1.50E-12 
6.09E-10 
6.60E-22 
O.OOE+00 

1.03E-16 
8.18E-04 
3.90E-15 
1.03E-11 
1.97E-14 
1.56E-14 
2.78E-10 
1.19E-11 

5.46E-03 
1.40E-11 
5.42E-13 
3.18E-17 
7.05E-15 
4.28E-06 
7.63E-05 
5.89E-06 
3.08E-05 
1.15E-10 
1.84E-09 
2.71E-07 
l.OOE+00 
2.92E-13 
2.87E-11 
6.26E-12 
3.00E-10 
4.55E-08 
3.40E-07 
7.32E-07 
1.54E-04 
1.51E-09 
6.53E-05 
4.56E-14 
4.94E-13 
3.80E-11 
2.14E-09 
3.62E-05 
1.62E-11 
3.31E-10 
9.04E-19 
4.76E-28 
7.20E-15 
8.33E-04 
9.12E-15 
3.28E-11 
4.72E-13 
6.43E-14 
4.79E-08 
2.20E-10 

3.65E-02 
2.25E-09 
2.97E-11 
1.85E-15 
3.65E-13 
4.35E-06 
7.74E-05 
6.11E-06 
3.84E-05 
1.70E-08 
1.34E-08 
2.75E-07 
l.OOE+00 
4.81E-11 
1.37E-09 
3.43E-10 
2.76E-09 
5.34E-08 
5.91E-08 
5.67E-06 
1.48E-04 
2.98E-10 
6.38E-05 
1.05E-12 
2.23E-12 
2.29E-11 
3.05E-08 
4.19E-05 
2.61E-10 
4.58E-10 
1.30E-17 
2.22E-26 
6.70E-14 
8.49E-04 
6.06E-15 
2.72E-11 
1.69E-12 
5.78E-14 
3.06E-06 
2.40E-09 

1.77E-01 
1.40E-07 
8.01E-10 
5.26E-14 
5.15E-12 
4.65E-06 
8.28E-05 
6.55E-06 
6.58E-05 
2.74E-07 
6.19E-08 
2.94E-07 
l.OOE+00 
2.91E-09 
2.91E-08 
8.57E-09 
1.56E-08 
5.55E-08 
1.27E-08 
2.84E-05 
1.33E-04 
6.84E-11 
6.70E-05 
1.33E-11 
7.34E-12 
1.43E-11 
2.67E-07 
4.69E-05 
2.44E-09 
5.50E-10 
1.19E-16 
5.25E-25 
4.17E-13 
9.08E-04 
4.60E-15 
2.31E-11 
4.68E-12 
5.08E-14 
2.43E-05 
4.35E-09 
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Temp."' 1000 1200 1400 1600 1800 2000 
Specie 
CS 1.98E-14 8.98E-13 2.91E-09 9.68E-09 5.25E-07 3.65E-06 
SO 1.53E-31 4.03E-27 2.69E-23 3.25E-20 3.19E-18 3.69E-17 
NS 1.84E-22 1.83E-22 2.45E-20 1.14E-16 1.41E-14 1.96E-13 
SiH 3.52E-07 3.51E-07 8.96E-07 6.71E-07 4.31E-07 4.12E-07 
SiH2 1.30E-09 3.00E-07 6.85E-08 1.84E-08 6.68E-09 4.52E-09 
SiH3 2.31E-11 3.55E-10 l.lOE-10 1.38E-11 2.76E-12 l.lOE-12 
SiH4 1.95E-08 l.lOE-08 1.96E-10 3.62E-12 1.28E-13 1.05E-14 
SiS 3.73E-05 3.73E-05 3.73E-05 3.73E-05 3.43E-05 1.23E-05 
SiO 1.73E-05 1.73E-05 1.57E-05 3.27E-06 2.66E-07 5.07E-08 
SiC 5.54E-19 8.64E-15 4.06E-14 2.22E-11 1.02E-10 4.78E-10 
SiC2 6.55E-06 1.51E-05 7.93E-07 7.90E-07 5.01E-07 4.61E-07 
SiN 7.50E-10 6.78E-10 5.32E-12 2.14E-09 1.33E-09 1.29E-09 
HF 1.35E-13 4.44E-11 1.75E-09 2.40E-08 6.01E-08 7.11E-08 
HCl 5.60E-11 9.09E-09 1.52E-07 4.26E-07 4.80E-07 4.72E-07 
AlF 6.64E-08 6.63E-08 6.46E-08 4.25E-08 7.36E-09 1.02E-09 
AlCl 4.94E-07 4.85E-07 3.26E-07 6.33E-08 6.53E-09 9.37E-10 
AlH 1.74E-07 1.66E-07 1.51E-08 4.92E-08 2.73E-08 1.69E-08 
AlC 3.80E-22 5.97E-18 4.95E-16 1.20E-14 9.28E-14 4.76E-13 
AINC 4.30E-06 3.69E-06 2.75E-07 1.87E-08 4.75E-09 1.59E-09 
NaCl 2.75E-10 6.45E-10 8.17E-10 2.23E-10 4.91E-11 1.31E-11 
NaF 1.35E-16 2.69E-15 2.24E-14 6.47E-14 5.81E-14 3.03E-14 
NaCN 2.79E-08 1.55E-09 1.43E-09 9.89E-11 4.19E-11 2.10E-11 
KCl 1.06E-10 2.54E-10 2.10E-10 6.16E-11 1.20E-11 2.90E-12 
MgCl 7.21E-14 1.65E-12 6.80E-12 6.66E-12 3.31E-12 1.69E-12 
NaH 1.64E-10 3.46E-10 5.58E-11 2.46E-10 2.84E-10 3.19E-10 
MgF 8.50E-16 3.02E-14 2.44E-13 1.02E-12 1.02E-12 5.77E-13 
KH 1.45E-12 5.95E-12 9.95E-13 6.67E-12 8.91E-12 1.13E-11 
MgH 3.52E-09 l.lOE-08 1.51E-09 8.71E-09 1.03E-08 1.19E-08 
KF 7.38E-17 1.41E-15 7.36E-15 2.21E-14 1.71E-14 7.90E-15 

a) Fractional abundance with respect to H2. 
b) Temperature in K at density ~ lO'" cm'^. 
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Table E2. 
Temperature Dependence from 2200 K to 3000 K 

Temp."^ 
Specie 

2200 2400 2600 2800 3000 

H 7.46E-01 3.31E+00 1.57E+01 6.82E+01 2.51E+02 
C 4.99E-06 1.46E-04 2.42E-03 1.30E-02 7.34E-02 
N 1.54E-08 3.12E-07 7.80E-06 1.44E-04 2.08E-03 
0 1.08E-12 2.54E-11 1.35E-09 1.53E-07 8.21E-06 
F 5.80E-11 9.18E-10 2.37E-08 4.89E-07 5.13E-06 
Na 5.87E-06 1.13E-05 3.79E-05 1.51E-04 5.41E-04 
Mg 1.04E-04 2.02E-04 6.74E-04 2.67E-03 9.63E-03 
A1 8.28E-06 1.60E-05 5.35E-05 2.12E-04 7.65E-04 
Si 9.76E-05 1.92E-04 6.43E-04 2.55E-03 9.19E-03 
S 9.90E-07 4.57E-06 4.07E-05 3.60E-04 1.67E-03 
CI 2.36E-07 9.14E-07 3.99E-06 1.66E-05 6.22E-05 
K 3.70E-07 7.16E-07 2.39E-06 9.47E-06 3.42E-05 
H2 l.OOE+00 l.OOE+00 l.OOE+00 l.OOE+00 l.OOE+00 
C2 9.20E-08 2.04E-06 1.40E-05 1.33E-05 2.04E-05 
C3 3.52E-07 2.93E-06 4.54E-06 4.55E-07 1.21E-07 
CH 1.25E-07 1.31E-06 6.78E-06 1.19E-05 2.44E-05 
CH2 5.84E-08 1.47E-07 1.69E-07 7.16E-08 4.17E-08 
CHb 4.50E-08 2.39E-08 5.45E-09 5.10E-10 7.78E-11 
CH4 2.48E-09 3.01E-10 1.47E-11 3.24E-13 1.37E-14 
CiH l.OlE-04 2.74E-04 2.36E-04 3.36E-05 9.65E-06 
C2H2 l.OlE-04 5.73E-05 9.77E-06 3.06E-07 2.30E-08 
C2H4 1.28E-11 1.27E-12 2.74E-14 1.13E-16 1.38E-18 
N2 8.71E-05 1.83E-04 7.19E-04 2.44E-03 8.83E-03 
NH 1.19E-10 9.55E-10 8.09E-09 5.18E-08 2.90E-07 
NH2 1.88E-11 4.01E-11 8.21E-11 1.37E-10 2.32E-10 
NH3 8.16E-12 3.75E-12 1.56E-12 5.87E-13 2.65E-13 
CN 1.85E-06 1.34E-05 7.38E-05 1.39E-04 3.43E-04 
HCN 5.24E-05 6.27E-05 5.57E-05 1.94E-05 1.08E-05 
C2N 1.62E-08 9.59E-08 2.32E-07 8.18E-08 5.78E-08 
HC3N 5.42E-10 4.14E-10 6.94E-11 8.27E-13 3.71E-14 
NO 9.22E-16 9.44E-15 2.66E-13 1.57E-11 5.24E-10 
O2 9.08E-24 1.99E-22 2.01E-20 1.14E-17 2.08E-15 
OH 2.12E-12 1.17E-11 1.35E-10 3.62E-09 5.41E-08 
CO 1.14E-03 2.21E-03 7.39E-03 2.93E-02 1.06E-01 
CO2 4.35E-15 7.12E-15 4.20E-14 7.86E-13 9.18E-12 
H2O 1.99E-11 1.89E-11 3.63E-11 1.85E-10 6.33E-10 
HCO 1.12E-11 2.75E-11 8.42E-11 2.72E-10 7.99E-10 
H2CO 4.11E-14 3.10E-14 2.59E-14 2.43E-14 2.37E-14 
HS 4.28E-05 8.21E-05 2.60E-04 8.40E-04 1.58E-03 
H2S 1.96E-09 8.99E-10 6.27E-10 4.84E-10 2.54E-10 
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Temp. ' 
Specie 

2200 2400 2600 2800 3000 

CS 5.97E-06 1.19E-05 2.73E-05 2.83E-05 2.50E-05 
SO 9.97E-17 3.88E-16 6.03E-15 2.49E-13 3.68E-12 
NS 6.01E-13 2.35E-12 1.97E-11 1.48E-10 6.48E-10 
SiH 3.28E-07 2.87E-07 3.60E-07 5.39E-07 8.10E-07 
SiH2 2.36E-09 l.lOE-09 6.06E-10 3.96E-10 2.81E-10 
SiH3 3.22E-13 6.94E-14 1.48E-14 3.77E-15 1.15E-15 
SiH4 7.29E-16 3.58E-17 1.63E-18 9.75E-20 8.22E-21 
SiS 1.40E-06 2.87E-07 1.91E-07 1.98E-07 1.47E-07 
SiO 1.23E-08 5.68E-09 1.13E-08 8.26E-08 4.24E-07 
SiC 1.46E-09 4.40E-09 l.llE-08 1.29E-08 1.97E-08 
SiC2 3.39E-07 2.61E-07 1.09E-07 1.02E-08 2.17E-09 
SiN 1.16E-09 1.47E-09 3.66E-09 1.02E-08 2.93E-08 
HF 9.06E-08 1.75E-07 5.63E-07 1.71E-06 3.31E-06 
HCl 4.37E-07 3.89E-07 3.63E-07 3.54E-07 3.65E-07 
AlF 2.31E-10 1.26E-10 1.99E-10 4.07E-10 5.91E-10 
AlCl 1.86E-10 5.44E-11 2.82E-11 2.05E-11 1.74E-11 
AlH 1.18E-08 1.04E-08 1.33E-08 2.04E-08 3.12E-08 
AlC 1.96E-12 8.49E-12 2.93E-11 4.49E-11 8.73E-11 
AINC 9.13E-10 6.58E-10 5.46E-10 2.34E-10 3.70E-10 
NaCl 4.31E-12 1.93E-12 1.44E-12 1.43E-12 1.58E-12 
NaF 2.04E-14 2.77E-14 9.44E-14 3.75E-13 9.60E-13 
NaCN 1.25E-11 1.06E-11 l.OOE-11 4.58E-12 3.35E-12 
KCl 8.80E-13 3.69E-13 2.59E-13 2.45E-13 2.60E-13 
MgCl 9.47E-13 6.62E-13 7.15E-13 9.77E-13 1.43E-12 
NaH 3.63E-10 4.83E-10 8.76E-10 1.82E-09 3.59E-09 
MgF 4.17E-13 5.99E-13 2.14E-12 8.81E-12 2.35E-11 
KH 1.41E-11 2.04E-11 3.96E-11 8.64E-11 1.80E-10 
MgH 1.38E-08 1.86E-08 3.42E-08 7.12E-08 1.43E-07 
KF 4.84E-15 6.05E-15 1.92E-14 7.16E-14 1.75E-13 

a) Fractional abundance with respect to H2. 
b) Temperature in K at density ~ lO'" cm"'. 
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Table E3. 
Density Dependence at 1000 K 

Density 
Specie 

7.24E+15 7.24E+14 7.24E+13 7.24E+12 7.24E+11 

H 7.19E-08 2.27E-07 7.18E-07 2.27E-06 7.18E-06 
C 2.70E-27 2.69E-25 2.69E-23 2.68E-21 2.54E-19 
N 6.31E-25 6.54E-24 6.61E-23 6.64E-22 6.65E-21 
0 4.95E-31 1.57E-30 4.95E-30 1.57E-29 4.95E-29 
F 1.07E-27 3.77E-27 1.62E-26 9.20E-26 6.86E-25 
Na 4.48E-06 5.92E-06 5.94E-06 5.96E-06 5.97E-06 
Mg 7.60E-05 7.61E-05 7.61E-05 7.61E-05 7.61E-05 
A1 2.75E-07 7.76E-07 1.81E-06 3.18E-06 4.27E-06 
Si 1.09E-05 1.09E-05 1.09E-05 1.09E-05 1.09E-05 
S 1.63E-23 1.63E-22 1.63E-21 1.63E-20 1.63E-19 
CI 3.34E-18 1.18E-17 5.08E-17 2.89E-16 2.15E-15 
K 2.70E-07 2.70E-07 2.70E-07 2.70E-07 2.70E-07 
H2 l.OOE+00 l.OOE+00 l.OOE+00 l.OOE+00 l.OOE+00 
C2 9.14E-22 9.47E-21 9.57E-20 9.61E-19 9.63E-18 
C3 1.96E-24 1.96E-22 1.95E-20 1.95E-18 1.85E-16 
CH 1.16E-24 3.67E-23 1.16E-21 3.65E-20 1.09E-18 
CH2 2.48E-18 2.47E-17 2.47E-16 2.46E-15 2.33E-14 
CH3 7.36E-11 2.33E-10 7.35E-10 2.31E-09 6.93E-09 
ch4 4.97E-05 4.97E-05 4.96E-05 4.94E-05 4.68E-05 
C2H 2.45E-12 7.75E-12 2.45E-11 7.75E-11 2.45E-10 
C2H2 1.31E-04 1.31E-04 1.31E-04 1.31E-04 1.31E-04 
c2h4 1.61E-10 1.61E-09 1.61E-08 1.59E-07 1.43E-06 
N2 6.48E-05 6.48E-05 6.48E-05 6.48E-05 6.48E-05 
NH 1.61E-23 5.28E-23 1.69E-22 5.37E-22 1.70E-21 
NH2 3.15E-18 3.26E-18 3.30E-18 3.31E-18 3.32E-18 
nh3 3.93E-11 1.29E-11 4.12E-12 1.31E-12 4.14E-13 
CN 7.78E-16 2.47E-15 8.05E-15 2.65E-14 8.65E-14 
HCN 3.21E-05 3.22E-05 3.32E-05 3.46E-05 3.57E-05 
c2n 5.30E-12 5.30E-12 5.30E-12 5.30E-12 5.30E-12 
hc3n 7.87E-11 7.90E-n 8.16E-11 8.50E-11 8.76E-11 
NO 1.78E-24 1.78E-24 1.78E-24 1.78E-24 1.78E-24 
O2 O.OOE+00 O.OOE+00 O.OOE+00 O.OOE+00 O.OOE+00 
OH 8.80E-26 2.78E-25 8.79E-25 2.78E-24 8.79E-24 
CO 8.17E-04 8.17E-04 8.17E-04 8.17E-04 8.17E-04 
co2 6.24E-19 6.24E-19 6.24E-19 6.24E-19 6.24E-19 
H2O 5.31E-16 5.31E-16 5.31E-16 5.31E-16 5.31E-16 
HCO 1.37E-15 5.04E-16 2.19E-16 1.25E-16 9.31E-17 
h2co 9.70E-13 1.13E-13 1.55E-14 2.79E-15 6.59E-16 
HS 2.07E-18 6.55E-18 2.07E-17 6.55E-17 2.07E-16 
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Density 
Specie 

7.24E+15 7.24E+14 7.24E+13 7.24E+12 7.24E+11 

H2S 9.21E-13 9.22E-13 9.20E-13 9.26E-13 9.26E-13 
CS 6.28E-15 1.98E-14 6.26E-14 1.98E-13 6.27E-13 
SO 4.84E-32 1.53E-31 4.83E-31 1.54E-30 4.86E-30 
NS 1.84E-22 1.84E-22 1.84E-22 1.84E-22 1.84E-22 
SiH 3.52E-07 3.52E-07 3.52E-07 3.52E-07 3.52E-07 
SiH2 1.82E-09 1.30E-09 8.98E-09 2.43E-08 2.87E-08 
SiHs 1.02E-10 2.31E-11 5.05E-11 4.33E-11 1.61E-11 
SiH4 2.73E-07 1.95E-08 1.35E-08 3.65E-09 4.30E-10 
SiS 3.73E-05 3.73E-05 3.73E-05 3.73E-05 3.73E-05 
SiO 1.73E-05 1.73E-05 1.73E-05 1.73E-05 1.73E-05 
SiC 1.75E-19 5.54E-19 1.75E-18 5.54E-18 1.75E-17 
SiC2 6.54E-06 6.55E-06 6.55E-06 6.55E-06 6.55E-06 
SiN 7.24E-10 7.50E-10 7.59E-10 7.62E-10 7.63E-10 
HF 1.20E-13 1.35E-13 1.83E-13 3.28E-13 7.74E-13 
HCl 4.99E-11 5.60E-11 7.61E-11 1.37E-10 3.22E-10 
AlF 6.64E-08 6.64E-08 6.64E-08 6.64E-08 6.64E-08 
AlCl 4.93E-07 4.94E-07 4.94E-07 4.94E-07 4.94E-07 
AlH 1.68E-07 1.74E-07 1.76E-07 1.77E-07 1.77E-07 
AiC 1.35E-23 3.80E-22 8.84E-21 1.55E-19 1.97E-18 
AINC 4.80E-06 4.30E-06 3.27E-06 1.89E-06 8.29E-07 
NaCl 5.84E-10 2.75E-10 1.18E-10 6.74E-11 5.03E-11 
NaF 2.88E-16 1.35E-16 5.83E-17 3.32E-17 2.48E-17 
NaCN 6.65E-08 2.79E-08 9.15E-09 3.02E-09 9.86E-10 
KCl 2.99E-10 1.06E-10 4.56E-11 2.59E-11 1.93E-11 
MgCl 2.03E-13 7.21E-14 3.10E-14 1.76E-14 1.31E-14 
NaH 3.38E-10 1.64E-10 7.17E-11 4.10E-11 3.06E-11 
MgF 2.40E-15 8.50E-16 3.65E-16 2.07E-16 1.54E-16 
KH 3.94E-12 1.45E-12 6.31E-13 3.59E-13 2.68E-13 
MgH 9.57E-09 3.52E-09 1.53E-09 8.72E-10 6.51E-10 
KF 2.08E-16 7.38E-17 3.17E-17 1.80E-17 1.34E-17 

a) fractional abundances relative to H2. 
b) in cm"'. 



Table E4. 
Density Dependence at 1400 K 

Density 
Specie 

5.17E+15 5.17E+14 5.17E+13 5.17E+12 5.17E+11 

H 1.54E-04 4.87E-04 1.54E-03 4.88E-03 1.55E-02 
C 1.72E-15 1.79E-14 1.82E-13 1.82E-12 1.85E-11 
N 8.75E-17 2.87E-16 9.19E-16 2.98E-15 l.OlE-14 
0 4.98E-21 4.41E-20 4.25E-19 4.13E-18 3.82E-17 
F 1.26E-18 1.08E-17 1.09E-16 8.57E-16 7.78E-15 
Na 4.65E-06 5.37E-06 4.78E-06 5.04E-06 3.22E-06 
Mg 7.61E-05 7.61E-05 7.61E-05 7.62E-05 7.66E-05 
A1 3.33E-06 3.82E-06 3.59E-06 3.94E-06 2.48E-06 
Si 1.59E-05 1.79E-05 1.86E-05 1.91E-05 2.08E-05 
S 2.59E-14 2.29E-13 2.21E-12 2.15E-11 1.90E-10 
CI 8.83E-12 6.09E-11 3.56E-10 1.55E-09 5.18E-09 
K 2.70E-07 2.70E-07 2.70E-07 2.70E-07 2.72E-07 
H2 l.OOE+00 l.OOE+00 l.OOE+00 l.OOE+00 l.OOE+00 
C2 1.50E-15 1.53E-14 1.54E-13 1.50E-12 1.46E-11 
c3 3.10E-11 3.11E-10 3.09E-09 2.90E-08 2.74E-07 
CH 9.53E-15 3.15E-14 l.OlE-13 3.19E-13 1.02E-12 
CH2 1.41E-11 1.48E-11 1.49E-11 1.49E-11 1.50E-11 
ch3 9.40E-08 3.10E-08 9.92E-09 3.13E-09 9.88E-10 
ch4 2.55E-05 2.66E-06 2.69E-07 2.68E-08 2.66E-09 
C2H 1.13E-08 3.88E-08 1.26E-07 3.98E-07 1.27E-06 
C2H2 1.09E-04 1.19E-04 1.22E-04 1.22E-04 1.23E-04 
c2h4 7.94E-08 8.64E-09 8.84E-10 8.82E-11 8.78E-12 
N2 2.67E-05 2.67E-05 2.68E-05 2.71E-05 2.97E-05 
NH 6.99E-17 7.25E-17 7.33E-17 7.50E-17 8.00E-17 
NH2 1.89E-14 6.20E-15 1.98E-15 6.40E-16 2.15E-16 
nh3 6.08E-11 6.30E-12 6.37E-13 6.49E-14 6.86E-15 
CN 8.47E-11 2.70E-10 8.55E-10 2.68E-09 8.78E-09 
HCN 1.14E-04 1.14E-04 1.15E-04 1.14E-04 1.17E-04 
C2N 4.51E-13 1.50E-12 4.82E-12 1.51E-11 4.96E-11 
hc3n 5.56E-10 6.09E-10 6.25E-10 6.20E-10 6.41E-10 
NO 2.27E-22 6.60E-22 2.03E-21 6.38E-21 1.98E-20 
O2 O.OOE+00 O.OOE+00 O.OOE+00 O.OOE+00 O.OOE+00 
OH 3.67E-17 1.03E-16 3.13E-16 9.60E-16 2.80E-15 
CO 8.18E-04 8.18E-04 8.19E-04 8.20E-04 8.25E-04 
co2 4.40E-15 3.90E-15 3.75E-15 3.64E-15 3.35E-15 
H2O 1.17E-11 1.03E-11 9.93E-12 9.61E-12 8.81E-12 
HCO 6.74E-15 1.97E-14 6.05E-14 1.86E-13 5.43E-13 
h2co 1.69E-14 1.56E-14 1.52E-14 1.47E-14 1.35E-14 
HS 9.93E-11 2.78E-10 8.48E-10 2.60E-09 7.25E-09 
H2S 1.35E-11 1.19E-11 1.15E-11 l.llE-11 9.77E-12 
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Density 
Specie 

5.17E+15 5.17E+14 5.17E+13 5.17E+12 5.17E+11 

CS 3.39E-10 2.91E-09 2.79E-08 2.62E-07 2.24E-06 
SO 3.43E-24 2.69E-23 2.50E-22 2.35E-21 1.91E-20 
NS 8.43E-21 2.45E-20 7.55E-20 2.37E-19 7.05E-19 
SiH 2.51E-06 8.96E-07 2.94E-07 9.53E-08 3.26E-08 
SiH2 6.08E-07 6.85E-08 7.11E-09 7.27E-10 7.82E-11 
SiH3 3.08E-09 l.lOE-10 3.60E-12 1.16E-13 3.93E-15 
SiH4 1.74E-08 1.96E-10 2.03E-12 2.07E-14 2.21E-16 
SiS 3.73E-05 3.73E-05 3.72E-05 3.71E-05 3.53E-05 
SiO 1.57E-05 1.57E-05 1.57E-05 1.56E-05 1.55E-05 
Sic 3.21E-14 4.06E-14 4.36E-14 4.63E-14 5.24E-14 
SiC2 6.45E-07 7.93E-07 8.42E-07 8.66E-07 9.46E-07 
SiN 1.34E-11 5.32E-12 1.80E-12 6.18E-13 2.34E-13 
HF 6.47E-10 1.75E-09 5.57E-09 1.39E-08 3.96E-08 
HCl 6.97E-08 1.52E-07 2.80E-07 3.86E-07 4.05E-07 
AlF 6.57E-08 6.46E-08 6.08E-08 5.25E-08 2.98E-08 
AlCl 4.13E-07 3.26E-07 1.79E-07 8.51E-08 1.77E-08 
AlH 4.51E-09 1.51E-08 4.35E-08 1.46E-07 2.68E-07 
AlC 4.13E-16 4.95E-16 4.70E-16 5.16E-16 3.26E-16 
AINC 7.53E-07 2.75E-07 8.17E-08 2.80E-08 5.73E-09 
NaCl 1.03E-09 8.17E-10 4.24E-10 1.94E-10 4.10E-11 
NaF 2.27E-14 2.24E-14 2.00E-14 1.66E-14 9.55E-15 
NaCN 3.90E-09 1.43E-09 4.03E-10 1.33E-10 2.75E-11 
KCl 3.04E-10 2.10E-10 1.22E-10 5.33E-11 1.77E-11 
MgCl 9.86E-12 6.80E-12 3.97E-12 1.72E-12 5.73E-13 
NaH 1.66E-11 5.58E-11 1.53E-10 4.94E-10 9.17E-10 
MgF 2.85E-13 2.44E-13 2.45E-13 1.93E-13 1.74E-13 
KH 3.41E-13 9.95E-13 3.06E-12 9.41E-12 2.75E-11 
MgH 5.18E-10 1.51E-09 4.65E-09 1.43E-08 4.17E-08 
KF 8.58E-15 7.36E-15 7.39E-15 5.82E-15 5.26E-15 

a) fractional abundances relative to H2. 
b) in cm"^. 
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Table E5. 
Density Dependence at 1800 K 

Density 4.02E+15 4.02E+14 4.02E+13 4.02E+12 4.02E+11 
Specie 
H 1.14E-02 3.65E-02 1.20E-01 4.29E-01 1.95E+00 
C 2.22E-10 2.25E-09 2.38E-08 2.82E-07 5.02E-06 
N 9.21E-12 2.97E-11 l.OOE-10 3.86E-10 2.30E-09 
0 1.80E-15 1.85E-15 1.97E-15 2.43E-15 4.58E-15 
F 9.15E-14 3.65E-13 1.35E-12 5.66E-12 4.21E-11 
Na 4.30E-06 4.35E-06 4.53E-06 5.19E-06 8.44E-06 
Mg 7.65E-05 7.74E-05 8.06E-05 9.24E-05 1.50E-04 
A1 5.94E-06 6.11E-06 6.39E-06 7.33E-06 1.19E-05 
Si 3.29E-05 3.84E-05 4.75E-05 7.03E-05 1.37E-04 
S 2.04E-09 1.70E-08 1.24E-07 6.36E-07 2.30E-06 
Ci 4.09E-09 1.34E-08 4.35E-08 1.47E-07 5.79E-07 
K 2.71E-07 2.75E-07 2.86E-07 3.28E-07 5.33E-07 
H2 l.OOE+00 l.OOE+00 l.OOE+00 l.OOE+00 l.OOE+00 
C2 4.78E-12 4.81E-11 4.96E-10 5.46E-09 8.38E-08 
C3 1.37E-10 1.37E-09 1.37E-08 1.41E-07 1.86E-06 
CH 1.08E-10 3.43E-10 l.lOE-09 3.66E-09 1.43E-08 
CH2 2.78E-09 2.76E-09 2.69E-09 2.50E-09 2.16E-09 
CHs 1.73E-07 5.34E-08 1.59E-08 4.13E-09 7.84E-10 
CH4 6.11E-07 5.91E-08 5.34E-09 3.89E-10 1.63E-11 
C2H 1.80E-06 5.67E-06 1.78E-05 5.49E-05 1.85E-04 
c2h2 1.50E-04 1.48E-04 1.41E-04 1.22E-04 9.05E-05 
c2h4 3.11E-09 2.98E-10 2.63E-11 1.78E-12 6.42E-14 
N2 6.27E-05 6.38E-05 6.74E-05 7.82E-05 1.34E-04 
NH 1.04E-12 1.05E-12 1.07E-12 1.16E-12 1.52E-12 
NH2 7.09E-12 2.23E-12 6.99E-13 2.11E-13 6.08E-14 
nh3 2.33E-10 2.29E-11 2.18E-12 1.84E-13 1.17E-14 
CN 9.54E-09 3.05E-08 l.OlE-07 3.60E-07 1.85E-06 
HCN 4.19E-05 4.19E-05 4.20E-05 4.21E-05 4.75E-05 
C2N 8.24E-11 2.61E-10 8.42E-10 2.80E-09 1.24E-08 
hc3n 4.66E-10 4.58E-10 4.38E-10 3.79E-10 3.19E-10 
NO 4.03E-17 1.30E-17 4.33E-18 1.61E-18 8.76E-19 
O2 2.17E-25 2.22E-26 2.34E-27 2.78E-28 4.79E-29 
OH 2.09E-13 6.70E-14 2.17E-14 7.50E-15 3.11E-15 
CO 8.36E-04 8.49E-04 8.84E-04 l.OlE-03 1.65E-03 
co2 5.98E-14 6.06E-15 6.23E-16 6.90E-17 1.02E-17 
h2o 2.72E-10 2.72E-11 2.68E-12 2.59E-13 2.37E-14 
HCO 5.32E-12 1.69E-12 5.34E-13 1.71E-13 6.13E-14 
h2co 5.84E-13 5.78E-14 5.57E-15 5.01E-16 3.95E-17 
HS 1.18E-06 3.06E-06 6.80E-06 9.75E-06 7.76E-06 
H2S 2.95E-09 2.40E-09 1.62E-09 6.51E-10 1.14E-10 
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Density 4.02E+15 4.02E+14 4.02E+13 4.02E+12 4.02E+11 
Specie 
CS 6.38E-08 5.25E-07 3.75E-06 1.79E-05 5.56E-05 
SO 3.84E-18 3.19E-18 2.30E-18 1.14E-18 3.76E-19 
NS 5.40E-15 1.41E-14 3.24E-14 5.00E-14 5.21E-14 
SiH 1.18E-06 4.31E-07 1.62E-07 6.72E-08 2.88E-08 
SiHi 5.85E-08 6.68E-09 7.63E-10 8.87E-11 8.36E-12 
SiHs 7.75E-11 2.76E-12 9.61E-14 3.12E-15 6.49E-17 
SiH4 1.15E-11 1.28E-13 1.36E-15 1.23E-17 5.64E-20 
SiS 3.62E-05 3.43E-05 2.87E-05 1.71E-05 5.82E-06 
SiO 2.28E-06 2.66E-07 3.24E-08 4.64E-09 8.25E-10 
SiC 8.83E-11 1.02E-10 1.23E-10 1.70E-10 2.85E-10 
SiC2 4.37E-07 5.01E-07 5.91E-07 7.55E-07 1.09E-06 
SiN 3.62E-09 1.33E-09 5.15E-10 2.30E-10 1.29E-10 
HF 4.82E-08 6.01E-08 6.76E-08 7.94E-08 1.30E-07 
HCl 4.70E-07 4.80E-07 4.75E-07 4.49E-07 3.89E-07 
AlF 1.84E-08 7.36E-09 2.63E-09 9.95E-10 5.83E-10 
AlCl 1.99E-08 6.53E-09 2.06E-09 6.24E-10 1.94E-10 
AlH 8.51E-08 2.73E-08 8.70E-09 2.80E-09 l.OOE-09 
AlC 9.10E-14 9.28E-14 9.48E-14 l.OlE-13 1.42E-13 
AINC 1.48E-08 4.75E-09 1.52E-09 4.88E-10 1.98E-10 
NaCl 1.52E-10 4.91E-11 1.54E-11 4.67E-12 1.45E-12 
NaF 1.47E-13 5.81E-14 2.07E-14 7.80E-15 4.57E-15 
NaCN 1.32E-10 4.19E-11 1.33E-11 4.27E-12 1.73E-12 
KCl 3.71E-11 1.20E-11 3.75E-12 1.14E-12 3.53E-13 
MgCl 1.02E-11 3.31E-12 1.04E-12 3.14E-13 9.75E-14 
NaH 8.97E-10 2.84E-10 8.98E-11 2.88E-11 1.03E-11 
MgF 2.58E-12 1.02E-12 3.62E-13 1.36E-13 7.99E-14 
KH 2.82E-11 8.91E-12 2.82E-12 9.05E-13 3.24E-13 
MgH 3.27E-08 1.03E-08 3.27E-09 1.05E-09 3.76E-10 
KF 4.33E-14 1.71E-14 6.07E-15 2.29E-15 1.34E-15 

a) fractional abimdances relative to H2. 
b) in cm'^. 
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Table E6. 
Density Dependence at 2000 K 

Density 3.62E+15 3.62E+14 3.62E+13 3.62E+12 3.62E+11 
Specie 
H 5.29E-02 1.77E-01 6.65E-01 3.43E+00 2.75E+01 
C 1.30E-08 1.40E-07 1.79E-06 4.00E-05 1.59E-03 
N 2.30E-10 8.01E-10 3.42E-09 2.74E-08 4.40E-07 
0 4.78E-14 5.26E-14 7.13E-14 1.73E-13 1.52E-12 
F 1.41E-12 5.15E-12 2.39E-11 2.52E-10 1.09E-08 
Na 4.39E-06 4.65E-06 5.70E-06 1.16E-05 6.31E-05 
Mg 7.80E-05 8.28E-05 l.OlE-04 2.06E-04 1.12E-03 
A1 6.14E-06 6.55E-06 8.04E-06 1.64E-05 8.91E-05 
Si 5.13E-05 6.58E-05 9.08E-05 1.94E-04 1.07E-03 
S 5.44E-08 2.74E-07 1.21E-06 6.23E-06 6.90E-05 
CI 1.89E-08 6.19E-08 2.16E-07 9.45E-07 6.90E-06 
K 2.77E-07 2.94E-07 3.60E-07 7.32E-07 3.98E-06 
H2 l.OOE+00 l.OOE+00 l.OOE+00 l.OOE+00 l.OOE+00 
Ca 2.81E-10 2.91E-09 3.36E-08 6.30E-07 1.56E-05 
C3 2.91E-09 2.91E-08 3.03E-07 4.78E-06 7.32E-05 
CH 2.66E-09 8.57E-09 2.91E-08 1.26E-07 6.27E-07 
CHz 1.62E-08 1.56E-08 1.41E-08 1.18E-08 7.33E-09 
CH3 1.93E-07 5.55E-08 1.33E-08 2.17E-09 1.68E-10 
CH4 1.48E-07 1.27E-08 8.12E-10 2.57E-11 2.47E-13 
C2H 9.14E-06 2.84E-05 8.70E-05 3.17E-04 9.77E-04 
c2h2 1.43E-04 1.33E-04 1.08E-04 7.65E-05 2.94E-05 
c2h4 8.24E-10 6.84E-11 3.94E-12 1.05E-13 6.26E-16 
N2 6.20E-05 6.70E-05 8.66E-05 2.09E-04 8.35E-04 
NH 1.28E-11 1.33E-11 1.51E-11 2.34E-11 4.68E-11 
NH2 2.36E-11 7.34E-12 2.22E-12 6.68E-13 1.67E-13 
nh3 1.54E-10 1.43E-11 1.15E-12 6.71E-14 2.09E-15 
CN 7.97E-08 2.67E-07 1.03E-06 6.94E-06 6.90E-05 
HCN 4.68E-05 4.69E-05 4.81E-05 6.28E-05 7.79E-05 
C2N 7.55E-10 2.44E-09 8.50E-09 4.80E-08 2.96E-07 
hc3n 5.92E-10 5.50E-10 4.61E-10 4.25E-10 2.02E-10 
NO 3.46E-16 1.19E-16 4.86E-17 3.55E-17 7.75E-17 
O2 4.84E-24 5.25E-25 6.82E-26 1.51E-26 1.80E-26 
OH 1.27E-12 4.17E-13 1.50E-13 7.06E-14 7.72E-14 
CO 8.56E-04 9.08E-04 l.llE-03 2.26E-03 1.23E-02 
CO2 4.40E-14 4.60E-15 5.40E-16 l.OOE-16 7.42E-17 
H2O 2.35E-10 2.31E-11 2.22E-12 2.02E-13 2.75E-14 
HCO 1.47E-11 4.68E-12 1.52E-12 6.01E-13 4.04E-13 
h2co 5.36E-13 5.08E-14 4.40E-15 3.37E-16 2.83E-17 
HS 1.61E-05 2.43E-05 2.85E-05 2.84E-05 3.92E-05 
H2S 9.64E-09 4.35E-09 1.36E-09 2.62E-10 4.51E-11 
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Density 3.62E+15 3.62E+14 3.62E+13 3.62E+12 3.62E+11 
Specie 
CS 7.52E-07 3.65E-06 1.45E-05 6.28E-05 4.31E-04 
SO 7.43E-17 3.69E-17 1.56E-17 7.31E-18 l.lOE-17 
NS 1.25E-13 1.96E-13 2.61E-13 4.04E-13 1.12E-12 
SiH 1.08E-06 4.12E-07 1.51E-07 6.26E-08 4.29E-08 
SiH2 3.94E-08 4.52E-09 4.41E-10 3.54E-11 3.03E-12 
SiH3 3.21E-11 l.lOE-12 2.85E-14 4.44E-16 4.73E-18 
SiH4 1.02E-12 1.05E-14 7.22E-17 2.18E-19 2.89E-22 
SiS 2.13E-05 1.23E-05 5.30E-06 2.19E-06 2.07E-06 
SiO 4.01E-07 5.07E-08 6.70E-09 1.30E-09 9.78E-10 
SiC 3.87E-10 4.78E-10 5.96E-10 1.07E-09 3.65E-09 
SiCi 3.87E-07 4.61E-07 5.18E-07 7.81E-07 1.65E-06 
SiN 3.23E-09 1.29E-09 5.38E-10 3.45E-10 4.74E-10 
HF 6.51E-08 7.11E-08 8.78E-08 1.79E-07 9.65E-07 
HCl 4.82E-07 4.72E-07 4.38E-07 3.71E-07 3.38E-07 
AlF 2.92E-09 1.02E-09 4.10E-10 3.31E-10 1.21E-09 
AlCl 3.00E-09 9.37E-10 2.84E-10 9.52E-11 5.87E-11 
AlH 5.30E-08 1.69E-08 5.52E-09 2.18E-09 1.47E-09 
AlC 4.63E-13 4.76E-13 5.27E-13 9.04E-13 3.04E-12 
AINC 4.96E-09 1.59E-09 5.32E-10 2.74E-10 2.30E-10 
NaCl 4.22E-11 1.31E-11 3.96E-12 1.32E-12 8.18E-13 
NaF 8.74E-14 3.03E-14 1.22E-14 9.81E-15 3.58E-14 
NaCN 6.61E-11 2.10E-11 7.02E-12 3.61E-12 3.04E-12 
KCl 9.33E-12 2.90E-12 8.75E-13 2.93E-13 1.81E-13 
MgCl 5.44E-12 1.69E-12 5.11E-13 1.71E-13 1.06E-13 
NaH l.OOE-09 3.19E-10 L04E-10 4.10E-11 2.76E-11 
MgF L66E-12 5.77E-13 2.32E-13 1.87E-13 6.82E-13 
KH 3.55E-11 1.13E-11 3.67E-12 1.45E-12 9.74E-13 
MgH 3.74E-08 1.19E-08 3.87E-09 1.53E-09 1.03E-09 
KF 2.28E-14 7.90E-15 3.18E-15 2.56E-15 9.34E-15 

a) fractional abundances relative to H2. 
b) in cm"'. 



Table E7. 
Density Dependence at 2200 K 

Density 
Specie 

3.29E+15 3.29E+14 3.29E+13 3.29E+12 3.29E+11 

H 1.95E-01 7.46E-01 3.98E+00 3.28E+01 3.19E+02 
C 3.84E-07 4.99E-06 1.13E-04 3.82E-03 4.99E-02 
N 3.49E-09 1.54E-08 1.31E-07 2.67E-06 7.54E-05 
0 7.66E-13 1.08E-12 2.97E-12 3.45E-11 2.31E-09 
F 1.21E-11 5.80E-11 6.74E-10 3.15E-08 2.28E-06 
Na 4.69E-06 5.87E-06 1.28E-05 7.44E-05 6.87E-04 
Mg 8.34E-05 1.04E-04 2.27E-04 1.32E-03 1.22E-02 
A1 6.59E-06 8.28E-06 1.81E-05 1.05E-04 9.70E-04 
Si 7.49E-05 9.76E-05 2.16E-04 1.26E-03 1.16E-02 
S 2.17E-07 9.90E-07 7.96E-06 1.52E-04 4.63E-03 
CI 6.67E-08 2.36E-07 1.09E-06 8.20E-06 7.76E-05 
K 2.96E-07 3.70E-07 8.07E-07 4.70E-06 4.34E-05 
H2 l.OOE+00 l.OOE+00 l.OOE+00 l.OOE+00 l.OOE+00 
C2 7.96E-09 9.20E-08 1.64E-06 2.78E-05 5.03E-05 
c3 3.43E-08 3.52E-07 4.96E-06 4.21E-05 1.05E-05 
CH 3.69E-08 1.25E-07 5.29E-07 2.18E-06 2.93E-06 
CH2 6.57E-08 5.84E-08 4.62E-08 2.31E-08 3.19E-09 
ch3 1.94E-07 4.50E-08 6.67E-09 4.05E-10 5.74E-12 
ch4 4.07E-08 2.48E-09 6.86E-11 5.06E-13 7.37E-16 
C2H 3.35E-05 l.OlE-04 3.38E-04 6.96E-04 1.29E-04 
c2h2 1.28E-04 l.OlE-04 6.33E-05 1.58E-05 3.02E-07 
c2h4 2.37E-10 1.28E-11 2.80E-13 1.03E-15 2.09E-19 
N2 6.55E-05 8.71E-05 2.22E-04 1.36E-03 1.15E-02 
NH 1.03E-10 1.19E-10 1.89E-10 4.68E-10 1.36E-09 
NH2 6.23E-11 1.88E-11 5.62E-12 1.69E-12 5.03E-13 
nh3 1.03E-10 8.16E-12 4.57E-13 1.66E-14 5.10E-16 
CN 4.72E-07 1.85E-06 1.25E-05 1.27E-04 4.95E-04 
HCN 5.11E-05 5.24E-05 6.61E-05 8.17E-05 3.28E-05 
C2N 4.65E-09 1.62E-08 8.64E-08 4.40E-07 2.37E-07 
hc3n 6.69E-10 5.42E-10 4.28E-10 1.32E-10 l.OlE-12 
NO 2.17E-15 9.22E-16 7.60E-16 2.65E-15 5.29E-14 
O2 6.70E-23 9.08E-24 2.42E-24 4.82E-24 2.28E-22 
OH 5.75E-12 2.12E-12 1.09E-12 1.54E-12 1.06E-11 
CO 9.15E-04 1.14E-03 2.49E-03 1.45E-02 1.34E-01 
co2 3.61E-14 4.35E-15 9.16E-16 9.13E-16 5.95E-15 
H2O 2.07E-10 1.99E-11 1.93E-12 3.30E-13 2.33E-13 
HCO 3.41E-11 1.12E-11 4.55E-12 3.21E-12 2.24E-12 
h2co 4.80E-13 4.11E-14 3.14E-15 2.69E-16 2.44E-17 
HS 3.58E-05 4.28E-05 6.44E-05 1.49E-04 4.67E-04 
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Density 
Specie 

3.29E+15 3.29E+14 3.29E+13 3.29E+12 3.29E+11 

H2S 6.26E-09 1.96E-09 5.52E-10 1.55E-10 4.99E-11 
CS 1.47E-06 5.97E-06 3.80E-05 3.62E-04 1.52E-03 
SO 2.27E-16 9.97E-17 7.75E-17 2.53E-16 5.45E-15 
NS 4.36E-13 6.01E-13 1.44E-12 8.27E-12 7.52E-11 
SiH 9.61E-07 3.28E-07 1.36E-07 9.63E-08 9.12E-08 
SiH2 2.65E-08 2.36E-09 1.83E-10 1.58E-11 1.53E-12 
SiHs 1.38E-11 3.22E-13 4.67E-15 4.88E-17 4.88E-19 
SiH4 1.19E-13 7.29E-16 1.98E-18 2.51E-21 2.62E-24 
SiS 3.43E-06 1.40E-06 8.73E-07 1.43E-06 4.26E-06 
SiO 9.77E-08 1.23E-08 2.62E-09 2.62E-09 1.71E-08 
SiC 1.26E-09 1.46E-09 2.56E-09 7.47E-09 9.51E-09 
SiC2 3.28E-07 3.39E-07 4.68E-07 6.84E-07 1.20E-07 
SiN 2.95E-09 1.16E-09 7.67E-10 1.35E-09 3.70E-09 
HF 7.21E-08 9.06E-08 1.97E-07 1.12E-06 8.31E-06 
HCl 4.72E-07 4.37E-07 3.78E-07 3.45E-07 3.35E-07 
AlF 5.59E-10 2.31E-10 2.05E-10 8.24E-10 5.80E-09 
AlCl 6.08E-10 1.86E-10 6.54E-11 4.22E-11 3.88E-11 
AlH 3.58E-08 1.18E-08 4.81E-09 3.40E-09 2.37E-09 
AlC 1.75E-12 1.96E-12 3.38E-12 9.83E-12 1.25E-11 
AINC 2.71E-09 9.13E-10 4.70E-10 4.11E-10 1.56E-10 
NaCl 1.42E-11 4.31E-12 1.52E-12 9.79E-13 9.02E-13 
NaF 4.97E-14 2.04E-14 1.81E-14 7.27E-14 5.12E-13 
NaCN 3.74E-11 1.25E-11 6.46E-12 5.64E-12 2.14E-12 
KCl 2.90E-12 8.80E-13 3.10E-13 2.00E-13 1.84E-13 
MgCl 3.12E-12 9.47E-13 3.34E-13 2.15E-13 1.98E-13 
NaH l.llE-09 3.63E-10 1.48E-10 1.04E-10 7.27E-11 
MgF l.OlE-12 4.17E-13 3.70E-13 1.48E-12 1.05E-11 
KH 4.32E-11 1.41E-11 5.76E-12 4.07E-12 2.83E-12 
MgH 4.21E-08 1.38E-08 5.62E-09 3.97E-09 2.76E-09 
KF 1.18E-14 4.84E-15 4.30E-15 1.72E-14 1.21E-13 

a) fractional abundances relative to H2. 
b) in cm"^. 
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Table E8. 
Density Dependence at 2600 K 

Density 
Specie 

2.79E+15 2.79E+14 2.79E+13 2.79E+12 2.79E+11 

H 2.16E+00 1.57E+01 1.49E+02 1.48E+03 1.48E+04 
C 1.13E-04 2.42E-03 2.64E-02 5.38E-01 5.38E+00 
N 4.69E-07 7.80E-06 2.10E-04 2.94E-03 8.25E-02 
0 1.28E-10 1.35E-09 9.42E-08 4.48E-06 4.47E-04 
F 7.93E-10 2.37E-08 1.40E-06 4.15E-05 5.06E-04 
Na 8.90E-06 3.79E-05 3.22E-04 3.14E-03 3.13E-02 
Mg 1.58E-04 6.74E-04 5.74E-03 5.64E-02 5.63E-01 
Ai 1.25E-05 5.35E-05 4.55E-04 4.48E-03 4.47E-02 
Si 1.50E-04 6.43E-04 5.48E-03 5.38E-02 5.37E-01 
S 1.58E-06 4.07E-05 1.37E-03 1.42E-02 1.53E-01 
CI 6.15E-07 3.99E-06 3.67E-05 3.51E-04 3.50E-03 
K 5.62E-07 2.39E-06 2.04E-05 2.00E-04 2.00E-03 
H2 l.OOE+00 l.OOE+00 l.OOE+00 l.OOE+00 l.OOE+00 
C2 1.62E-06 1.40E-05 1.86E-05 7.84E-05 7.85E-05 
C3 1.30E-06 4.54E-06 7.40E-07 6.42E-07 6.44E-08 
CH 2.31E-06 6.78E-06 7.83E-06 1.61E-05 1.61E-05 
CHz 4.19E-07 1.69E-07 2.06E-08 4.26E-09 4.26E-10 
CHs 9.82E-08 5.45E-09 7.03E-11 1.46E-12 1.46E-14 
CH4 1.93E-09 1.47E-11 2.00E-14 4.18E-17 4.19E-20 
C2H 1.99E-04 2.36E-04 3.33E-05 1.41E-05 1.41E-06 
c2h2 5.99E-05 9.77E-06 1.45E-07 6.19E-09 6.21E-11 
c2h4 8.89E-12 2.74E-14 4.56E-18 1.96E-21 1.97E-25 
N2 1.37E-04 7.19E-04 5.81E-03 1.15E-02 9.08E-02 
NH 3.54E-09 8.09E-09 2.30E-08 3.24E-08 9.10E-08 
NH2 2.61E-10 8.21E-11 2.47E-11 3.49E-12 9.81E-13 
nh3 3.61E-11 1.56E-12 4,96E-14 7.06E-16 1.99E-17 
CN l.lOE-05 7.38E-05 2.42E-04 6.99E-04 1.97E-03 
HCN 6.03E-05 5.57E-05 1.93E-05 5.61E-06 1.58E-06 
C2N 8.55E-08 2.32E-07 9.30E-08 5.54E-08 1.56E-08 
hc3n 4.61E-10 6.94E-11 3.59E-13 4.44E-15 1.25E-17 
NO 8.03E-14 2.66E-13 5.58E-12 3.76E-11 1.05E-09 
O2 9.56E-21 2.01E-20 1.09E-18 2.50E-17 2.49E-15 
OH 9.31E-11 1.35E-10 9.95E-10 4.76E-09 4.75E-08 
CO 1.74E-03 7.39E-03 6.29E-02 6.18E-01 6.17E+00 
CO2 4.94E-14 4.20E-14 2.78E-13 1.32E-12 1.31E-11 
H2O 1.82E-10 3.63E-11 2.83E-11 1.36E-11 1.36E-11 
HCO 1.44E-10 8.42E-11 7.57E-11 7.44E-10 7.42E-09 
h2co 3.22E-13 2.59E-14 2.46E-15 2.45E-16 2.45E-17 
HS 7.32E-05 2.60E-04 9.28E-04 9.66E-04 1.04E-03 



Density 
Specie 

2.79E+15 2.79E+14 2.79E+13 2.79E+12 2.79E+11 

H2S 1.28E-09 6.27E-10 2.36E-10 2.47E-11 2.66E-12 
CS 2.61E-06 2.73E-05 1.12E-04 2.40E-04 2.58E-04 
SO 1.17E-15 6.03E-15 1.58E-13 7.89E-13 8.46E-12 
NS 2.42E-12 1.97E-11 1.99E-10 2.92E-10 8.82E-10 
SiH 6.12E-07 3.60E-07 3.24E-07 3.20E-07 3.20E-07 
SiH2 7.48E-09 6.06E-10 5.76E-11 5.72E-12 5.72E-13 
SiH3 1.33E-12 1.48E-14 1.49E-16 1.48E-18 1.48E-20 
SiH4 1.07E-15 1.63E-18 1.73E-21 1.74E-24 1.74E-27 
SiS 9.15E-08 1.91E-07 6.14E-07 6.31E-07 6.77E-07 
SiO 1.32E-08 1.13E-08 7.49E-08 3.54E-07 3.53E-06 
SiC 6.40E-09 l.llE-08 1.15E-08 2.33E-08 2.33E-08 
SiC2 1.56E-07 1.09E-07 1.38E-08 5.76E-09 5.77E-10 
SiN 2.72E-09 3.66E-09 9.38E-09 1.30E-08 3.66E-08 
HF 1.37E-07 5.63E-07 3.52E-06 1.05E-05 1.28E-05 
HCl 4.07E-07 3.63E-07 3.53E-07 3.39E-07 3.39E-07 
AlF 8.27E-11 1.99E-10 1.12E-09 3.30E-09 4.02E-09 
AlCl 5.39E-11 2.82E-11 2.46E-11 2.34E-11 2.34E-11 
AlH 2.27E-08 1.33E-08 1.20E-08 1.18E-07 1.18E-06 
AlC 1.70E-11 2.93E-11 3.04E-11 6.18E-11 6.18E-11 
AINC l.OlE-09 5.46E-10 1.70E-10 4.89E-11 1.37E-11 
NaCl 2.75E-12 1.44E-12 1.26E-12 1.18E-12 1.18E-12 
NaF 3.92E-14 9.44E-14 5.31E-13 1.54E-12 1.88E-12 
NaCN 1.85E-11 l.OOE-11 3.13E-12 8.89E-13 2.50E-13 
KCl 4.96E-13 2.59E-13 2.27E-13 2.15E-13 2.15E-13 
MgCl 1.37E-12 7.15E-13 6.25E-13 5.94E-13 5.93E-13 
NaH 1.50E-09 8.76E-10 7.87E-10 7.65E-09 7.64E-08 
MgF 8.89E-13 2.14E-12 1.20E-11 3.54E-11 4.31E-11 
KH 6.75E-11 3.96E-11 3.56E-11 3.49E-10 3.49E-09 
MgH 5.83E-08 3.42E-08 3.07E-08 3.02E-07 3.01E-06 
KF 7.99E-15 1.92E-14 1.08E-13 3.18E-13 3.88E-13 

a) fractional abundances relative to H2. 
b) in cm"^. 



APPENDIX F 

FORTRAN CODE FOR THE EQUILIBIRUM CHEMISTRY MODEL 
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program solchem 

c Calculate Chemical Equilibrium 

c Adapted from the TYCHO stellar evolution 

c code 

c (Young, P. A., Mamajek, E. E., Amett, D., and 

Liebert,J. 2001, ApJ, 556,230) 

unplicit none 

include 'dimenchem' 

c defines nreac,ndim 

include 'cinpchem' 

c defines maxtime, maxcount, chemtime, 

c initchemtime, testa, testd 

include 'ccheckchem' 

c defines small, small2, small3, checksum, 

c check, check2, checks 

include 'ccrtlchem' 

c defines scount, outcrtl, idebug 

include 'cratechem' 

c defines rcoef, sig, linkmu, linkmuold, RTPo, 

c na, ideck, label, ndeck, nrr, kldeck, k2deck, 

c rrth, rlkh,mame,xid,inam 

include 'cchempot' 

c defines mu, mutp, DeltaX, mole, molefract, 

c partpress, ytot, xtot, totmu, totalDeltax 

include 'comcsolchem' 

c defines a,y,b,ireac,itot 

include 'cdtnuchem' 

c defines tau, delchi, chimin, dtn, fdysum, ndth, 

c gndthi, nucleu 

include 'cpgplot' 

c defines idpgl, idpg2, mine, maxc, mint, maxt, 

c mints, maxts, cminmu, maxmu, minab, maxab, 

c mindx, maxdx,minmur,maxmur, ovrd, device 1, 

c device2, header 

c—other include files not needed in solchem.f-— 

c include 'catomchem' 

c defines initatmol,name 

c include 'cstarchem' 

c defines temp, rho, press 

c include 'cconstchem' 

c defines commonly used constants 

c avagadro, boltzman, Rig 

real*8 dthO 

real*8 ttime, rdt,mintime(5) 

real*8 suma, sumd, sumx, yestim,solvediff 

real*4 abund4,xxx,Dx4,yy,xdmu 

integer*4 j,out,pass,tally,i 

integer*4 negflag,ignore 

integer*8 count 

c initial values 

ttime = O.OdO 

dthO = O.OdO 

checksum = O.OdO 

count = 0 

scount = 0 

tally=0 

do j=l,5 

mintime(j)=O.OdO 

enddo 

check = 1 

check2 = 1 

checks = 1 

ignore = 0 

do j = l,ndim 

yO) = O.OdO 

b(j) = O.OdO 

enddo 

do j = l,ndim 

do i = l,ndim 

a(ij) = O.OdO 

enddo 

enddo 

c 

c.. read input file for control values 

call readinp 

c.. open output files,if necessary 

call openchem 

c.. get input values 

call getabun 

c.. read chemical library and reaction rates 

call getchem(idebug) 

c.. identify reactants by integers 

call naraychem(idebug) 
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write(*,*)' ' 

write(*,*) 'RUNNING ' 

c.. evaluate rate constants and put in sig array 

call ratechem(idebug) 

c.. evaluate equilibrium constant and reverse 

c rate constant 

call thermochem 

c.. calculate rates in inverse seconds 

call rate2(idebug) 

c.. time step 

if (idebug .ne. 0)then 

write (4,*) 'initial 

chemtime=',chemtime 

endif 

c 

c.. loop back to this point for cycling 

100 continue 

count = count + 1 

c.. calculate chemical potential 

call thermo2(count) 

c.. check to see if equilibrium has been found 

call eqcheck(ttime,count) 

call eqcheck2(ttime,count) 

call eqcheck3(ttime) 

if (check .eq. 0 .or. check2 .eq. 0 .or. 

1 checks .eq. 0) goto 300 

c.. setup matrices for linear equation solver 

call rhsidechem(idebug) 

c.. save inital matrix for computation check 

do i = l,itot 

bold(i)=b(i) 

enddo 

c.. continue with network solution 

call jacobchem(idebug) 

if (chemtime .le. O.OdO) then 

write(*,'(2al2)') 'count','chemtime' 

write(*,'(i8,2x,lpdl0.3)')count,chemtime 

stop'solchem timestep' 

endif 

dthO = chemtime 

c.. update diagonal terms; taking an infmitismal 

step 

rdt = 1 .OdO/chemtime 

if (idebug .ne. 0) then 

write (4,*) 'SOLCHEM' 

endif 

do j = 1, itot 

a(i j) = aOd) + rdt 

if (idebug .ne. 0) then 

write(4,») 'a'jj,'=', a(jj) 

endif 

enddo 

c.. save inital matrix for computation check 

do i = l,itot 

do j = l,itot 

aold(i j)= a(i j) 

enddo 

enddo 

c.. solve linear equations 

call linpchem(a,b,itot,ndim,idebug) 

if (idebug .ne. 0)then 

do j = l,itot 

vmte(4,*)'b,y'j;=',b(j),y(j) 

enddo 

endif 

c.. estimate new time step 

call dtnuchem(count, ttime, dthO, 

chemtime) 

c.. check results for excessive changes 

c sumd and suma are weighted changes in mole 

c flections 

c sumx is total molefraction value 

pass=l 

sumd = O.OdO 

suma = O.OdO 

sumx = O.OdO 

do j = l,itot 

if (idebug.ne.0)write(4,*) 

'na,b'j,'=',na(j),bO) 

sumd = sumd + b(j)*dble(na(j)) 

suma = suma + dabs(b(j))*dble(na(j)) 

sumx = sumx + y(j) 

enddo 

if (idebug .ne. 0)then 

write(4,*) 

'sumd,suma,sumx=',sumd,suma,sumx 
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endif 

c.. catch worst negative abundance 

negflag = 0 

do j = 1, itot 

yestim = y(j) + bQ) 

if (yestim .It. -2.0dl6) then 

c very small negative numbers are approximately 

c zero 

c otherwise negative molefractions not allowed 

negflag =j 

endif 

enddo 

c adjust timestep if negative abundance exists 

if (negflag .gt. 0)then 

if (b(negflag) .It. O.OdO) then 

write(*,*) "NEGATIVE ABUNDANCE 

FOUND; ADJUSTING TIMESTEP' 

chemtime = -

0.1 dO*dthO*y(negflag)/b(negflag) 

else 

write(*,*) 'solchem error: negflag', 

negflag, b(negflag) 

stop 'solchem test negflag' 

endif 

if (y(negflag) .gt. l.Od-16) then 

write (*,'(2i5,a5,lp4dl2.3,a30)') count, 

negflag, 

1 xid(negflag), y(negflag), b(negflag), 

chemtime, dthO, 

2 'negflag test' 

endif 

endif 

c.. check for totalmass fraction equalling unity 

checksum = sumx - l.OdO 

if (dabs(checksum) .gt. l.d-14) then 

write(*,*)'roundoff error in mole 

fractions', sumx,checksum 

endif 

if(idebug.ne.O) write(4,*) 'sumx, 

checksum=',sumx,checksum 

c.. check for equality with back substitution 

do i = 1 ,itot 

sumab(i) = O.OdO 

aijbj(i) = O.OdO 

bcheck(i) =O.OdO 

enddo 

do i=l,itot 

do j=l,itot 

c b holds the change in abundance value 

aijbj(i)= (aold(ij))*b(j) 

sumab(i) = aijbj(i) + sumab(i) 

enddo 

bcheck(i) = sumab(i) 

enddo 

do i = l,itot 

solvediff = bcheck(i) - bold(i) 

if(ABS(solvediff) .gt. 1.0d-15)then 

write (*,*) 'Large Change in Matrix 

Solution', xid(i),solvediff 

endif 

enddo 

c.. if checks succesful, continue 

if(suma .It. testa .and. dabs(sumd) .It. testd 

.and. 

1 negflag .eq. 0)then 

c.. TESTS WERE SUCCESSFUL 

c so update particle densities, time elapsed 

xtot = O.OdO 

do j = 1, itot 

y(j)=y(i) + bO) 
xtot = xtot + y(j) 

if (idebug .ne. 0) then 

if(j .eq. l)then 

write(4,*)'SUCCESSFUL LOOP' 

endif 

write(4,*) 'new molefraction 

yCj,')=',y(i) 
write(4,*)'new xtot=',xtot 

endif 

c positive or zero 

y(j) = dmaxl( y(j), O.OdO ) 

enddo 

else 

c.. tests were unsuccesful 

chemtime=dmin 1 (chemtime, 0.5 dO * dthO) 

if (idebug .ne. 0) then 

write (4,"") 'Unsuccesful Test' 

write (4,"') 'new chemtime 

=',chemtime 

endif 

c.. no need to update files, graphs 

pass = 0 

c if first two tests are unsuccessfiil, then 

decrease initial timestep 

if (count .It. 3) then 

tally = tally + 1 

endif 
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if (tally .gt. l)then 

write (*,*)'INITIAL TIMESTEP TOO 

LARGE; RE-TRY WITH CHEMTIME=' 

1 ,initchemtime/1.0d5 

STOP 

endif 

endif 

c.. graphs to monitor variable changes 

if (outcrtl .eq. 'g' .or. outcrtl .eq.'b') then 

if(incr.le. l)then 

if (count .le. l)then 

call timeplotcl 

call abunplotcl(ttime) 

call reacplotcl(ttime) 

elseif (count .gt. 1 .and. pass .ne. 0) then 

call timeplot(count,ttime,dthO) 

call abunplot(count) 

call reacplot 

endif 

elseif (incr .gt. 1) then 

if (count .le. l)then 

call timeplotcl 

call abunplotcl(ttime) 

call reacplotcl(ttime) 

elseif (mod(coimt,incr) .eq. 0 .and. 

pass .ne. 0) then 

call timeplot(count,ttime,dthO) 

call abunplot(count) 

call reacplot 

endif 

if (count .It. incr .and. count, gt. 1 ) then 

do j = 1, itot 

abund4 = y(j) 

if (abund4 .gt. 0.0)then 

xxx=alogl 0(abund4) 

else 

xxx=-100.0 

endif 

logab(2)=xxx 

abund( 1 j)=logab(2) 

Dx4=DeltaX(j) 

if (Dx4 .gt. 0.0)then 

yy=alog 10(Dx4) 

else 

yy=-40.0 

endif 

logdelab(2)=yy 

delab(lj)=logdelab(2) 

enddo 

xdmu=totmu 

quantdmu(2)=xdmu 

endif 

endif 

endif 

c.. elapsed time 

if (pass .ne. 0)then 

ttime = ttime + dthO 

endif 

c.. check for user halt file 

call haltchem(count) 

if (scount .gt. 0) goto 400 

c.. loop continuation/termination 

if (ttime .ge. maxtime) goto 200 

if (count .ge. maxcount) goto 200 

if (count .It. maxcount) goto 100 

c 

200 continue 

out = 1 

c output important information to a file 

call outchem(count,out,ttime,dthO) 

c..tenninate graphics 

call PGEND 

call restart(count) 

stop' maximum time/counts reached' 

300 continue 

out = 2 

call outchem(count,out,ttime,dthO) 

call PGEND 

call restart(count) 

stop 'normal termination' 

400 continue 

out= 1 

call outchem(count,out,ttime,dthO) 

call PGEND 

call restart(count) 

stop 'User Manual Termination' 

end 
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subroutine getabun 

c.. reads input values 

c .calls initabun.f and dgtable.f 

implicit none 

include 'dimenchem' 

include 'cchempot' 

include 'cratechem' 

include 'cinitabchem' 

include 'comcsolchem' 

include 'ccrtlchem' 

include 'cpgplot' 

integer*8 ij 

character*70 dummy 

if (idebug .ne. 0)then 

write(4,*) 'GETABUN' 

endif 

do i = l,ndim 

mu(i) = O.OdO 

mutp(i) = O.OdO 

enddo 

c... get species' names,labels,initial moles, and 

c Gibbs free energy of formation values 

open (12, file = 'chemspecies.lib') 

20 format (al0,4x,i3,3x,lpdl2.4,3x,lpdl2.4) 

read (12,*) dummy 

write (3,'(a70)') dummy 

if(idebug.ne.O)then 

write (•",*) dummy 

write (4,*) dummy 

endif 

read (12,*) dummy 

if(idebug.ne.O)then 

write (*,*) dummy 

write (4,*) dummy 

endif 

i = 0 

30 continue 

i = i + 1 

read (12,20,end=31) 

inam(i),label(i),molefract(i),mu(i) 

write(3,20) 

inam(i),label(i),molefract(i),mu(i) 

if (idebug .ne. 0) then 

write(*,20) 

inam(i),label(i),molefract(i),mu(i) 

write(4,20) 

inam(i),label(i),molefract(i),mu(i) 

endif 

goto 30 

31 continue 

i=i-l 

write(3,*)'' 

write(*,*)'' 

write(*,*)'chemspecies.lib read,',i,' species' 

write(*,*)'' 

c itot is the number of species involved in 

reaction network 

itot = i 

if (itot .gt. ndim)then 

STOP 'itot exceeds maximum value' 

endif 

if (idebug.ne.O) then 

write(4,*)'chemspecies.lib read,',itot,' 

species' 

endif 

close(12) 

c.. interpolate Delta G values, if necessary, 

do j = 1, itot 

if (mu(j) .eq. -1.0d99)then 

if (idebug .ne. 0) write(4,*) 'getabun j='j 

call dgtable(j) 

endif 

enddo 

write(3,*)'' 

do j = l,itot 

c.. convert thermo units J/mole 

mu (j) = mu(j) * 1.0d3 

if (idebug .ne. 0) then 

write(4,'(2(a8,i2,a2, Ipd 14.5))') 

'mu'j,'=',mu(j) 

endif 

enddo 

c.. using log of solar values wrt H = 12.0 as input 
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c.. call initabund routine to calculate elemental 

abundances JH 3/14/03 

c.. if restarting, just use original values 

if (start .le. 0) then 

call initabun 
else 

write (*,*) 'Re-starting from previous run' 
do j = l,itot 
y(j)=molelTact(j) 
write (*,'(a5,lpel2.4)') 'y = ',yO) 

enddo 

endif 

c.. open reac.imp file and place info into array 

for plotting 

c only 21 reactions will fit on graph 

400 format (i4, a70) 

open (7,file='reac.imp') 

do j = 1,21 
read (7,400,end=500) ident(j),dummy 

enddo 

close (7) 

500 continue 

return 

end 

subroutine initabun 

c.. program to calculate intial fractional 

abundances from 

c elemental Iractional abundances 

c assuming the log of solar values with respect to 

H=12.0 are input 

implicit none 

include 'dimenchem' 

include 'ccrtlchem' 

include 'cinitabchem' 

include 'cratechem' 

include 'comcsolchem' 

integer*4 k 

real* 8 abundance, total, fract, sum, xcheck, 

renorm 

dimension abundance(ndim), fract(ndim) 

do k = l,numelem 

abundance(k)=10.0d0**(molefract(k)) 

if (idebug .ne. 0)then 

40 format(a20,i2,a6,lpdl4.6) 

write(4,40) 'Abundance of element',k,' is = 

',abundance(k) 

endif 

enddo 

c sum elemental abimdances 

total = O.OdO 

do k = l,numelem 

total= total+abundance(k) 

enddo 

write(*,*)'' 

write(*,*) 'Total abundance value = ',total 

if (idebug.ne.O) write(4,*) 'Total abundance 

value = ',total 

write(*,*)'' 

c fmd fractional abundances 

do k = l,numelem 

fract(k) = abundance(k)/total 

if (idebug .ne. 0)then 

write(4,*) 'Fractional abundance for 

element',inam(k),' is = 

Ifract(k) 

endif 

write(*,*) 'Fractional abundance for 

element',inam(k),' is =', 

Ifract(k) 

write(3,*) 'Fractional abundance for 

element',inam(k),' is = 

1 fract(k) 

enddo 

c sum of fractional abundances (should equal 1) 

sum = O.OdO 

do k = l,numelem 

sum = sum + fract(k) 

enddo 

if (idebug .ne. 0)then 

write(4,'(a32,lpd25.16)') 'Sum of fractional 

abundances =', sum 

endif 

write(3,'(a32,lpd25.16)') 'Sum of fractional 

abundances =', sum 

write(*,'(a32,lpd25.16)') 'Sum of fractional 

abundances =', sum 

write(3,*)'' 

write(*,*)'' 

xcheck = DABS(1 .OdO -sum ) 

if (xcheck .ne. O.OdO) then 

write(*,*)'initabund renormalize' 

renorm = xcheck / (numelem+O.OdO) 

write (*,*) 'renormalizing factor=',renorm 

do k = l,numelem 

fract(k)=fract(k)+renorm 

enddo 
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sum = O.OdO 

do k = l,numelem 

sum = sum + fract(k) 

enddo 

write(3,'(a32,lpd25.16)') 'Sum of fractional 

abundances =sum 

write(*,'(a32,lpd25.16)') 'Sum of fl̂ ctional 

abundances =', sum 

write(3,*)'' 

write(*,*)'' 

endif 

if (DABS(xcheck) .gt. l.Od-15) then 

write(*,'(a5,2x, lpd25.16)')'sum=',sum 

write(*, '(a5,2x,lpd25.16y yxcheck= ',xcheck 

write(*,*)'ERROR IN SUM: initabun.f 

STOP 

endif 

c save molefractions to y array 

do k = 1, numelem 

y(k) = fract(k) 

if (idebug .ne. 0) write (4,*) 'y(as 

molefraction)',k,'=',y(k) 

enddo 

do k = numelem+l,itot 

y(k) = molefract(k) 

if (idebug .ne. 0) write (4,*) 'y(as 

molefraction)',k,'=',y(k) 

enddo 

return 

end 

subroutine dgtableQ) 

c.. reads dgs.dat table and finds values for input 

c into polint interpolation subroutine (JH 5/02) 

c..polynomial interpolation routine from 

c "Numerical Recipes in Fortran" 

c..second edition. W. H. Press et al. 1992, pl03. 

implicit real*8 (a-h,o-z) 

implicit integer*8 (i-n) 

include 'dimenchem' 

include 'cratechem' 

include 'cstarchem' 

include 'cchempot' 

include 'ccrtlchem' 

c.. currently 80 species in dgs.dat; see dgs.list 

Parameter (numbsp=80) 

c.. currently 43 data points per species 

Parameter (numpoints=43) 

real* 8 deltag(numpoints) 

real* 8 ttemp(numpoints) 

character*8 name(numbsp) 

character*70 dummy(numbsp) 

dgvalue = O.OdO 

rewind(14) 

30 format (a8) 

31 format (a20) 

32 format (Ix,f4.0,lx,f8.3) 

if (idebug .ne. 0) write (4,*) 'DGTABLE' 

if (idebug .ne. 0) write 

(4,'(a20,il0,2x,al0)')'j,name='j,inam(j) 

DO i= l,numbsp 

read (14,30) name(i) 

read (14,31) dummy(i) 

do k=l,numpoints 

read (14,32) ttemp(k),deltag(k) 

enddo 

if (name(i) .eq. inam(j)) then 

c.. table portion found, call interpolation program 

(Numerical Recipies) 

call polint 

(ttemp,deltag,numpoints,temp,Y,dy) 

if (idebug .ne. 0) 

1 
write(4,'(a3,f5.0,a3,lpel0.3,a4,lpel0.3)')'X=',te 

mp, 

2'Y=',Y,' dy=',dy 

write(3,'(a8,2x,a3,fl0.3,2x,a8,2x,lpel0.3)')name 

(i), '00=',Y,' 

lerror=',dy 

c.. new delta G value 

mu(j) = Y 

if (idebug .ne. 0) write(4,*) 'mu 

polint=',mu(j) 

goto 200 

elseif (i .ge. numbsp) then 

c.. name not found in table 

goto 100 

endif 

ENDDO 

100 continue 
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write (*,*) inam(j),' IS NOT IN DGS.DAT 

TABLE. INSERT A DG VALUE 

1 AND RETRY' 

STOP 

200 continue 

return 

end 

subroutine ratechem(idebug) 

c.. subroutine to calculate rate constants 

implicit none 

include 'dimenchera' 

include 'cratechem' 

include 'comcsolchem' 

include 'cchempot' 

include 'cstarchem' 

include 'cconstchem' 

real*8 expon, si, factor 

integer*4 k,kl,k2,idebug 

c 

c read input values for rate coefficients from 

c array (4 x kk) 

c include rates specific to UMIST 

c solving k = d[aT**bexp(c/T)] 

if (idebug .ne. 0) write (4,*) 'RATECHEM' 

do k = l,ireac 

if (rlkh(k) .eq. 'UMIS')then 

c UMIST reaction rate 

expon = (-(rcoef(3,k)/temp)) 

if( expon .gt. -SOO.OdO )then 

si = exp(expon) 

factor = 

rcoef( 1 ,k)*((temp/300.0d0)* *rcoef(2,k)) 

sig(k) = si * factor * rcoef(4,k) 

else 

si = O.OdO 

sig(k) = O.OdO 

endif 

elseif (rlkh(k) .eq. 'UNKN') then 

c Unknown reaction rates; fmd estimate 

call estrate(k) 

else 

c standard reaction rate 

expon = rcoef(3,k)/temp 

if( expon .gt. -300.0d0 )then 

si = exp(expon) 

factor = rcoef(l,k)*(temp'''*rcoef(2,k)) 

sig(k) = si * factor * rcoef(4,k) 

else 

si = O.OdO 

sig(k) = O.OdO 

endif 

endif 

enddo 

if (idebug .ne. 0) then 

write(4,*) 'k, sig(k)' 

do k = l,ireac 

write(4,'(i4,2x, lpd9.3)') k,sig(k) 

enddo 

endif 

c account for identical particles— 

C..1—>1 isomer/isotope exchange (deck=l) 

if (ndeck(l) .ne. 0) then 

kl = kldeck(l) 

k2 = k2deck(l) 

write(3,*)'deck 1' 

do k = klj{2 

write(3,'(i5,lx,3(a8,lx),2x,a4,al,2x,lpdl0.3)') k, 

1 xid(nrr( 1 ,k))," -> ",xid(nrr(2,k)), rlkh(k), 

rrth(k), sig(k) 

enddo 

endif 

c..l~>2 dissociation reactions (deck=2) 

if( ndeck(2) .ne. 0) then 

kl = kldeck(2) 

k2 = k2deck(2) 

write(3,*)'deck 2' 

dok = kl,k2 

write(3 ,'(i5, lx,4(a8, lx),2x,a4,al ,2x, 1 pd 10.3)') k, 

1 xid(nrr(l,k))," 

1 xid(nrr(2,k)X xid(nrr(3,k)), rlkh(k), rrth(k), 

sig(k) 

enddo 

endif 

c..l~>3 dissociation reactions (deck=3) 

if( ndeck(3) .ne. 0) then 

kl = kldeck(3) 

k2 = k2deck(3) 

write(3,*)'deck 3' 

do k = kl,k2 

write(3,'(i5, lx,5(a8, lx),2x,a4,al ,2x, lpdlO.3)') k, 
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1 xid(nrr(l,k))," ~> ",xid(nrr(2,k)), 

xid(nrr(3,k)), 

1 xid(nrr(4,k)),rlkh(k),rrth(k),sig(k) 

enddo 

endif 

c..2~>l fomation reactions (deck=4) 

if(ndeck(4) .ne. 0) then 

kl = kldeck(4) 

k2 = k2deck(4) 

write(3,*)'deck 4' 

dok = kl,k2 

if(xid(nrr(l,k)) .eq. xid(nrr(2,k))) then 

sig(k) = 0.5d0 *sig(k) 

if (idebug .ne. 0) then 

write(4,*)k,' dual entrance',xid(nrr(l,k)), 

1 xid(nrr(2,k)),' ',sig(k),' ',rlkh(k),rrth(k) 

endif 

endif 

write(3,'(i5,4(a8,1 x),2x,a4,al ,2x, Ipdl 0.3)') 

1 k, xid(nrr(l,k)),xid(nrr(2,k))," ~> 

1 xid(nrr(3,k)),rlkh(k),rrth(k),sig(k) 

enddo 

endif 

c..2~>2 exchange reactions (deck=5) 

if( ndeck(5) .ne. 0) then 

kl = kldeck(5) 

k2 = k2deck(5) 

write(3,*)'deck 5' 

dok = kl,k2 

if(xid(nrr(l,k)) .eq. xid(nrr(2,k))) then 

sig(k) = 0.5d0 * sig(k) 

if (idebug .ne. 0) then 

write(4,*)k,' dual entrance',xid(nrr(l,k)), 

1 xid(nrr(2,k)),' ',sig(k),' ',rlkh(k),rrth(k) 

endif 

endif 

write(3,'(i5,5(a8, lx),2x,a4,al,2x, lpdlO.3)') 

1 k, xid(nrr(l,k)),xid(nrr(2,k))," ~> 

1 xid(nî 3,k)), xid(mT(4,k)), rlkh(k), rrth(k), 

sig(k) 

enddo 

endif 

c..2~>3 three body reverse reactions (deck=6) 

if( ndeck(6) .ne. 0 )then 

kl = kldeck(6) 

k2 = k2deck(6) 

write (3,*) 'deck 6' 

do k = kl,k2 

if(xid(nrr(l,k)) .eq. xid(nrr(2,k))) then 

sig(k) = 0.5d0 ""sigCk) 

if (idebug .ne. 0) then 

write(4,*)k,' dual entrance',xid(nrr(l,k)), 

1 xid(nrr(2,k)),' ',sig(k),' ',rlkh(k),rrth(k) 

endif 

endif 

write(3,'(i5,6(a8),lx,a4,al,lpdl0.3)') k, 

1 xid(nrr(l,k)),xid(nrr(2,k))," -> ", 

1 xid(nrr(3 ,k)),xid(nrr(4,k)),xid(nrr(5,k)), 

1 rlkh(k),rrth(k),sig(k) 

enddo 

endif 

c..2~>4 formation reactions (deck=7) 

if( ndeck(7) .ne. 0) then 

kl=kldeck(7) 

k2=k2deck(7) 

write(3,''')'deck 7' 

dok = kl,k2 

if(xid(nrr(l,k)) .eq. xid(nrr(2,k))) then 

sig(k) = 0.5d0 '''sig(k) 

if (idebug .ne. 0) then 

write(4,*)k,' dual entrance',xid(nrr(l,k)), 

1 xid(nrr(2,k)),' ',sig(k),' ',rlkh(k),rrth(k) 

endif 

endif 

write(3 ,'(i5,7(a8),a4,al, Ipd 10.3)') k, 

1 xid(nrr(l,k)),xid(nrr(2,k))," ~> ", 

1 xid(nrr(3,k)), xid(nrr(4,k)), xid(nrr(5,k)), 

xid(nrr(6,k)), 

1 rlkh(k),rrth(k),sig(k) 

enddo 

endif 

C..3—>1 and 3~>2 three body forward reactions 

(deck=8) 

c.. deck 8 has triple in entrance channel 

if( ndeck(8) .ne. 0) then 

kl=kldeck(8) 

k2=k2deck(8) 

write(3,*)'deck 8' 

dok = kl,k2 

if(xid(nrr(l,k)) .eq. xid(nrr(2,k)) .and. 

1 xid(nrr(2,k)) .eq. xid(nrr(3,k))) then 

sig(k) = sig(k) /6.0d0 

if (idebug .ne. 0) then 

write (4,*) k,' three identical particles' 

write (4,'(3a8,3x, 1 pd 10.3,2x,a4,al)') 

xid(nrr(l,k)), 

1 xid(nrr(2,k)), xid(nrr(3,k)), sig(k), 

rlkh(k), rrth(k) 

endif 

elseif (xid(nrr(l,k)) .eq. xid(nrr(2,k)) .or. 

1 xid(nrr(l,k)) .eq. xid(nrr(3,k)) .or. 
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2 xid(nrr(2,k)) .eq. xid(nrr(3,k))) then 

sig(k) = sig(k) /2.0d0 

if (idebug .ne. 0) then 

write (4,*) k,' two identical particles 

interacting' 

write (4,'(3 a8,3x, 1 pd 10.3,2x,a4,al)') 

xid(nrr(l,k)), 

1 xid(nrr(2,k)) xid(nrr(3,k)), sig(k), 

rlkh(k), rrth(k) 

endif 

endif 

if (nrr(5,k) .gt. 0) then 

write(3 ,'(i5,6(a8), 1 x,a4,al, 1 pd 10.3)') k, 

1 xid(nrr(l,k)),xid(nrr(2,k)),xid(nrr(3,k))," -

1 xid(nrr(4,k)), xid(nrr(5,k)), rlkh(k), 

rrth(k), sig(k) 

else 

write(3 ,'(i5,5(a8), 1 x,a4,al, 1 pd 10.3)') k, 

1 xid(nrr( 1 ,k)),xid(nrr(2,k)),xid(nrr(3 ,k)), 

1 xid(nrr(4,k)),rlkh(k),rrth(k),sig(k) 

endif 

enddo 

endif 

write(3,*)'' 

return 

end 

subroutine estrate (j) 

c.. subroutine to estimate rate constant for two 

body reactions 

c.. k ~ s*SQRT(8kT/pimu) 

c.. input is reaction number 

c.. output is rate in cm3/molecule s 

implicit none 

include 'dimenchem' 

include 'cstarchem' 

include 'cratechem' 

include 'cconstchem' 

integer*4 j 

character* 8 firstrxtant,secrxtant 

real *8 pi,sigma,massl,mass2,mu,inner,krate 

pi = 4.0d0*datan(l .OdO) 

c.. set crosssection to standard value of 

c l.Od-15 cm'̂ 2 

c.. need units of m'̂ 2 initially; conversion at end 

sigma= l.Od-15 / 1.0d4 

c.. first find mu, the reduced mass 

firstrxtant = mame(l j) 

secrxtant = mame(2 j) 

write (3,*) Unknown Rate: Reaction 'J 

massl = na(nrr(l j))+O.OdO 

mass2 = na(nrr(2 j)) +O.OdO 

mu = (mass 1 *mass2)/ (mass 1 +mass2) 

c.. for correct units, divide by avagadro's number 

and convert to kg 

mu = mu / (avagadro * 1 .Od3) 

c.. calculate inner part of squareroot and find rate 

inner = (8.OdO * boltzman * Temp) /(pi * 

mu) 

krate = sigma*DSQRT(inner)*((1.0d2)**3) 

c.. enter rate into list 

sig (j) = krate 

write(3,*) 'Estimated rate (cm3/s) = ',sig(j) 

write(3,*)'' 

return 

end 

subroutine thermochem 

c.. for calcuting reverse rates based on 

c thermodynamic principles 

c.. to be used when forcing LTE 

implicit none 

include 'dimenchem' 

include 'cratechem' 

include 'cstarchem' 

include 'cchempot' 

include 'comcsolchem' 

include 'cconstchem' 

include 'ccrtlchem' 

integer*4 il,i2,i3,i4,i5,i6,nl,n2,n3,n4,n5,n6 

integer*4 j,k,kl,k2 j 1 j2,switch 

if(idebug .ne. 0)then 

write(4,*) 'THERMOCHEM' 

do j = 1,9 

write(4, *)'k 1 deck'j ,'=',k 1 deck(j) 

write(4,*)'k2deck'j,'=',k2deck(j) 

enddo 

endif 

c initialize inverserate array 

dok= l,nreac 

inverserate(k)=0 

enddo 



191 

c calculate conversion constant between Kp and 

c Kc; RT/Po where Po is 1 bar 

c needed in units of cm3/mole 

RTPo = (Rig * temp * 1.0d6) /1 .Od5 

if (idebug .ne. 0) then 

write(4,*) 'RTPo-,RTPo 

endif 

c find equilibrium constant and reverse rate 

c.. deck 1 is its own inverse 

if (idebug .ne. 0) then 

write(4,*) 'Deck 1' 

endif 

kl = kldeck(l) 

k2 = k2deck(l) 

jl =kldeck(l) 

j2 = k2deck(l) 

if (kl .ne. 0 .and. k2 .ne. 0 .and. j 1 .ne. 0 

.and. 

1 j2. ne. 0) then 

dok = kl,k2 

11 =nrr(l,k) 

12 = nrr(2,k) 

doj=jlJ2 

nl =nrr(lj) 

n2 = nrr(2 j) 

c use only those reactions marked as inverses 

if (rrth(j) .eq. 'v')then 

if (il .eq. n2 .and. i2 .eq. nl) then 

call thetal l(j,k,il,i2,idebug) 

c j is inverse of k; remember this 

inverserate(k) = j 

inverserate(j) = k 

if (outcrtl .eq. 'f) then 

write( 17,'(i4, lx,i4, lx,3(a8,2x),3x, Ip2dl2.4)')k, 

lj,xid(nrr(l,k));'<-

>",xid(nrr(2,k)),sig(k),sig(j) 

elseif (outcrtl .eq. 'b') then 

write( 17,'(i4,1 x,i4,1 x,3(a8,2x),3x, 1 p2d 12.4)')k, 

lj,xid(nrr(l,k)),"<-

>",xid(nrr(2,k)),sig(k),sigG) 

endif 

endif 

endif 

enddo 

enddo 

endif 

c.. deck 2 and inverse deck 4 

switch = 0 

if (idebug .ne. 0) then 

write(4,''') 'Deck 2/4' 

endif 

kl = kldeck(2) 

k2 = k2deck(2) 

jl =kldeck(4) 

j2 = k2deck(4) 

IF (kl .ne. 0 .and. k2 .ne. 0 .and. j 1 .ne. 0 

.and. 

1 j2.ne.0)THEN 

dok = kl,k2 

11 =nrr(l,k) 

12 = nrr(2,k) 

13 = nrr(3,k) 

doj =jlJ2 

nl =raT(lJ) 

n2 = nrr(2 j) 

n3 = nrr(3 j) 

c use only those reactions marked as inverses 

If (rrth(j) .eq. 'v')then 

c Deck 4 is the inverse 

if (il .eq. n3 .and. i2 .eq. nl .and. i3 .eq. n2) 

then 

switch = 1 

call theta24(j,k,il,i2,i3,switch,idebug) 

c j is inverse of k; remember this 

inverserate(k) = j 

inverserate(j) = k 

if (outcrtl .eq. 'f) then 

write( 17,'(i4, lx,i4,1 x,4(a8,2x),3x, 1 p2d 12.4)')k, 

1 j,xid(nrr(l,k)),"<-

>",xid(nrr(2,k)),xid(nrr(3,k)), 

1 sig(k),sigO) 

elseif (outcrtl .eq. "b') then 

write( 17,'(i4,1 x,i4,1 x,4(a8,2x),3x, 1 p2d 12.4)')k, 

1 j,xid(nrr(l,k)),"<-

>",xid(nrr(2,k)),xid(nrr(3,k)), 

1 sig(k),sig(j) 

endif 

endif 

Elseif (rrth(k) .eq. 'v') then 

c Deck 2 is the inverse 

if (il .eq. n3 .and. i2 .eq. nl .and. i3 .eq. n2) 

then 

switch=2 

call 

theta24(k,j,nl,n2,n3,switch,idebug) 

c k is inverse of j; remember this 
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mverserate(j) = k 

inverserate(k) = j 

if (outcrtl .eq. 'f) then 

write(17,'(i4, lx,i4, lx,4(a8,2x),3x, Ip2dl2.4)')j, 

1 k,xid(nrr(l,k)),"<-

>",xid(nrr(2,k)),xid(nrr(3,k)), 

1 sigO'),sig(k) 

elseif (outcrtl .eq. 'b')then 

wite(17,'(i4,lx,i4,lx,4(a8,2x),3x,lp2dl2.4)')j, 

1 k,xid(nrr(l,k)),"<-

>",xid(nrr(2,k)),xid(nrr(3,k)), 

1 sig(j),sig(k) 

endif 

endif 

Endif 

enddo 

enddo 

ENDIF 

c.. deck 3 and inverse deck 8 

switch = 0 

if (idebug .ne. 0) then 

write(4,*) 'Deck 3/8' 

endif 

kl = kldeck(3) 

k2 = k2deck(3) 

jl = kldeck(8) 

j2 = k2deck(8) 

IF (kl .ne. 0 .and. k2 .ne. 0 .and. j 1 .ne. 0 

.and. 

1 j2.ne. 0)THEN 

dok = kl,k2 

11 =nrr(l,k) 

12 = nrr(2,k) 

13 = nrr(3,k) 

14 = nrr(4,k) 

doj =jlj2 

nl =niT(lj) 

n2 = nrr(2j) 

n3 = nrr(3 j) 

n4 = nrr(4 j) 

If (rrth(j) .eq. 'v')then 

c deck three is forward, deck eight reverse 

if (il .eq. n4 .and. i2 .eq. nl .and. i3 .eq. n2 

.and. 

1 i4 .eq. n3) then 

switch = 1 

call 

theta3 8(j ,k,i 1 ,i2,i3,i4,switch,idebug) 

c j is inverse of k; remember this 

inverserate(k) = j 

inverserate(j) = k 

if (outcrtl .eq. 'f) then 

write( 17,'(i4,1 x,i4,1 x,5(a8,2x),3x, 1 p2d 12.4)') k, 

1 j,xid(nrr(l,k)),"<-> 

",xid(nrr(2,k)),xid(nrr(3,k)), 

1 xid(nrr(4,k)),sig(k),sig(j) 

elseif (outcrtl .eq. 'b') then 

write(17,'(i4, lx,i4, lx,5(a8,2x),3x, lp2dl 2.4)') k, 

1 j,xid(nrr( 1 ,k)),"<~> 

",xid(nrr(2,k)),xid(nrr(3,k)), 

1 xid(nrr(4,k)),sig(k),sig(j) 

endif 

endif 

Elseif (rrth(k) .eq. 'v') then 

c deck eight forward, deck three reverse 

if (il .eq. n4 .and. i2 .eq. nl .and. i3 .eq. n2 

.and. 

1 i4 .eq. n3) then 

switch=2 

call 

theta3 8(k,j ,n 1 ,n2,n3 ,n4,switch,idebug) 

c k is inverse of j; remember this 

inverserate(k) = j 

inverserate(j) = k 

if (outcrtl .eq. 'f) then 

write(17,'(i4,lx,i4,lx,5(a8,2x),3x,lp2dl2.4)') j, 

1 k,xid(nrr(l,k)),"<-> 

",xid(nrr(2,k)),xid(n^3,k)), 

1 xid(nrr(4,k)),sigG),sig(k) 

elseif (outcrtl .eq. 'b') then 

write( 17,'(i4,1 x,i4,1 x,5(a8,2x),3x, 1 p2d 12.4)') j, 

1 k,xid(nrr(l,k)),"<~> 

",xid(nrr(2,k)),xid(nrr(3,k)), 

1 xid(nrr(4,k)),sig(jXsig(k) 

endif 

endif 

Endif 

enddo 

enddo 

ENDIF 

c.. deck 5 

if (idebug .ne. 0) then 

write(4,*) 'Deck 5' 



193 

endif 

kl = kldeck(5) 

k2 = k2deck(5) 

jl = kldeck(5) 

j2 = k2deck(5) 

IF (kl .ne. 0 .and. k2 .ne. 0) THEN 

dok = kl,k2 

11 =nrr(l,k) 

12 = nrr(2,k) 

13 = nrr(3,k) 

14 = nrr(4,k) 

doj =jlj2 

nl = nrr(l j) 

n2 = mT(2 J) 

n3 = nrr(3 j) 

n4 = nrr(4j) 

if (rrth(j) .eq. 'v')then 

if(il .eq. n3 .and. i2 .eq. n4 .and. i3 .eq. nl 

.and. 

1 i4 .eq. n2) then 

call theta55(j,k,il,i2,i3,i4,idebug) 

c j is inverse of k; remember this 

inverserate(k) = j 

inverserate(j) = k 

if (outcrtl .eq. 'f) then 

write(17,'(i4,lx,i4,lx,5(a8,2x),3x,lp2dl2.4)') kJ, 

1 xid(nrr(l,k)),xid(nrr(2,k)), 

1 xid(nrr(3,k)),xid(nrr(4,k)),sig(k),sig(j) 

elseif (outcrtl .eq. 'b') then 

write(17,'(i4,lx,i4,lx,5(a8,2x),3x,lp2dl2.4)') kj, 

1 xid(nrr(l,k)),xid(nrr(2,k)), 

1 xid(mT(3,k)),xid(nrr(4,k)),sig(k),sig(j) 

endif 

endif 

endif 

enddo 

enddo 

ENDIF 

c..deck 6 and inverse deck 8 

switch = 0 

if (idebug .ne. 0) then 

write(4,*) 'Deck 6/8' 

endif 

kl =kldeck(6) 

k2 = k2deck(6) 

jl = kldeck(8) 

j2 = k2deck(8) 

IF (kl .ne. 0 .and. k2 .ne. 0 .and. j 1 .ne. 0 

.and. 

1 j2.ne. 0)THEN 

dok = kl,k2 

11 = nrr(l,k) 

12 = nrr(2,k) 

13 = nrr(3,k) 

14 = nrr(4,k) 

15 = nrr(5,k) 

doj =jlj2 

IF (nrr(5,k) .gt. 0 .and. nrr(5 j) .gt. 0) then 

nl =nrr(lj) 

n2 = nrr(2 j) 

n3 = nrr(3 j) 

n4 = nrr(4 j) 

n5 = nrr(5 j) 

If (rrth(j) .eq. 'v')then 

c Deck 8 is the reverse deck 

if (il .eq. n4 .and. i2 .eq. n5 .and. i3 .eq. nl 

.and. 

1 i4 .eq. n2 .and. i5 .eq. n3) then 

switch = 1 

call 

theta68(j,k,il,i2,i3,i4,i5,switch,idebug) 

c j is inverse of k; remember this 

inverserate(k) = j 

inverserate(j) = k 

if (outcrtl .eq. 'f) then 

write( 17,'(i4,1 x,i4, lx,6(a8,2x),3x, 1 p2d 12.4)') k, 

1 j,xid(nrr(l,k)),xid(nrr(2,k)),"<-

>",xid(nrr(3,k)), 

1 xid(nrr(4,k)),xid(nrr(5,k)),sig(k),sig0) 
elseif (outcrtl .eq. 'b') then 

write( 17,'(i4,1 x,i4,1 x,6(a8,2x),3x, 1 p2d 12.4)') k, 

1 j,xid(nrr( 1 ,k)),xid(raT(2,k)),"<~ 

>",xid(nrr(3,k)), 

1 xid(nrr(4,k)),xid(nrr(5,k)),sig(k),sig(j) 

endif 

endif 

Elseif (rrth(k) .eq. 'v') then 

c Deck 6 is the reverse deck 

if (il .eq. n4 .and. i2 .eq. n5 .and. i3 .eq. nl 

.and. 

1 i4 .eq. n2 .and. i5 .eq. n3) then 

switch=2 

call 

theta68(kj,nl,n2,n3,n4,n5,switch,idebug) 

c k is inverse of j; remember this 

inverserate(k) = j 

inverserate(j) = k 

if (outcrtl .eq. 'f) then 

write( 17,'(i4,1 x,i4,1 x,6(a8,2x),3x, 1 p2d 12.4)') j, 
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1 k,xid(nrr( 1 ,k)),xid(nrr(2,k)),"<~ 

>",xid(nrr(3,k)), 

1 xid(nrr(4,k)),xid(nrr(5,k)),sig(j),sig(k) 

elseif (outcrtl .eq. 'b') then 

write(17,'(i4,lx,i4, lx,6(a8,2x),3x, Ip2dl2.4)') j, 

1 k,xid(nrr( 1 ,k)),xid(nrr(2,k)),"<-

>",xid(nrr(3,k)), 

1 xid(nrr(4,k)),xid(nrr(5,k)),sig(j),sig(k) 

endif 

endif 

Endif 

ENDIF 

enddo 

enddo 

ENDIF 

c.. deck 7 and inverse deck 9; four body 

c interactions are not a likely reaction pathway; 

c not considered 

if (idebug .ne. 0)then 

do j = 1, ireac 

write(4,*) 'inverserate'J,-',inverserate(j) 

enddo 

write(4,*) 'reverse rate in standard units' 

do j = 1,ireac 

if (rrth(j) .eq. 'v')then 

write(4,*) j, sig(j) 

endif 

enddo 

endif 

c.. check for reverse rates for all reactions 

do j = 1, ireac 

if (inverserate(j) .le. 0)then 

write (*,*) 'REVERSE RATE NOT 

FOUND, reaction:',] 

STOP 

endif 

enddo 

return 

end 

subroutine thetal l(i,k,a,b,idebug) 

implicit none 

include 'cchempot' 

include 'cconstchem' 

integer*4 i, k, a, b, idebug 

real* 8 Keq,DGr, lambda 

if(idebug .ne. 0) then 

write(4,*) 'passed to thetal 1,a,b:', a,b 

write(4,*) 'Temp,rig=',temp,rig 

endif 

sig(i) = O.OdO 

lambda = O.OdO 

Keq = O.OdO 

c.. first find DeltaG of the reaction 

DGr = mu(b) -mu(a) 

if (idebug .ne. 0) then 

write(4,*) 'mu(J/mole)',a,' =',mu(a) 

write(4,*) 'mu(J/mole)',b,' =',mu(b) 

write(4,*) 'DGr = ',DGr 

endif 

c.. solve for Keq 

Keq = exp(-(DGr/(Rig*temp))) 

c.. calculate lambda (rate constant for reverse 

reaction) 

c.. no Kp-Kc conversion necessary 

lambda = sig(k)/Keq 

sig(i) = lambda 

if (idebug .ne. 0) then 

write(4,*)'for reactions(f,v)=' ,k,i, 

1 ' Equilibrium Constant=',Keq 

write(4,*) 'sig(',k,')=',sig(k),' 

sig(',i,')=',sig(i) 

endif 

write(3,*)'for reactions(f,v)=' ,k,i, 
1 ' Equilibrium Constant=',Keq 

return 

end 

include 'dimenchem' 

include 'cratechem' 

include 'cstarchem' 

subroutine theta24(i,k,a,b,c,switch,idebug) 

implicit none 
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include 'dimenchem' 

include 'cratechem' 

include 'cstarchem' 

include 'cchempot' 

include 'cconstchem' 

integer*4 i, k, a, b, c, switch, idebug 

real* 8 Keq,DGr,lambda 

if(idebug .ne. 0) then 

write(4,*) 'passed to theta24,a,b,c,switch:', 

a,b,c,switch 

write(4,*) 'passed to theta24,i,k',i,k 

endif 

sig(i) = O.OdO 

lambda = O.OdO 

Keq = O.OdO 

c.. first find DeltaG of the forward reaction 

if (switch .eq. l)then 

c deck 2 (l->2) is the forward rate 

DGr = mu(b) + mu(c) - mu(a) 

elseif (switch .eq. 2) then 

c deck 4(2 ->1) is the forward rate 

DGr = mu(c) - mu(a) - mu(b) 

endif 

if (idebug .ne. 0) then 

write(4,*) 'mu(J/mole)',a,' =',mu(a) 

write(4,*) 'mu(J/mole)',b,' =',mu(b) 

write(4,''') 'mu(J/mole)',c,' - ,mu(c) 

write(4,*) 'DGr = ',DGr 

endif 

c.. solve for Keq 

Keq = exp(-(DGr/(Rig*temp))) 

c.. calculate lambda (rate constant for reverse 

reaction) 

if (switch .eq. 1)then 

c deck 4 (2->l) is the reverse deck; kb(reverse 

rate constant) needs units of 

c cm3/(molecule*s) 

c kf => inverse seconds; RT/Po =>cm3/mole; Na 

=> molecules/mole 

lambda = (sig(k)*RTPo) / (Keq*avagadro) 

elseif (switch .eq. 2) then 

c deck 2 (l->2) is the reverse deck; kb should 

have units of inverse seconds 

lambda = (sig(k)*avagadro) / (Keq*RTPo) 

endif 

sig(i) = lambda 

if (idebug .ne. 0) then 

write(4,*)'for reactions(f,v)=' ,k,i, 

1 ' Equilibrium Constant=',Keq 

write(4,*)'RT/Po-,RTPo 

write(4,*) 'sig(',k,')=',sig(k),' 

sig(',i,')=',sig(i) 

endif 

write(3,*)'for reactions(f,v)=' ,k,i, 

1 ' Equilibrium Constant-,Keq 

return 

end 

subroutine thetaS 8(i,k,a,b,c,d,switch,idebug) 

implicit none 

include 'dimenchem' 

include 'cratechem' 

include 'cstarchem' 

include 'cchempot' 

include 'cconstchem' 

integer*4 i, k, a, b, c, d, switch, idebug 

real*8 Keq,DGr,lambda 

if(idebug .ne. 0) then 

write(4,*) 'passed to theta38,a,b,c,d,switch:', 

a,b,c,d,switch 

endif 

sig(i) = O.OdO 

lambda = O.OdO 

Keq = O.OdO 

c.. first find DeltaG of the forward reaction 

if (switch .eq. 1) then 

c deck 3 (l->3) is the forward rate 

DGr = mu(b) + mu(c) + mu(d) - mu(a) 

elseif (switch .eq. 2) then 

c deck 8 (3->l) is the forward reaction 
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DGr = mu(d) - mu(a) - mu(b) - mu(c) 

endif 

if (idebug .ne. 0) then 

write(4,*) 'mu(J/mole)',a,' - ,mu(a) 

write(4,*) 'mu(J/moley,b,' =',mu(b) 

write(4,*) 'mu(J/mole)',c,' =',niu(c) 

write(4,*) 'mu(J/mole)',d,' =',mu(d) 

write(4,*) 'DGr = ',DGr 

endif 

c.. solve for Keq 

Keq = exp(-(DGr/(Rig*temp))) 

c.. calculate lambda (total rate for reverse 

reaction) 

if (switch .eq. I) then 

c deck 8 (3->l) is the reverse deck; kb 

=>cm6/(molecule2*s) 

lambda = (sig(k)*(RTPo**2)) / 

(Keq*(avagadro* *2)) 

elseif (switch .eq. 2) then 

c deck 3 (l->3) is the reverse deck; kb =>s'̂ -l 

lambda = (sig(k)*(avagadro**2)) / 

(Keq*(RTPo»*2)) 

endif 

sig(i) = lambda 

if (idebug .ne. 0) then 

write(4,*)'for reactions(f,v)- ,k,i, 

1 ' Equilibrium Constant=',Keq 

write(4,*)'(RT/Po)^2=',RTPo**2 

write(4,») 'sig(',k,')=',sig(k),' 

sig(',i,')=',sig(i) 

endif 

write(3,*)'for reactions(f,v)=' ,k,i, 

1 ' Equilibrium Constant=',Keq 

return 

end 

subroutine theta55(i,k,a,b,c,d,idebug) 

implicit none 

include 'dimenchem' 

include 'cratechem' 

include 'cstarchem' 

include 'cchempot' 

include 'cconstchem' 

integer*4 i, k, a, b, c, d, idebug 

real*8 Keq,DGr,lambda 

if(idebug .ne. 0) then 

write(4,*) 'passed to theta55,a,b,c,d:', a,b,c,d 

write(4,*) 'Temp,rig=',temp,rig 

endif 

sig(i) = O.OdO 

lambda = O.OdO 

Keq = O.OdO 

c.. first find DeltaG of the reaction 

DGr = mu(c) + mu(d) - mu(a) - mu(b) 

if (idebug .ne. 0) then 

write(4,*) 'mu(J/mole)',a,' =',mu(a) 

write(4,*) 'mu(J/mole)',b,' =',mu(b) 

write(4,*) 'mu(J/mole)',c,' =',mu(c) 

write(4,*) 'mu(J/mole)',d,' =',mu(d) 

write(4,*) 'DGr = ',DGr 

endif 

c.. solve for Keq 

Keq = exp(-(DGr/(Rig*temp))) 

c.. calculate lambda (total rate for reverse 

reaction) 

c no RT/Po dependancy 

lambda = sig(k)/Keq 

sig(i) = lambda 

if (idebug .ne. 0) then 

write(4,*)'for reactions(f,v)=' ,k,i, 

1 ' Equilibrium Constant=',Keq 

write(4,*) 'sig(',k,')=',sig(k),' 

sig(',i,')=',sig(i) 

endif 

write(3,*)'for reactions(f,v)=' ,k,i, 

1 ' Equilibrium Constant=',Keq 

return 
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end 

subroutine theta68(i,k a,b,c d, e, switch, idebug) 

implicit none 

include 'dimenchem' 

include 'cratechem' 

include 'cstarchem' 

include 'cchempot' 

include 'cconstchem' 

integer*4 i, k, a, b, c, d, e, switch,idebug 

real*8 Keq,DGr,lambda 

if(idebug .ne. 0) then 

write(4,*)'passed to 

theta68,a,b,c,d,e,switch:', a,b,c,d,e,switch 

endif 

sig(i) = O.OdO 

lambda = O.OdO 

Keq = O.OdO 

c.. first find DeltaG of the forward reaction 

if (switch .eq. l)then 

c deck six (2->3) is the forward deck 

DGr = mu(c) + mu(d) + mu(e) - mu(a) -

mu(b) 

elseif (switch .eq. 2) then 

c deck eight(3->2) is the forward deck 

DGr = mu(d) + mu(e) - mu(a) - mu(b) -

mu(c) 

endif 

if (idebug .ne. 0) then 

write(4,*) 'mu(J/mole)',a,' =',mu(a) 

write(4,*) 'mu(J/mole)',b,' =',mu(b) 

write(4,*) 'mu(J/mole)',c,' =',mu(c) 

write(4,*) 'mu(J/mole)',d,' =',mu(d) 

write(4,*) 'mu(J/mole)',e,' =',mu(e) 

write(4,*) 'DGr = ',DGr 

endif 

c.. solve for Keq 

Keq = exp(-(DGr/(Rig*temp))) 

c.. calculate lambda (total rate for reverse 

reaction) 

if (switch .eq. 1) then 

c deck eight(3->2) is the reverse deck; kb 

=>cm6/(molecule2*s) 

lambda = (sig(k)*RTPo) / (Keq*avagadro) 

elseif (switch .eq. 2) then 

c deck six (2->3) is the reverse deck; 

kb=>cm3/(molecule*s) 

lambda = (sig(k)*avagadro) / (Keq*RTPo) 

endif 

sig(i) = lambda 

if (idebug .ne. 0) then 

write(4,*)'for reactions(f,v)=' ,k,i, 

1 ' Equilibrium Constant=',Keq 

write(4,*)'RT/Po=',RTPo 

write(4,*) 'sig(',k,')=',sig(k),' 

sig(',i,')=',sig(i) 

endif 

write(3,*)'for reactions(f,v)=' ,k,i, 

1 ' Equilibrium Constant=',Keq 

return 

end 

subroutine rate2(idebug) 

c.. converts rate constants to rates (in inverse 

seconds) by applying 

c the appropriate density correction 

c Also picks out slowest and fastest rates. 

implicit none 

include 'dimenchem' 

include 'cratechem' 

include 'comcsolchem' 

include 'cchempot' 

include 'cstarchem' 

include 'cconstchem' 

include 'cpgplot' 

integer*4 k,kl,k2,idebug,numf,nums 

real* 8 fastrate, slowrate 

c 

c P=rho*k*T (molecules/cm3) 

rho = (Press * l.OdS) / (1.0d6 * boltzman * 

temp) 
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write (3,*)' ' 

write (3,'(al2,lpdl4.5,2x,al4)')'Density = 

rho,' molecules/cm3' 

write (3,*)' ' 

if (idebug .ne. 0) then 

write(4,*) 'RATE2' 

write (4,*) 'rho = rho 

endif 

c decks one, two, and three are 

exchanges/dissociations with no 

c density dependance 

c decks four to seven have two body reactions 

c rate constants in cm3/(molecule s) 

c want inverse seconds 

if (ndeck(4) .ne. 0) then 

kl = kldeck(4) 

k2 = k2deck(4) 

do k = kl,k2 

sig(k) = rho * sig(k) 

enddo 

endif 

if (ndeck(5) .ne. 0) then 

kl = kldeck(5) 

k2 = k2deck(5) 

dok = kl,k2 

sig(k) = rho * sig(k) 

enddo 

endif 

if (ndeck(6) .ne. 0) then 

kl = kldeck(6) 

k2 = k2deck(6) 

do k = kl,k2 

sig(k) = rho * sig(k) 

enddo 

endif 

if (ndeck(7) .ne. 0) then 

kl = kldeck(7) 

k2 = k2deck(7) 

dok = kl,k2 

sig(k) = rho * sig(k) 
enddo 

endif 

c.. deck 8 has triple in entrance channel 

c.. rate constant given as cm6/(molecule2 s) 

if (ndeck(8) .ne. 0) then 

kl =kldeck(8) 

k2 = k2deck(8) 

do k = kl,k2 

sig(k) = rho * rho * sig(k) 

enddo 

endif 

if (idebug .ne. 0) then 

write(4,*) 'k, sig(k) including density' 

do k = l,ireac 

write(4,'(i4,2x, 1 pd 13.5)') k,sig(k) 

enddo 

endif 

c.. find the fastest and slowest rates for plotting 

purposes 

fastrate=O.OdO 

slowrate=1.0d50 

numf=l 
nums=l 

dok= 1, ireac 

if (sig(k) .gt. fastrate)then 

fastrate=sig(k) 

numf=k 

endif 

if (sig(k) .It. slowrate) then 

slowrate=sig(k) 

nums=k 

endif 

enddo 

if (idebug .ne. 0) then 

write(4,''') 

'number,fastrate=',numf,fastrate 

write(4,''') 

'nimiber,slowrate-,nums,slowrate 

endif 

fastnum=numf 

slownum=nums 

return 

end 

subroutine thermo2 (count) 

implicit none 

include 'dimenchem' 

include 'cratechem' 

include 'cstarchem' 

include 'cchempot' 

include 'comcsolchem' 

include 'cconstchem' 

include 'ccrtlchem' 
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mteger*4 j,l 

integer* 8 count 

if(idebug .ne. 0)then 

write(4,*) 'THERM02' 

write(4,*) 'Press=',Press 

doj =1, itot 

write(4,*) 'y'J,-',y(j) 
enddo 

endif 

if (count .le. 1 .and. start .le. 0) then 

do 1 = l,itot 

partpress(l) = O.OdO 

enddo 

endif 

if (count .gt. 1 .or. start .gt. 0)then 

c.. Convert to moles;assuming ytot=1.0d0 

c in case total moles decreased/increased due to 

c overall abundance changes 

ytot= I.OdO 

do j = l,itot 

yG) = yCi)*ytot 

if (idebug .ne. 0) then 

write(4,*) 'new mole y('j,')=',yO) 
endif 

enddo 

c.. new ytot 

ytot =O.OdO 

do j = l,itot 

ytot = ytot + y(j) 

enddo 

if (idebug.ne.O)then 

write(4,*) 'new ytot=',ytot 

endif 

c.. set y equal to molefraction 

do j = l,itot 

if (idebug .ne. 0) write(4,*)'y'J,'-,y(j) 

yO) = yGyytot 

if (idebug .ne. 0) then 

write(4,*) 'y as updated 

molefTaction'J,'=',y(j) 
endif 

enddo 

endif 

c.. calculate total massfraction 

xtot =O.OdO 

do j = l,itot 

xtot = y(j) + xtot 

enddo 

if (idebug .ne. 0) then 

write(4,*) 'xtot from update-, xtot 

endif 

c.. calculate chemical potential of ideal gas at 

non-standard temperature 

c.. y now represents molefraction 

do 1 = l,itot 

partpress(l) = y(l)*Press 

if (y(l) .gt. O.OdO) then 

mutp(l) = mu(l) + 

(Rig*temp*Dlog(partpress(l))) 

else 

mutp(l) = O.OdO 

endif 

if (idebug .ne. 0) then 

write(4,*) 1,' y,partpress,mu,mutp =', 

1 y(l),partpress(l),mu(l),mutp(l) 

endif 

enddo 

return 

end 

subroutme eqcheck (ttime,count) 

c checks to see if equilibrium has been reached 

implicit real*8 (a-h,o-z) 

include 'dimenchem' 

include 'cconstchem' 

include 'cstarchem' 

include 'cchempot' 

include 'cratechem' 

include 'comcsolchem' 

include 'ccheckchem' 

include 'ccrtlchem' 

integer* 8 count 

if (idebug .ne. 0) then 

write (4,*)'' 

write (4,*) 'EQCHECK' 

endif 

c Version 1: Monitor the change in the sum of 

c the chemical potentials. When |Du/RT| is 

c "small", equilibrium is reached. 

rsum = O.OdO 

psum = O.OdO 

Difif = O.OdO 
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if(idebug.ne.O)then 

\vrite(4,*) 'Version 1' 

write(4,*) 

'rsum,psum,Diff=',rsum,psum,Diff 

do i = l,itot 

write(4,*) 'mutp(',i,')-,mutp(i) 

enddo 

endif 

c First need sum of chemical potentials 

c exchange reactions; deck one (1->1) 

if(idebug.ne.O)then 

write(4,*) 'deck 1' 

endif 

kl=kldeck(l) 

k2=k2deck(l) 

dok = kl,k2 

if (rrth(k) .eq. 'f) then 

il=nrr(l,k) 

i2=nrr(2,k) 

rsum = rsum + mutp(il) 

if (idebug .ne. 0) then 

write(4,*) 'k,mutp(',il,'), rsimi =', 

1 k,mutp(il),rsum 

endif 

psum = psum + mutp(i2) 

if (idebug .ne. 0) then 

write(4,*) 'k,mutp(',i2,'),psum =', 

1 k,mutp(i2),psum 

endif 

endif 

enddo 

c dissociation reactions; deck two (l->2) 

if(idebug.ne.O)then 

write(4,*) 'deck 2' 

endif 

kl=kldeck(2) 

k2=k2deck(2) 

dok = k],k2 

if (rrth(k) .eq. 'f) then 

il=nrr(l,k) 

i2=nrr(2,k) 

i3=nrr(3,k) 
rsum = rsum + mutp(il) 

if (idebug .ne. 0) then 

write(4,*) 'k,mutp(',il,'), rsum =', 

1 k,mutp(il),rsum 

endif 

psum = psum + mutp(i2) + mutp (i3) 

if (idebug .ne. 0) then 

write(4,*) 'k,mutp(',i2,'), mutp(',i3,'), 

1 psum =', k, mutp(i2), mutp(i3), psum 

endif 

endif 

enddo 

c dissociation reactions; deck three (l->3) 

if(idebug.ne.O)then 

write(4,*) 'deck 3' 

endif 

kl=kldeck(3) 

k2=k2deck(3) 

do k = kl,k2 

if (rrth(k) .eq. 'f) then 

il=nrr(l,k) 

i2=nrr(2,k) 

i3=nn(3,k) 

i4=nrr(4,k) 

rsum = rsum + mutp(il) 

if (idebug .ne. 0) then 

write(4,*) 'k,mutp(',il,'), rsum =', 

1 k,mutp(il),rsum 

endif 

psum = psimi + mutp(i2) + mutp (i3) + 

mutp(i4) 

if (idebug .ne. 0) then 

write(4,*) 'k,mutp(',i2,'), mutp(',i3,'), 

1 mutp(',i4,'),psum= ',k, mutp(i2), mutp(i3), 

mutp(i4), psum 

endif 

endif 

enddo 

c association reactions; deck four (2->l) 

if(idebug.ne.O)then 

write(4,*) 'deck 4' 

endif 

kl=kldeck(4) 

k2=k2deck(4) 

do k = kl,k2 

if (rrth(k) .eq. 'f) then 

il=nrr(l,k) 

i2=nrr(2,k) 

i3=nrr(3,k) 

rsum = rsum + mutp(il) + mutp(i2) 

if (idebug .ne. 0) then 

write(4,*) 'k,mutp(',il,'), mutp(',i2,'), 

1 rsum =', k,mutp(il),mutp(i2),rsum 

endif 

psum = psum + mutp(i3) 

if (idebug .ne. 0) then 

write(4,*) 'k,mutp(',i3,'), psum= 

',k,mutp(i3),psum 

endif 
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endif 

enddo 

c two body reactions; deck five (2->2) 

if(idebug.ne.O)then 

write(4,*) 'deck 5' 

endif 

kl=kldeck(5) 

k2=k2deck(5) 

do k = kl,k2 

if (rrth(k) .eq. 'f )then 

il=nrr(l,k) 

i2=nrr(2,k) 

i3=nrr(3,k) 

i4=nrr(4,k) 

rsum = rsum + mutp(il) + mutp(i2) 

if (idebug .ne. 0) then 

write(4,*) "kjmutpC îl,'), mutp(',i2,'), 

1 rsum =',k,mutp(il),niutp(i2),rsum 

endif 

psum = psum + mutp(i3) + mutp (i4) 

if (idebug .ne. 0) then 

write(4,*) 'k,mutp(',i3,'), mutp(',i4,'), 

1 psum -, k,mutp(i3),mutp(i4),psum 

endif 

endif 

enddo 

c two body reactions; deck six (2->3) 

if(idebug.ne.O)then 

write(4,*) 'deck 6' 

endif 

kl=kldeck(6) 

k2=k2deck(6) 

do k = kl,k2 

if (rrth(k) .eq. 'f)then 

il=nrr(l,k) 

i2=nrr(2,k) 

i3=nrr(3,k) 

i4=nrr(4,k) 

i5=nrr(5,k) 

rsum = rsum + mutp(il) + mutp(i2) 

if (idebug .ne. 0) then 

write(4,*) 'k,mutp(',il,'), mutp(',i2,'), 

1 rsum =',k,mutp(il),mutp(i2),rsum 

endif 

psum = psum + mutp(i3) + mutp(i4) + 

mutp(i5) 

if (idebug .ne. 0) then 

write(4,*) 'k,mutp(',i3,'), mutp(',i4,'), 

1 mutp(',i5,'), psum =',k, mutp(i3), mutp(i4), 

1 mutp(i5),psum 

endif 

endif 

enddo 

c two body reactions; deck seven (2->4) 

if(idebug.ne.O)then 

write(4,''') 'deck T 
endif 

kl=kldeck(7) 

k2=k2deck(7) 

do k = kl,k2 

if (rrth(k) .eq. 'f)then 

il=nrr(l,k) 

i2=nrr(2,k) 

i3=nrr(3,k) 

i4=nrr(4,k) 

i5=nrr(5,k) 

i6=nrr(6,k) 

rsum = rsum + mutp(il) + mutp(i2) 

if (idebug .ne. 0) then 

write(4,*) 'k,mutp(',il,'), 

mutp(',i2,'),rsum =', 

1 k,mutp(il),mutp(i2),rsum 

endif 

psum = psum + mutp(i3) + mutp(i4) + 

mutp(i5) + mutp(i6) 

if (idebug .ne. 0) then 

write(4,*) 'k,mutp(',i3,'), mutp(',i4,'), 

mutpC, 

1 i5,'), mutp(',i6,'), psum =',k,mutp(i3), 

1 mutp(i4), mutp(i5), mutp(i6), psum 

endif 

endif 

enddo 

c three body reactions; deck eight (3->l and 3-

>2) 
if(idebug.ne.O)then 

write(4,*) 'deck 8' 

endif 

kl=kldeck(8) 

k2=k2deck(8) 

do k = kl,k2 

if (rrth(k) .eq. 'f)then 

IF (nrr(5,k) .gt. 0) THEN 

il=nrr(l,k) 

i2=nrr(2,k) 

i3=nrr(3,k) 

i4=nrr(4,k) 

i5=nrr(5,k) 

rsum = rsum + mutp(il) + mutp(i2) + 

mutp(i3) 

if (idebug .ne. 0) then 

write(4,*) 'k,mutp(',il,'), mutp(',i2,'). 
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1 mutp(',i3,'),rsum =',k,mutp(il),mutp(i2), 

1 mutp(i3),rsum 

endif 

psum = psum + mutp(i4) + mutp(i5) 

if (idebug .ne. 0) then 

write(4,*) 'k,mutp(',i4,'), mutp(',i5,'), 

1 psum =', k,mutp(i4),mutp(i5),psum 

endif 

ELSE 

il=nrr(l,k) 

i2=nrr(2,k) 

i3=nrr(3,k) 

i4=nrr(4,k) 

rsum = rsum + mutp(il) + mutp(i2) + 

mutp(i3) 

if (idebug .ne. 0) then 

write(4,*) 'k,mutp(',il,'), mutp(',i2,'), 

1 mutp(',i3,'),rsum =',k,mutp(il),mutp(i2), 

1 mutp(i3),rsum 

endif 

psum = psirni + mutp(i4) 

if (idebug .ne. 0) then 

\vrite(4,*) 'k,mutp(',i4,'), psimi 

=',k,mutp(i4),psum 

endif 

ENDIF 

endif 

enddo 

sumchempot=psum-rsum 

if (idebug .ne. 0)then 

write(4,*) 'sumchempot=', sumchempot 

endif 

c scale results by RT for easier graphing 

totmu = (sumchempot / 

(avagadro*boltzman*T emp)) 

if (idebug .ne. 0)then 

write(4,*) 'totmu =totmu 

endif 

if (DABS(totmu) .It. small) then 

check = 0 

endif 

return 

end 

subroutine eqcheck2(ttime,count) 

implicit none 

include 'dimenchem' 

include 'comcsolchem' 

include 'cchempot' 

include 'cinpchem' 

include 'ccheckchem' 

include 'ccrtlchem' 

real* 8 ttime 

integer*4 sum,ij 

integer*8 count 

if (idebug .ne. 0) then 

write (4,*) 'EQCHECK2' 

do i = l,itot 

write(4,*) 'b',i,'=',b(i) 

enddo 

endif 

c.. b holds the change in abundance values after 

c matrix calculations 

c 

c Version 2: Monitor changes in fractional 

c abundance for each species. 

c When DX is "small" for all species, then steady 

c state is established. 

totalDeltaX = O.OdO 

if (count .gt. 1) then 

if (idebug .ne. 0) then 

do j = l,itot 

write(4,'(i4,a20,2(lpd8.1,2x))') 

j,'chemtime,change= 

1 chemtime,b(j) 

enddo 

endif 

do i = l,itot 

DeltaX(i) = DABS(b(i)/chemtime) 

totalDeltaX = totalDeltaX + DeltaX(i) 

if(idebug .ne. 0)then 

write (4,*) 'DeltaX',i,'= ',DeltaX(i) 

endif 

enddo 

il̂ idebug .ne. 0)then 

write (4,*) 'totalDeltaX-,totalDeltaX 

endif 

sum = itot 
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do i = l,itot 

if (idebug .ne. 0) then 

write(4,*)i,' deltax,small2,sum 

1 Deltax(i),small2,sum 

endif 

if (DeltaX(i) .It. small2) then 

sum = sum - 1 

endif 

if(idebug.ne.O)then 

write(4,*)i,' sum=',sum 

endif 

enddo 

if (sum .le. 0) then 

check2 = 0 

endif 

if(idebug .ne. 0)then 

write (4,*) 'check2=',check2 

endif 

elseif (count .le. 1) then 

do i = l,itot 

DeltaX(i) = O.OdO 

enddo 

endif 

return 

end 

subroutine eqcheck3(ttime) 

implicit real*8 (a-h,o-z) 

include 'dimenchem' 

include 'cconstchem' 

include 'cstarchem' 

include 'cchempot' 

include 'cratechem' 

include 'comcsolchem' 

include 'ccheckchem' 

include 'cpgplot' 

include 'ccrtlchem' 

real* 8 musum(ireac) 

if (idebug .ne. 0) then 

write (4,*) 'EQCHECK3' 

write(4,*) 'Version 3' 

endif 

c Version 3: Monitor the change in the sum of 

c the chemical potentials for all reactions, 

c When Du/RT is "small3" for each reaction, 

c equilibrium is reached. 

rsum = O.OdO 

psum = O.OdO 

do i = l,ireac 

linkmu(i)=O.OdO 

enddo 

c 

c need sum of chemical potentials 

c exchange reactions; deck one (1->1) 

if(idebug.ne.O)then 

write(4,*) 'deck 1' 

endif 

kl=kldeck(l) 

k2=k2deck(l) 

if (kl .ne. 0 .and. k2 .ne. 0)then 

dok = kl,k2 

il=nrr(l,k) 

i2=nrr(2,k) 

rsum = mutp(il) 

if (idebug .ne. 0) then 

write(4,*) 'k,mutp(',il,'), rsum =', 

1 k,mutp(il),rsum 

endif 

psum = mutp(i2) 

if (idebug .ne. 0) then 

write(4,*) 'k,mutp(',i2,'), psum =', 

1 k,mutp(i2),psum 

endif 

musxun(k) = psum - rsum 

enddo 

endif 

c dissociation reactions; deck two (l->2) 

if(idebug.ne.O)then 

write(4,*) 'deck 2' 

endif 

rsum = O.OdO 

psum = O.OdO 

kl=kldeck(2) 

k2=k2deck(2) 
if(kl .ne. 0 .and. k2 .ne. 0)then 

dok = kl,k2 

il=nrr(l,k) 

i2=iUT(2,k) 

i3=nrr(3,k) 

rsum = mutp(il) 

if (idebug .ne. 0) then 

write(4,*) 'k,mutp(',il,'), rsum =', 
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1 k,mutp(il),rsum 

endif 

psum = mutp(i2) + mutp (i3) 

if (idebug .ne. 0) then 

write(4,*) 'k,mutp(',i2,'), mutp(',i3,'), 

1 psum =', k,mutp(i2),mutp{i3),psum 

endif 

musum(k) = psum - rsum 

enddo 

endif 

c dissociation reactions; deck three (l->3) 

if(idebug.ne.O)then 

write(4,*) 'deck 3' 

endif 

kl=kldeck(3) 

k2=k2deck(3) 

if (kl .ne. 0 .and. k2 .ne. 0)then 

dok = kl,k2 

il=nrr(l,k) 

i2=nrr(2,k) 

i3=mT(3,k) 
i4=nrr(4,k) 

rsum = mutp(il) 

if (idebug .ne. 0) then 

write(4,*) 'k,mutp(',il,'), rsum 

1 k,mutp(il),rsum 

endif 

psum = mutp(i2) + mutp (i3) + mutp(i4) 

if (idebug .ne. 0) then 

write(4,*) 'k,mutp(',i2,'), mutp(',i3,'), 

1 mutp(',i4,'),lpsum= ',k, mutp(i2), mutp(i3), 

lmutp(i4), psum 

endif 

musum(k) = psum - rsum 

enddo 

endif 

c association reactions; deck four (2->l) 

if(idebug.ne.O)then 

write(4,*) 'deck 4' 

endif 

kl=kldeck(4) 

k2=k2deck(4) 
if (kl .ne. 0 .and. k2 .ne. 0)then 

dok = kl,k2 

il=nrr(l,k) 

i2=nrr(2,k) 

i3=nrr(3,k) 

rsum = mutp(il) + mutp(i2) 

if (idebug .ne. 0) then 

write(4,*) 'k,mutp(',il,'), mutp(',i2,'), 

1 rsum=', k,mutp(il),mutp(i2),rsum 

endif 

psum = mutp(i3) 

if (idebug .ne. 0) then 

write(4,*) 'k,mutp(',i3,'), psum= 

',k,mutp(i3),psum 

endif 

musum(k) = psum - rsum 

enddo 

endif 

c two body reactions; deck five (2->2) 

if(idebug.ne.O)then 

\vrite(4,*) 'deck 5' 

endif 

kl=kldeck(5) 

k2=k2deck(5) 

if (kl .ne. 0 .and. k2 .ne. 0)then 

dok = kl,k2 

il=nrr(l,k) 

i2=nrr(2,k) 

i3=nrr(3,k) 

i4=nrr(4,k) 

rsum = mutp(il) + mutp(i2) 

if (idebug .ne. 0) then 

write(4,*) 'k,mutp(',il,'), mutp(',i2,'), 

1 rsum =', k,mutp(il),mutp(i2),rsum 

endif 

psum = mutp(i3) + mutp (i4) 

if (idebug .ne. 0) then 

write(4,*) 'k,mutp(',i3,'), mutp(',i4,'), 

1 psum =', k,mutp(i3),mutp(i4),psum 

endif 

musum(k) = psum - rsum 

enddo 

endif 

c two body reactions; deck six (2->3) 

if(idebug.ne.O)then 

write(4,*) 'deck 6' 

endif 

kl=kldeck(6) 

k2=k2deck(6) 

if (kl .ne. 0 .and. k2 .ne. 0)then 

do k = kl,k2 

il=nrr(l,k) 

i2=nrr(2,k) 

i3=nrr(3,k) 

i4=nrr(4,k) 

i5=nrr(5,k) 

rsum = mutp(il) + mutp(i2) 

if (idebug .ne. 0) then 

write(4,*) 'k,mutp(',il,'), mutp(',i2,'), 
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1 rsum =', k,mutp(il),mutp(i2),rsum 

endif 

psum = mutp(i3) + mutp(i4) + mutp(i5) 

if (idebug .ne. 0) tlien 

write(4,*) 'k,mutp(',i3,'), mutp(',i4,'), 

1 mutp(',i5,'), psum =',k,mutp(i3),mutp(i4), 

1 mutp(i5),psum 

endif 

musum(k) = psum - rsum 

enddo 

endif 

c two body reactions; deck seven (2->4) 

if(idebug.ne.O)then 

write(4,*) 'deck 7' 

endif 

kl=kldeck(7) 

k2=k2deck(7) 

if (kl .ne. 0 .and. k2 .ne. 0)then 

dok = kl,k2 

il=nrr(l,k) 

i2=nrr(2,k) 

i3=nrr(3,k) 

i4=nrr(4,k) 

i5=nrr(5,k) 

i6=mT(6,k) 

rsum = mutp(il) + mutp(i2) 

if (idebug .ne. 0) then 

write(4,*) 'k,mutp(',il,'), mutp(',i2,'), 

1 rsum =',k,niutp(il),mutp(i2),rsum 

endif 

psum = mutp(i3) + mutp(i4) + mutp(i5) + 

mutp(i6) 

if (idebug .ne. 0) then 

write(4,*) 'k,mutp(',i3,'), mutp(',i4,'), 

1 mutpC, i5,'), mutp(',i6,'), psum =',k, 

1 mutp(i3 ),mutp(i4),mutp(i5 ),mutp(i6),psum 

endif 

musum(k) = psum - rsum 

enddo 

endif 

c three body reactions; 

c deck eight (3->l and 3->2) 

if(idebug.ne.O)then 
write(4,*) 'deck 8' 

endif 

kl=kldeck(8) 

k2=k2deck(8) 

if (kl .ne. 0 .and. k2 .ne. 0)then 

dok = kl,k2 

IF (nrr(5,k) .gt. 0) THEN 

il=nrr(l,k) 

i2=nrr(2,k) 

i3=nrr(3,k) 

i4=nrr(4,k) 

i5=nrr(5,k) 

rsum = mutp(il) + mutp(i2) + mutp(i3) 

if (idebug .ne. 0) then 

write(4,*) 'k,mutp(',il,'), mutp(',i2,'), 

1 mutp(',i3,'),rsum =',k,mutp(il),mutp(i2), 

1 mutp(i3),rsum 

endif 

psum = mutp(i4) + mutp(i5) 

if (idebug .ne. 0) then 

write(4,*) 'k,mutp(',i4,'), mutp(',i5,'), 

1 psum =', k,mutp(i4),mutp(i5),psum 

endif 

ELSE 

il=nrr(l,k) 

i2=nrr(2,k) 

i3=nrr(3,k) 

i4=nrr(4,k) 

rsum = mutp(il) + mutp(i2) + mutp(i3) 

if (idebug .ne. 0) then 

write(4,*) 'k,mutp(',il,'), mutp(',i2,'), 

1 mutp(',i3,'),rsum - ,k,mutp(il),mutp(i2), 

1 mutp(i3),rsum 

endif 

psum = mutp(i4) 

if (idebug .ne. 0) then 

write(4,*) 'k,mutp(',i4,'), psum =',k, 

mutp(i4), psum 

endif 

ENDIF 

musum(k) = psum - rsum 

enddo 

endif 

c check for equilibrium 

if (idebug .ne. 0)then 

do j = l,ireac 

write(4,*) 'musum'j,'=',musum(j) 

enddo 

endif 

doj = l,ireac 

linkmu(j) = 

musum(j)/(avagadro*boltzman*temp) 

if (idebug .ne. 0)then 

write(4,*) 'linkmu'j,'=',linkmu(j) 

endif 

enddo 

sum = ireac 
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do 1 = l,ireac 

if (linianu(l) .It. small3) then 

sum = sum - 1 

endif 

enddo 

if (sum .le. 0)then 

checks = 0 
endif 

c.. find the largest and smallest DG's for plotting 

purposes 

largeG=-1.0d99 

smallG=1.0d99 

lamo=l 

smno=l 

do k = 1, ireac 

if (idebug .ne. 0) 

write(4,*)'linkmu=',linkmu(k) 

if (linkmu(k) .gt. largeG)then 

largeG=linkmu(k) 

lamo=k 

if (idebug .ne. 0) 

write(4, *)'k,largeG-,k,largeG 

endif 

if (linkmu(k) .It. smallG) then 

smallG=linkmu(k) 

smno=k 

if (idebug .ne. 0) 

write(4, *)'k,smallG=',k,smallG 

endif 

enddo 

if (idebug .ne. 0) then 

write(4,*) 'number,large 

DG-,lamo,largeG 

write(4,*) 'number,small 

DG=',snmo,smallG 

endif 

return 

end 

subroutine timeplot(cycle,time,timestep) 

c.. plots time,count(iteration 

number),timestep,and total DG 

implicit none 

include 'dimenchem' 

include 'cchempot' 

include 'cpgplot' 

include 'cinpchem' 

include 'cdtnuchem' 

integer* 8 cycle 

real*8 time,timestep 

real*4 fsize 

real'''4 ybotl,ybot2,ybot3,ybot4 

real*4 ytopl,ytop2,ytop3,ytop4 

real*4 time4,timestep4,maxtime4,maxcount4 

real*4 initchemtime4 

real*4 xc,xn,xdmu,xminc,xmaxc,ymin,ymax 

data fsize/4.2/ 

data 

ybotl/0.18/ybot2/0.18/ybot3/0.18/ybot4/0.2/ 

data ytop 1 /0.8/ytop2/0.8/ytop3/0.8/ytop4/0.9/ 

c 

c..select device 1 

call PGSLCT (1) 

c—first panel—Time/TimeStep vs. Count 

call PGPANL (1,1) 

c..set viewport;area where graph is to be placed 

call PGSVP(0.1, 0.95, ybotl, ytopl) 

c..set default colors and character scales 

callPGSCI(15) 

call PGSCH(fsize) 

c..determine minimum coordinate limits 

if (ovrd .eq.'y') then 

xminc = aloglO(minc) 

xmaxc = aloglO(maxc) 

ymin = aloglO(mint) 

ymax = aloglO(maxt) 

else 

maxcount4=maxcount 

initchemtime4=initchemtime 

maxtime4=maxtime/1.0e6 

xminc = alog 10(1.0) 

xmaxc = alogl0(maxcount4) 

ymin = alogl0(initchemtime4) 

ymax = alogl0(maxtime4) 

endif 

timemin=ymin 

timemax=ymax 

c..set window;area on viewport where 

coordinates will be graphed 

call 

PGSWIN(xminc,xmaxc,timemin,timemax) 
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..tickmarks on x and y axes 

call PGBOX('BCNST',0.0,0,'BCNST',0.0,0) 

..draw curve 

quantx( 1 )=quantx(2) 

quanty( 1 )=quanty(2) 

quantz( 1 )=quantz(2) 

xc=cycle +0.0 

time4=time 

timestep4=timestep 

quantx(2)=alog 10(xc) 

quanty(2)=alog 10(time4) 

quantz(2)=alog 10(timestep4) 

..set color 

call PGSCI(7) 

call PGLINE(2,quantx,quanty) 

..set color 

call PGSCI(8) 

call PGLINE(2,quantx,quantz) 

..reset color 

call PGSCI(15) 

—second panel Timestep vs. Time 

call PGPANL (1,2) 

..viewport 

call PGSVP(0.1, 0.95, ybot2, ytop2) 

.. determine minimum coordinate limits 

if (ovrd .eq. 'y') then 

ymin = aloglO(mints) 

ymax = aloglO(maxts) 

else 

ymin = alogl0(initchemtime4) 

ymax = alogl0(maxtime4) 

endif 

..establish window 

call PGSWIN(timemin, timemax, ymin, 

ymax) 

..tickmarks on x and y axes 

call PGBOX('BCNST',0.0,0,'BCNST',0.0,0) 

..set color 

call PGSCI(9) 

..draw curve 

call PGLINE(2,quanty,quantz) 

—third panel—Timestep Selection vs. Count— 

call PGPANL (1,3) 

..set viewport;area where graph is to be place 

call PGSVP(0.1, 0.95, ybotS, ytop3) 

..set default colors and character scales 

call PGSCI(15) 

call PGSCH(fsize) 

c..set window;area on viewport where 

coordinates will be graphed 

call PGSWrN(xminc,xmaxc,0.5,3.5) 

c..tickmarks on x and y axes 

callPGBOX('BCNST',0.0,0,'BCNST',0.0,0) 

c..set color 

call PGSCI(13) 

c..draw points 

xn = gndth 

call PGPT1 (quantx,xn, 17) 

c—fourth panel—Log TotalDmu/RT vs. Time-

call PGPANL (1,4) 

c..set viewport;area where graph is to be place 

call PGSVP(0.1, 0.95, ybot4, ytop4) 

c..set default colors and character scales 

call PGSCI(15) 

call PGSCH(fsize) 

c..determine minimum coordinate limits 

ymin = minmu 

ymax = maxmu 

c..set window;area on viewport where 

coordinates will be graphed 

call PGSWIN(timemin, timemax, ymin, 

ymax) 

c..tickmarks on x and y axes 

callPGBOX('BCNST',0.0,0,'BCNST',0.0,0) 

c..set color 

call PGSCI(11) 

c..set linewidth 

call PGSLW(IO) 

c..draw curve 

quantdmu( 1 )=quantdmu(2) 

xdmu = totmu 

quantdmu(2)=xdmu 

call PGLINE(2,quanty,quantdmu) 

c..reset linewidth 

call PGSLW(l) 

return 

end 

subroutine abunplot(cycle) 

c.. plots time versus abundance and time vs 
abundance change 

implicit real*4 (a-h,o-z) 

include 'dimenchem' 

include 'cpgplot' 

include 'cratechem' 

include 'cinpchem' 

include 'comcsolchem' 
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include 'cchempot' 

include 'ccrtlchem' 

inleger*4 colomo 

integer*4 kst(ndim) 

integer*8 cycle 

real*4 tabcl(6),tabc2(5) 

data tabcl /2.8, 3.8,4.8, 5.8,6.8, 7.8/ 

data tabc2 /0.05, 0.30, 0.55,0.80, 1.00/ 

c..graphics sizes for Gateway VX920 15" screen 

data fsize/4.2/ 

datarlbl/0.12/tllbl/0.88/ 

data ybotl/0.0/ybot2/0.15/ 

data ytopl/0.85/ytop2/l .0/ 

Q 

c..select device 2 

caUPGSLCT(2) 

c—first panel Log Abundance(moles) vs. 

Log Time 

call PGPANL (1,1) 

c..set viewport;area where graph is to be placed 

call PGSVP(rlbl, tllbl, ybotl, ytopl) 

c..set default colors and character scales 

call PGSCI(15) 

call PGSCH(fsize) 

c.. determine minimum coordinate limits 

ymin = aloglO(minab) 

ymax = aloglO(maxab) 

c..set window;area on viewport where 

coordmates will be graphed 

call 

PGSWIN(tmiemin,timemax,ymin,ymax) 

call PGSCH(fsize/2.0) 

c..frame and tickmarks on x and y axes 

call PGBOX('BCST',0.0,0,'BCNST',0.0,0) 

do j=l,itot 
kst(J)=0 

enddo 

c.. resize font for side labels 

call PGSCH(fsize/2.5) 

c.. side labels as panel 4 in pgplot.f from 

TYCHO 

do j = 1,60 

abund4=y(j) 

if (abund4 .gt. 0.0)then 

xxx=alog 10(abund4) 

else 

XXX = -100.0 

endif 

logab( 1 )=abund( 1 j ) 

logab(2)=xxx 

c.. reset color; avoid white and black 

colomo=mod(j-l, 15)+2 

call PGSCI(colomo) 

If (colomo .gt. 15) then 

call PGSCI (2) 

endif 

c.. plot only values greater than ymin and less 

than ymax 

c.. for ease of viewing when new species appear 

if (xxx .gt. ymin .and. xxx .It. ymax) then 

kst(j)=l 

c..legend 

if (0-1 )/5 + 1 .le. 6) then 

call PGMTXT('L',tabcl(G-

l)/5+l),tabc2(mod(j-l ,5)+l), 

1 0.5,xid(j)) 

elseif ((j-l)/5 + 1 .le. 12) then 

call PGMTXTCR',tabcl((j-l)/5+l-

6)+1.0,tabc2(mod(j-1,5)+1), 

1 0.5,xid(j)) 

else 

stop 'error in symbol location: abunplot' 

endif 

call PGSLW(IO) 

c.. Log time comes from quanty in timeplot 

call PGLINE(2,quanty,logab) 

call PGSLW (1) 

endif 

abund(l ,j)=logab(2) 

enddo 

c—Change in Abundance wrt time vs. Time 

call PGPANL (1,2) 

c..reset color and size 

call PGSCI(15) 

call PGSCH(fsize) 

c..viewport 

call PGSVP(rlbl, tllbl, ybot2, ytop2) 

c.. determine minimum coordinate limits 

ymin = aloglO(mindx) 

ymax = aloglO(maxdx) 

c..estabUsh window 
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call 
PGSWIN(timemin,timemax,ymin,ymax) 

c..tickmarks on x and y axes 

call PGSCH(fsize/2.0) 

call PGBOXCBCNST',0.0,0,'BCNST',0.0,0) 

c..draw points 

do j = 1, itot 

logdelab( 1 )=delab( 1 j) 

Dx4=DeltaX(j) 

yy=aloglO(Dx4) 

logdelab(2)=yy 

if (cycle .le.2) then 

logdelab( 1 )=logdelab(2) 

endif 

if (yy .gt. ymin .and. yy .It. ymax) then 

if(kst(j) .eq. l)then 

colomo=mod(j-1,15)+2 

call PGSCI(colomo) 

If (colomo .gt. 15) then 

call PGSCI (2) 

endif 

call PGSLW(IO) 

call PGLINE(2,quanty,logdelab) 

call PGSLW(l) 

endif 

endif 

delab( 1 j)=logdelab(2) 

enddo 

return 

end 

subroutine reacplot 

c.. plots time versus rxn chemical potential 

implicit real*4 (a-h,o-z) 

include 'dimenchem' 

include 'cpgplot' 

include 'cratechem' 

include 'cinpchem' 

include 'comcsolchem' 

include 'cchempot' 
include 'ccrtlchem' 

integer*4 colomo 

character* 10 charbig,charsigl 

character* 10 charsmall,charsigsm 

real*4 Dmureac4(21) 

c..graphics sizes for Gateway VX920 15" screen 

c..and Sun Ultra 17" screen 

data fsize/4.2/ 

datarlbl/0.12/tllbl/0.88/ 

data pll/0.74/pl2/0.83/pl3/1.0/ 

data ytop2/1.5/ybot2/0.25/ 

c 

c..select device 3 

call PGSLCT (3) 

c Legend 

c..first panel 

call PGPANL(1,1) 

c Dmu/RT per reaction vs. Time 

call PGPANL (1,2) 

c. .reset color and size 

call PGSCI(15) 

call PGSCH(fsize) 

c.. viewport 

call PGSVP(rlbl, tllbl, ybot2, ytop2) 

c..determine minimum coordinate limits 

ymin = minmur 

ymax = maxmur 

c..establish window 

call 

PGSWIN(timemin,timemax,ymin,ymax) 

c..tickmarks on x and y axes 

callPGSCH(fsize/1.5) 

call PGBOX('BCNST',0.0,0,'BCNST',0.0,0) 

c..draw lines 

c..extreme reactions 

Dmuf4=linkmu(fastnum) 

Dmus4=linkmu(slownum) 

Dmulg4=linkmu(lamo) 

Dmusm4=linkmu(smno) 

ratefast( 1 )=ratefast(2) 

ratefast(2)=Dmuf4 

rateslow( 1 )=rateslow(2) 

rateslow(2)=Dmus4 

Glarge( 1 )=Glarge(2) 

Glarge(2)=Dmulg4 

Gsmall( 1 )=Gsmall(2) 

Gsmall(2)=Dmusm4 

lamoold=lamo 

snmoold=smno 

c..fastest reaction 

c..set color 

call PGSCI(5) 
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c..quanty holds time variables 

call PGLINE(2,quanty,ratefast) 

c.. slowest reaction 

callPGSCI(lO) 

call PGLINE(2,quanty,rateslow) 

c..largest DG value 

big4=lamo 

dgl4=linkmu(lamo) 

call ftoca (big4,charbig) 

call ftoc (dgl4,charsigl) 

c use background color to 'erase' previous 

notation 

call PGSCI(O) 

call PGMTXT('B',-2.0,pll ,0.0,charbigold) 

call PGMTXTCB',-2.0,pl2,0.0,charsiglold) 

callPGMTXT('B',-2.0,pl3,0.0,charrlkhold) 

callPGSCI(2) 

call PGMTXT('B',-2.0,pll ,0.0,charbig) 

call PGMTXT('B',-2.0,pl2,0.0,charsigl) 

callPGMTXT('B',-2.0,pl3,0.0,rlkh(lamo)) 

call PGLINE(2,quanty,Glarge) 

charbigold = charbig 

charsiglold = charsigl 

charrlldiold = rlkh(lamo) 

c.. smallest DG value 

small4=smno 

dgsm4=linkmu(smno) 

call ftoca (small4,charsmall) 

call ftoc (dgsm4,charsigsm) 

c use background color to 'erase' old result 

callPGSCI(O) 

call PGMTXT('B',-1.0,pl 1,0.0,charsmallold) 

call PGMTXT{'B',-1.0,pl2,0.0,charsigsmold) 

call PGMTXTCB',-

1.0,pl3,0.0,charsmrlkhold) 

callPGSCI(12) 

call PGMTXT('B',-1.0,pl 1,0.0,charsmall) 

call PGMTXT('B',-1.0,pl2,0.0,charsigsm) 

call PGMTXTCB',-1.0,pl3,0.0,rlkh(snmo)) 

call PGLrNE(2,quanty,Gsmall) 

charsmallold=charsmall 

charsigsmold=charsigsm 
charsmrlkhold=rlkh(smno) 

c important reactions 

do i = 1,21 

dgreac( 1 )=dgr( 1 ,i) 

Dmureac4(i)=linkmu(ident(i)) 

z2F=Dmureac4(i) 

dgreac(2)=zz 

colomo=(mod(i-1,15)+2) 

call PGSCI(colomo) 

if (colomo .gt. 15) then 

call PGSC1(2) 

endif 

call PGSLW(IO) 

call PGLINE(2,quanty,dgreac) 

call PGSLW(l) 

dgr( 1 ,i)=dgreac(2) 

enddo 

return 

end 

subroutine restart(count) 

c for outputting information in chemspecies.lib 

format 

c in order to restart Irom final point, if desired 

implicit none 

include 'dimenchem' 

include 'comcsolchem' 

include 'cchempot' 

include 'cratechem' 

real*8 munew 

integer*8 count 

integer*4 i 

open (16, file = 'chemsp.out') 

write (16,'(a62,i8)') 'OUTPUT FROM 

TIMESTEP = ',count 

write (16,*)' NAME LABEL 

MOLEFRACTION DGf(kJ/mo])' 

20 format (al0,4x,i3,2(3x,lpdl2.4)) 

c as line 36 in getabun.f 

do i = l,itot 

munew= mu(i)/1.0d3 

write( 16,20) inam(i),label(i),y(i),munew 

enddo 

write(*,*) 'chemsp.out created.' 

write(*,*) 'To restart, cp chemsp.out 

chemspecies.lib' 

return 

end 
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