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ABSTRACT

This thesis describes an investigation of the physical
conditions and molecular abundances in mass-loss envelopes around
late-type stars based on millimeter and near infrared spectroscopy,

concentrating on the high mass loss, carbon-rich star IRC +10216.

The first part of this thesis is a multi-transition study of
the rotational spectrum of SiS from the IRC +10216 envelope. The
observational results are described in Chapter 2. A general
numerical model to calculate the excitation and radiative transfer
for rotation and vibration-rotation lines in circumstellar

envelopes is developed in Chapter 3.

Applying this model to fit the observed SiS lines from
IRC +10216 (Chapter 4), we find that the undissociated abundance
[SiS]/[H,] in the shielded inner regions of the circumstellar shell
is ~2.4 x 1077, roughly a factor of 100 smaller than that
predicted previously by chemical models. The SiS density falls
steeply with radius, reaching one-half the undissociated abundance
at ¢ = 9 x 1016 cms. We show that a) Si, not S depletion is
responsible for the low SiS abundance, and b) most of the available

Si has probably been used up in forming SiC grains in the cool

IRC +10216 atmosphere.
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Variations in the 13 pm infrared flux over the 644 day
light-cycle of IRC +10216 produce observable changes in some of the
SiS lines. Sharp cusps in the J = 5-4 line wings, observed with
the Onsala 20 m antenna, are explained in terms of weak maser
emission at maximum light. The model predicts a different shape
for this line at minimum light, in excellent agreement with a
recent Onsala observation. Line coincidences, involving 13 um

transitions of HCN and C,H, (not considered in the model), may be

responsible for poor fits to some of the SiS rotational spectrum.

A sensitive search for SiS J = 7-6 and J = 6-5 lines in other
carbon-rich, oxygen-rich, and S-type circumstellar shells was also
conducted (Chapter 2). Three new SiS sources, CIT 6, CRL 2688 and
IRC +20370, all of which are carbon-rich were detected, in
agreement with the chemical equilibrium models predicting SiS to be

significantly more abundant in a carbon-rich enviromment than in an

oxygen—-rich environment.

The second part of the thesis (Chapters 5 and 6) deals with
the investigation of physical conditions in the inner ( r ~ 2")
envelope of IRC +10216 —- a scale size that has never been observed
previously. We have devised a new observational technique,
employing an annular aperture (size 2 - 3.45") to measure extended
emission from resonant-scattered photons in the 4.6 uym CO
vibration-rotation band from IRC +10216. In addition to the
expected emission up to the expansion velocity of the envelope,

both CO and 23CO show evidence of high velocity features in
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the blue wing of the line, beyond the 15 km s71 expansion velocity

(Chapter 5).

In order to derive physical quantities from the many P and R
branch lines present in the infrared spectra, we develop an
analytical model to calculate the excitation of these lines due to
radiative pumping by thermal emission from circumstellar dust
(Chapter 6). The lines are optically thick, and trapping of line
radiation has been included. The model emission intensity is found
to vary in a simple manner with radius, velocity, J value of the
lower state, and the kinetic temperature (which we expect
characterises the populations of the V = 0 rotational levels). Our
model shows the V = 1 rotational level populations to be in

equilibrium with the kinetic temperature despite being excited by

infrared radiation.

We derive the following results for the IRC +10216 inner

envelope:

i) The kinetic temperature at radius r = 2" is ~ 244 K,
roughly twice the extrapolation of the Kwan and Hill (1977)
thermodynamic model. This measurement forces revision of analyses
of infrared absorption lines in which the radial information was

derived assuming a temperature profile (known a priori).

ii) The gas density in the inner regions of the envelope is

characterised by & minimum mass loss rate of

(col/[H,]
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OVERVIEW AND SUMMARY
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The understanding of the late stages of stellar evolution
underwent a radical change in 1956, when Deutsch first discovered
rapid mass loss from late-type giants and supergiants based on the
presence of optical absorption lines in the spectrum of « Her,
blue-sﬁifted from the stellar velocity. Since then extensive
observations in the optical, infrared and millimeter-wave domains
have been used to study the expanding circumstellar envelopes
around red giant stars. On large scales (2> few x 1016 cm) the
envelope is roughly spherical (Wannier et al. 1979), though some
departure from spherical symmetry may occur closer to the star, as
revealed by infrared interferometry of a few objects (McCarthy and

Low 1975, McCarthy et al. 1980).

Though a definitive answer to the question of what physical
mechanism drives mass loss is still lacking, it is widely believed
that mass loss is initiated when dust grains condense in the cool
(1500-2000 K) atmosphere of the late-type giant star. The grains
experience significant radiation pressure because of their high
opacity and accelerate radially outward, dragging the gas molecules
along. The wind reaches a terminal velocity of 10 - 30 km s1 at
typicelly ten stellar radii (< 1015 cm) from the star (Goldreich
and Scoville 1976). This wind is rich in molecular species formed
in the photosphere and inner envelope. Due to the rapidly falling
density and temperature, the outflow remains chemically frozen from
a distance of a few stellar radii ( ~ few x 1014) to approximately
102¢ cm, beyond which the interstellar ultraviolet radiation starts

to significantly photodissociate the molecules. The CO
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molecule survives farther out than most other molecules due to
self-shielding. The dust grains stream ont to merge with the

interstellar medium without being significantly affected by the

ultraviolet.

The best estimates of mass loss rates come from studies of
microwave emission lines from circumstellar envelopes, and are
typically 1073 Mg yr"1 {(Morris 1980, Knapp et al. 1982, Knapp and
Morris 1984). Observations of the near infrared continuum (Gehrz
and Woolf 1971) and blue shifted optical absorption lines (Bernat
1977, Hagen 1978) yield slightly smaller rates. Over the late
lifetime of a star, the mass lost can be a significant fractiom of
the original stellar mass and it is now recognized that such mass
loss can strongly influence the stellar structure and composition.
Mass loss from evolved stars is also a major source of processed
material in the interstellar medium (~ 6 x 10710 Mg yr_lpc_z,
Osterbrock 1974), possibly controlling the chemical evolution of

the galaxy (Ewok 1980). The view that most interstellar grains

originated from stellar mass loss (Woolf 1973) is now gaining

increasing acceptance.

Determination of accurate mass-loss rates, crucial to
understanding late stellar evolution, has been one of the major
objectives of millimeter—wave CO observations in circumstellar

shells. The excitation of these lines is usually due to collisions

with H,: hence these data may provide indirect estimates of the

gas density and mass-loss rates.
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Models of chemistry in the cool stellar atmospheres have been
carried out to relate the circumstellar molecular abundances to
photospheric elemental abundances. Most of these studies (Tsuji
1973, 1964, McCabe et al. 1979, Lambert and Clegg 1980) assume
that the outflow is chemically inactive [i.e., chemical abundances
get frozen at a value determined by thermodynamic equilibrium
conditions near the stellar photosphere (r ~ 1014)]1, because the
steep decline in density and temperature with radius in the
envelope makes the time-scale for chemical reactions (mostly

neutral-neutral) much longer than the expansion time-scale.

Two studies (see Goldreich and Scoville 1976, Scalo and
Slavsky 1980) of non-equilibrium chemistry in oxygem—rich envelopes
reveal interesting departures from the 'freeze-out’ models.
Processes such as photodissociation and reaction with grains
(Lafont, Lucas and Omont 1982) can dominate the chemistry of some
molecules in the onter envelope. Measurements of molecular
abundances via millimeter—wave observations can be used to test
these chemical models in several ways - for example, comparison of
the observed abundances (relative to H,) from stars with different
photospheric oxygen to carbon ratios. These measurements are also
important for determining the chemical mix of heavy elements such

as C, N, 0, S, Si (and isotopes) being returned to the interstellar

medium from late-type stars.
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In 1969, Woolf and Ney (1969) discovered a 10 um emission
feature in a number of cool stars, which they attributed to
silicate grains. This identification was supported by Gilman's
(1969) calculations showing that silicate grains should be the
first solid particles to condense in oxygen-rich stars and later
studies by Gehrz and Woolf (1971) revealed this feature to be
common to many late-type giants and supergiants. For carbon-rich
stars, the first condensates should be carbon (graphite) and
silicon carbide; Treffers and Cohen (1974) have detected an
11.2 pm feature in several carbon stars, attributable to the
silicon carbide. Since the abundances of silicon-bearing molecules
are closely linked to the formation of such grains, a determination
of these molecular abundances can aid in understanding the

formation and composition of dust.

Photodissociation of molecular species by interstellar
ultraviolet radiation in the outer regions of the envelope is also
sensitive to the optical/UV properties of the dust. This process
produces a radial gradient in the abundance in the outer envelope
which can be probed by the pure rotational lines. Observations of
CN J = 2-1 emission from the IRC +10216 envelope by Wootten et
al. (1982) clearly show that the CN is being produced by the
photodissociation of HCN; Huggins, Glassgold, and Morris
(1984), in a more detailed analysis of the CN lines find that
the circumstellar dust extinction in the ultraviolet must be
increased a factor of 2 over the ’'standard’ value, appropriate for

interstellar dust/gas and UV/optical opacity ratios.
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In this thesis, I present a program of millimeter and near

infrared molecular spectroscopy designed to probe the chemical and

physical conditions in mass—-loss envelopes.

In Chapters 2, 3 and 4, I describe observations and analysis
of SiS millimeter lines from circumstellar shells. Nine SiS
transitions from J = 1-0 to J = 16-15 in the carbon—fich shell of
IRC +10216 have been observed and used to derive the [SiS]/[H,]
ratio and its dependence on radius. Analysis of the line profiles
requires a model of radiative transfer and excitation of the
rotational levels in the envelope. I have developed such a model
in Chapter 3 with several features refined over existing models in
the literature. A preliminary version of this model was used in
the CN study by Wootten et al. (1982) to demonstrate that
infrared excitation of the CN molecule could not produce the
observed extended emission, if its radial abundance was assumed to
be constant. The large number of lines from the SiS molecule has

provided a sensitive test of this model.

The low abundance for SiS in IRC +10216 suggests that most of
the Si has been used up in forming grains, and its radial
dependence indicates that SiS either has a very large rate for
photodissociation, or is depleted by another process such as
adsorption on grains. We also require the circumstellar
dust-shielding to be larger than the ’'standard’ value, which is in

accord with the CN study mentioned earlier.
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We have also made a survey of SiS in a sample of stars
containing all three abundance types: carbon-rich (C/0 > 1),
oxygen—-rich (C/0 < 1), and S type (C/0 ~ 1) stars (Chapter 2). The
results of the survey, presented in Chapter 4, confirm the
expectation of chemical models that SiS should be much more

abundant in carbon-rich atmospheres than oxygen-rich and S type

atmospheres.

The millimeter-wave observations described above do not reveal
details about the mass—loss mechanism because most of the
interesting phenomena occur too close to the central star. To
probe this region, near infrared spectroscopy in molecular
vibration—rotation bands holds the best promise. Several such
investigations (Keady, Hall, and Ridgway 1984, Hinkle 1978,»Hink1e
and Barnes 1979, Bernat 1981) have revealed a complex velocity
structure suggesting non-uniform outflow. However, in order to
determine the radius where the different velocity features are

formed, one requires a radial kinetic temperature profile.

There has been no direct way of determining the kinetic
temperature in the inner circumstellar shell until now. The only
available method has been to model the thermodynamics of the
expanding shell, The run of temperature with radius in IRC +10216
as determined from such a model (Kwan and Hill 1977, Kwan and Linke
1982) is reliable only for the outer envelope, where the bulk of
the observed millimeter CO line emission, used to constrain the

model, is produced. Thus the temperature profile determined from
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such a model would have to be extrapolated to the inner regions of

the envelope, where the vibration—rotation lines are formed.

We use a new observational technique, employing a series of
annular apertures, to measure CO vibration-rotation line
emission at 4.6 um, in order to examine the envelope structure at
distances corresponding to a few arc-seconds. Our investigation
probes a hitherto unobserved region of the envelope, which, at
present, is not amenable to other techniques. This is because i)
infrared absorption line studies, due to the r1 dependence of
radial column density, are most sensitive to material typically a
few—-tenths of an arcsecond away from the center; ii) the best
resolution available from millimeter-wave interferometers is not

expected to significantly exceed 5”.

The observations of emission lines through an agnulus of inmer
and outer radii of 2" and 3.45"” centered on IRC +10216 eare
presented in Chapter 5. An analytical model has been developed to
compute the shapes and intensities of the observed lines (Chapter
6). The relative intensities of the many P and R branch lines are
fitted with this model in order to determine the gas temperature

and density a few arc-seconds away from the star.

Taking an r 07 variation with radins (Kwok 1980), we find a
kinetic temperature of 244 K at 2" in the IRC +10216 envelope which
is significantly larger than the extrapolatiom (~ 125 K) of the
model of Kwan and Linke (1982). We set a firm lower limit of

6 x 1075 Mg yr'1 on the mass loss rate (for an adopted [COl/[H,]
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abundance ratio of 3 x 1074 ).



CHAPTER 2

OBSERVATIONS OF ROTATIONAL SIS LINES

- THE CHEMISTRY OF THE OUTER ENVELOPE

Note: - ~ Chapter 2 is included in a paper entitled ’'SiS in
Circumstellar Shells’ (Sahai, R., Wootten, A., and Clegg, R. E. S.

1984, The Astrophysical Journal, Vol. 284).
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2.1. INTRODUCTION

Chemical equilibrium calculations predict that in oxygen-rich
stellar photospheres Si atoms are bound in SiO (Tsuji 1973),
whereass in carbon-rich photospheres (e.g. Lambert and Clegg 1980)
SiS may be fully associated so that much of the Si and most of the
sulfur is in SiS molecules. The next most abundant sulfur-bearing
species, CS, should be about a factor of 100 less in abundance
than SiS (Lafont, Lucas, and Omont 1982). The high mass loss rates
determined for a number of carbon stars from their carbon monoxide

emission (Knapp et al. 1982) suggest that SiS should be easily

detectable.

The J = 6-5 and J = 5-4 lines of the SiS molecule were first
detected in IRC +10216 by Morris et al. (1975). The J = 2-1 and
J = 1-0 lines were subsequently detected by Grasshoff, Tiemann and
Henkel (1981), Henkel, Matthews and Morris (1983, hereafter HMM)
identified the J = 1-0 line as the first case of maser emission
occurring in a carbon star. A survey of other sources im the
J = 6-5 line by Dickinson and Rodriguez-Kuiper (1981) produced weak
detections in star-forming clouds. In these studies upper limits
have been reported for several O-rich and a few C-rich

circumstellar envelopes.

The intensities of the lines in IRC +10216 and the low
rotational constant (9 GHz) of SiS allow us to observe emission in
the rotetional ladder to relatively high J values and thus

rigorously test theories of molecular excitation in circumstellar
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shells (Morris 1975). 1In particular, a significant population in
the very high rotational levels cannot be sustained without
infrared excitation., In this chapter we present a survey of SiS
line profiles for nine transitions from J = 1-0 up to J = 16-15 in

the molecular shell of IRC +10216.

Since the abundance of SiS is closely tied to that of Si,
which is very likely to be an important constituent of grains,
measurements of the SiS abundance also provide an estimate for the
fraction of Si removed from the gas by grains. The low SiS
abundance observed in IRC +10216 suggests grain removal of Si has
in fact been substantial, Olofsson et al. (1982) note that the
velocity extent of SiS and SiO emission in IRC +10216 is smaller
than that of other molecules and suggest that this may be
understood if the lines arise from the region of grain removal
which occurs before the flow has become fully accelerated. Though
this is unlikely because it requires grains to be accelerated at
large radii in the envelope, if it is correct, SiS emission is
expected to provide a sensitive and specific probe of chemistry in
the inner circumstellar shell. Non-equilibrium kinetic
calculations (Scalo and Slavsky 1980) suggest that SiS can be
formed in the outer regions of oxygen-rich circumstellar shells.
For these reasons we have made a sensitive survey of both
oxygen—rich and carbon-rich circumstellar shells at the frequencies

of the J = 7-6 and J = 6-5 lines, and we report several new sources

of emission.
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2.2. (BSERVATIONS

Observations of the J = 7-6 line of SiS (127.07611 GHz) were
obtained with the Number Two 10.4m telescope of the Owens Valley
Radio Observatory (OVRO) at Big Pine, California, during 1981
January 18-21. The half-power beamwidth of 0'.8 was measured by
scanning across 3C 84 and 3C 273. An acousto—optical spectrometer
(Masson 1980) provided 512 channels at 200 kHz (0.47 km s~ 1)
resolution. The observations were obtained with a cooled
Superconductor-Insul ator-Superconductor (SIS) receiver (Phillips et

al. 1981) yielding a measured single sideband system temperature

of 350 K.

The telescope was operated position switching between the
on-source position and a reference position 5 - 10 arc-minutes
away. Calibration of the datea was accomplished by observation of
hot and cold loads and a noise tube. The atmospheric opacity was
frequently monitored; flux calibration was checked by measurements
of Jupiter, 3C 84, 3C 273 and 1413+135, The beam efficiency of the

10.4 m telescope is taken to be n.__ = 0.75 for extended sources,

based on measurements of the Moon. For sources the size of Jupiter

and IRC +10216, n ne . = 0.60, where ng,, and NNggs 2re defined by
Kutner and Ulich (1981)., The observed antenna temperature, in

addition to being corrected for rearward beam spillover, is divided

by M Nggg in order to account for the power in the forward beam not

falling inside the main lobe of the beam diffraction pattern.
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The J = 6-5 (108.92426 GHz) line was observed at OVRO at two
epochs — 1982 January 23-29 and 1983 June 19-20. The earlier
observations were obtained with the same equipment as used for the
J = 7-6 line. For the later observations, a refrigerated version
of the SIS receiver was used, together with an acousto—optical
spectrometer which has 512 channels of 1.03 Mz (2.8 km s 1)
resolution. Single sideband receiver temperatures were about 450
K. For the January observations, the zenith optical depth was
0.13, and the small-source beam efficiency 0.50. For the June
observations, these numbers were 0.19 and 0.65. The improvement in
the beam efficiency was due to a change in the optics. The
frequency range of the 500 MHz spectrometer also included the C,N
J = 12-11 doublet(108.84, 108.86 GHz) and the HC,N J = 12-11 line

at 109.17397 GHz. These lines are not discussed further here.

The J = 5-4 (99.77155 GHz) line was observed on 1983 December
4, with the 14 m telescope of the Five College Radio Astronomy
Observatory (FCRAO), Amherst, Massachusetts. The half-power
beemwidth at 89.6 GHz was 59”. The aperture efficiency of the
telescope at this frequency was 0.54, the beam efficiency measured
on the moon ("fss) was 0.70, and the beam efficiency for sources

the size of Jupiter, n n; ., was measured to be 0.64. The single
sideband system temperature was approximately 370 K during the

observations.
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Several higher rotational transitions of SiS were observed
with the 4.9 m telescope of the Millimeter Wave Observatory (MWO),
Fort Davis, Texas, during early 1982, when IRC +10216 was at

maximum light, and in 1983 April. The J

16-15 line (290.380320

GHz), J = 15-14 line (272.242442 GHz), J = 14-13 line (254.102716
GHz) J = 13-12 line (235.960972 GHz), and J = 12-11 line
(217.817347 GHz) were observed with a cooled version of the
receiver described by Erickson (1981) in conjunction with a bank of
256 1 MHz filters. The measured single sideband system temperature
varied from 1600 X at the lowest frequenmcy to 3500 K at the highest
frequency. The data were obtained in a position switched mode in
which reference positions were azimuthally displaced by 5'. The
atmospheric opacity was estimated from measurement of the sky
emission (a typical optical depth was 0.3). Calibration was done
by synchronous detection of an absorber at ambient temperature.

The main beam efficiency for sources the size of Jupiter, and
appropriate for IRC +10216, ranges from NeNggg = 0.56 at 211 GHz to
0.40 at 270 GHz., The half-power beamwidth decreases from 1’,3 at

the lower end of the frequency ramge to 1’'.1 at the upper end.
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2.3, RESULTS

The observational results for the several transitions we have
observed in IRC +10216 are presented in Table 2.1, along with
parameters of other transitions observed at other observatories.
All intensities are given as corrected antenna temperature TR
(Kutner and Ulich 1981) corrected for atmospheric absorption and

assuming the source has a size comparable to that of Jupiter.

The line widths are all consistent with a uniform expansion
velocity of V = 14 + 1 km sL, agreeing with the measurement of
14.1 + 0.3 kn s 1 reported by Olofsson et al. (1982)., In Chapter
4 we show that the line profiles are sensitive to the infrared flux
at the frequency of the SiS vibration-rotation lines. For that
reason we have also listed in Table 2.1 approximate phases computed

from the IRC +10216 light curve illustrated by Witteborn et al.

(1980).

The results of our survey in other carbon-rich and oxygen-rich
stars are listed in Table 2.2a for the J = 7-6 line, and in Table
2.2b for the J = 6-5 line. Column (1) gives the source name,
followed in columns (2) and (3) by the coordinates of the location
we observed. In column (4) is the local standard of rest (LSR)
velocity of the source, normally that determined from observations

of other molecules in it. Column (5) gives the corrected antenna

temperature, Ty, For most sources, only upper limits were

obtained; the 3 o limits are given in parentheses.
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The observed line profiles for IRC +10216 are shown in Figures
2.12 and 2.1b. In Figure 2.2 we show the J = 6-5 line profiles

observed for the other detected sources in our survey.

2.4, DISCUSSION

With the exception of the masing J = 1-0 line, the line shapes
in Figure 2.1a are all rounded and show no double cusps at the
extreme velocities of the profiles. However, the J = 5-4 line
profile obfained with the 1’ beam of the 14 m FCRAO telescope,
shown separately in Figure 2.1b, has sharp cusps in the line wings.
Using a slightly smaller (0'.73) beam, Olofsson et al. (1982)
observed the J = 5-4 transition to be even more sharply cusped,
which they interpreted as signifying partial resolution of an
optically thin source. On the other hand, Grasshoff, Tiemann and
Henkel (1981) reported a profile of the J = 2-1 line obtained with
a 0'.45 beam that was flat-topped, and Johansson et al. (1983)
reported profiles of the J = 4-3 line observed at Onsala which were
also flat-topped. As the source size is expected to become larger
in the lower transitions, one would naively expect the lines below
the 5-4 transition to be even more concave, since the emission
region should be more resolved. A reconciliation of all linme
profiles with a simple model for the SiS emission from IRC +10216,

such as the onme described by Olofsson et al. (1982), is therefore

difficult to achieve.
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Olofsson et al. (1982) remark upon several peculiar features
of their SiS observations. The measured extent of the SiS envelope
(0'.38) and velocity extent of the line profile are both among the
smallest of the molecules they observed. To explain the observed
size of the emission region and the shape of the line profile, they
were forced to assume a very high excitation temperature for the
line and a very low optical depth. They speculated that certain
assumptions of their model, such as the form of the density law,

may be invalid or that maser amplification of the line might occur.

Given the significant profile differences between the various
transitions observed by us and others, the sensitivity of SiS$
excitation to infrared excitation (Morris et al. 1975; Morris
1975), and also spurred by detection of maser emission in the
J = 1-0 line by HMM, we have modeled all observed SiS line profiles
in IRC +10216 using a modification of the numerical scheme
described by Morris and Alcock (1977) and Morris (1980). The
formal model is presented in the next chapter (Chapter 3), and its
application to our observations of IRC +10216 follows in Chapter 4.
Detailed models have not been constructed for the survey sources,
but we have used models constrained by the available data to

estimate the abundance of SiS in their shells,
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Table 2.1. The SiS Spectrum of IRC +10216.

- —— o o St A S S S A o S Tt A e W . . e S o e s S

Line Frequency Telescope Beamwidth Efficiency T

R Phase a
(GHz) (Aremin)  n qe . (K)
(1) (2) (3) (4) (5) (6) (7
1-0 18.15 OVRO 1.6 0.27(.007) 0.2 b
2-1 36.31 MPI 0.45 0.7 0.4 c
5-4 90.77 FCRAO 0.97 0.64 0.90(.026) 0.1
080 0.70 0.55 1.7 0.0 d
6-5 108.92 OVRO 1.06 0.60 0.76(.06) 0.03 e
0.63 0.75(.05) 0.83 f
7-6 127.08 OVRO 0.78 0.60 0.80(.04) 0.45
12-11 217.82 MWO 1.3 0.56 0.66(.08) 0.12
13-12 235.96 MO 1.3 0.50 0.78(.40) 0.13
14-13 254.10 MW O 1.3 0.45 0.85(.12) 0.72
15-14 272.24 MWO 1.3 0.40 1.20(.17) 0.72
16-15 290.38 MWO 1.2 0.40 0.55(.10) 0.04

Note. Error limits are 1 o

a. Assuming a period of 644 days and epoch 1982 January 2.
b. From Sahai and Claussen 1984,

¢. From Grasshoff, Tiemann and Henkel 1981.

d. From Olofsson et al. (1982).

e. 1982 January observations.

f. 1983 June observations. Refer to Figure 2.24d.
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SiS J = 7-6 Survey Results.

Object Coordinates VLSR Ty
R.A.(1950) Decl.(1950) (km s™1)  (mK)
(1) (2) (3) (4) (5)
CRL618 04h39m3388 +36°01'15. ~35.0 (117)
CRL 865 06 01 17.5 +07 26 03. 43.0 (111)
IRC+10216 09 45 14.8 +13 30 40. -26.0 800 (123)
CIT 6 10 13 12.0 +30 49 24, -1.5 (066)
V Bydra 10 49 11.3 -20 59 05. 2.0 (144)
RX Boo 14 21 56.7 +25 55 49. 0.0 (066)
V CrB 15 47 44.1 +39 43 23. 15.0 (096)
Sgr B2 17 44 10.0 -28 21 16. 52.0 (195)
Chi Cyg 19 48 38.5 +32 47 12. 10.7 (243)
CRL 2688 21 00 20.0 +36 29 44, -34.5 (201)
NGC 7027 21 05 09.5 +42 02 03. 24.2 (156)
CRL 3068 23 16 42.4 +16 55 10. -28.0 (174)
IRC+40540 23 32 00.4 +43 16 17. -18.0 (201)
Note. Limits are 3 o over a 2 MHz range.

a, Noise is 3 o over a 0.2 MHz range.



-21-

Table 2.2b. SiS J = 6-5 Survey Results.
Object Coordinates VLSR Ty
R.A.(1950) Decl.(1950) (km s™1)  (mK)
(1) (2) (3) (4) (5)
IK Tau 03h50m435,7 +15930'34. 34.0 (084)
IRC+10216 09 45 52.2 +13 30 40. -26.0 760 (180)
750 (140)
CIT 6 10 13 12,  +30 49 24, - 1.5 57 (033)
Y Cvn 12 42 46. +45 42 48. 3.4 (141)
RT Vir 13 00 05. +05 27 06. 18.4 (147)
RX Boo 14 21 56.7 +25 55 49. -2.0 (087)
IRC+20370 18 39 41.7 +17 38 16. 2.0 50 (036)
IRC+00382 18 47 58. +04 32 30. 13.0 (264)
Chi Cyg 19 48 38.5 +32 47 12. 10.7 (180)
V Cyg 20 39 41.3 +47 57 45, 10.0 (204)
CRL 2688 21 00 20.0 +36 29 44, -34.5 70 (060)
Note. Limits are 3 o over a 2 MHz range.

a. Noise is 3 o over a 0.2 MHz range.

b. 1983 June observations.

The noise is over a 2.06 MHz

range. The spectrum in Figure 2.2d is with 2.06 MHz filters.

c¢c. The spectrum in Figure 2.2a is with 0.8 MHz filters, Hanning

smoothed,

d. The spectrum in Figures 2.2b and 2.2c is with 2.06 MHz

filters, Hanning smoothed.
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FIGURE CAPTIONS

Figure 2.1a, The SiS spectra of IRC +10216, excluding the
J = 5-4 line. See Table 2.1 for a summary of these and other

observations of SiS. The J = 1-0 line has been provided by Sahai

and Claussen (1984).

Figure 2.1b. The J = 5-4 line of IRC +10216 obtained with the
FCRAO 14 m dish.

Figure 2.2, Detections of the J = 6-5 line of SiS in other
objects. On the vertical axis is plotted TR' a). CIT 6 (0.8 MHz
filters); b). CRL 2688 and c) IRC +20370 (2.06 MHz filters).
Hanning smoothing has been applied to these spectra. The J = 12-11
lines of C,N are also detected in several of these sources, lying

on the right as marked. (d) SiS and C,N 1ines in IRC +10216 (2.06

MHz filters).
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CHAPTER 3

A MODEL FOR INTERPRETING ROTATIONAL LINES

FROM CIRCUMSTELLAR ENVELOPES
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3.1. INTRODUCTION

In this chapter we describe a simple numerical method for
treating the excitation of, and radiative transfer between, the
rotation and vibration-rotation levels of molecules in expanding
circumstellar envelopes. The model has been used in the following
chapter to interpret the SiS rotational lines, whose observations
were described in the previous chapter. This work is based on a
similar model (hereafter referred to as the MA model) described in
Morris (1975), Morris and Alcock(1977), and Morris (1980). The
code for the numerical scheme was an extensive modification of that
used in the papers mentioned above., For the sake of continunity, we
will describe our model completely, with increased emphasis on the
sections which represent major improvements and new additions to

the MA model.

3.2. THE ENVELOPE MODEL

In order to determine the molecular excitation as a function
of radius, the circumstellar envelope is divided into a large
number (up to a maximum of 75) of thin spherical shells or zones,
with the width, Ar, being smaller for the inner zones as compared
to the outer zones, This allows for the more rapid radial

variation of physical conditions closer to the star.
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We calculate the level populations at any given radius by
solving the equations of statistical equilibrium at that point.
This requires a knowledge of the mean angle-integrated,
velocity-integrated intensity J of the radiation field at the
frequencies of the rotation and vibration-rotation lines. We
idealize the physical processes and conditions relevant to the

molecular excitation in circumstellar shells in the following

manner:

1) The circumstellar gas cloud is assumed to be spherically
symmetric, and expanding with a constant velocity in all but the
innermost regions (r ¢ 1015 c¢m). For radii smaller than 1015 cm
the expansion velocity increases with radius in a manner similar to
that described by Goldreich and Scoville (1976) in their model of

an OH/IR envelope.

2) The mass loss rate from the central star is assumed to be
constant; this produces an r2 fall-off of gas density for radii
where the expansion velocity has reached its terminal value. The
mass-loss rate (dM/dt), velocity V(r), and gas density p(r), are

related through the equation of continuity

dM/dt = 4nr2p(r)V(r) . (3.1)

3) The variation of gas temperature with radius is taken from
the model by Kwan and Linke (1982) for the molecular envelope of
IRC +10216. Since the various heating and cooling mechanisms

depend on the mass-loss rate and abundances of the major coolants,
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we have included a scale factor in the temperature function.

The temperature and the gas density together determine the
collisional excitation of the rotation and vibration-rotation

levels through collisions with H, molecules (collisons with
electrons can be neglected because the gas in the envelope is
mostly neutral). Cross sections for transitions through collisions

with H, for some molecules are available in the literature (e.g.,

CO -—- Green and Thaddeus 1976 and CS -- Green and Chapman

1978) and have been used accordingly. For molecules for which no
information is available, the CO cross sections have been used.
Since most molecules, except CO, are excited by the infrared field
present in the envelope, collisional excitation is unimportant, and

the lack of good cross sections is not a serious handicap.

4) The infrared field at AL 2 - 20 pm, produced by thermal
reemission from circumstellar grains is responsible for exciting
the millimeter and infrared lines of many molecules via transfer of
population from the ground vibrational state (V = 0) to the first
excited state (V = 1) and subsequent cascade down to the V = 0
state. As a first approximation, we have simulated this effect by
taking the infrared source to be a blackbody, of a temperature
determined from the near infrared color, and of an angular size
determined by the measured infrared fluxes. The inner radius of
the circumstellar shell in our model corresponds to the radius of
this blackbody. This assumption is not a good one when the

observed lines, e.g., the vibration-rotation lines of CO at 4.6
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um, are produced in the region where the dust and gas are

coextensive.

5) The radial variation of abundance of the molecule under
consideration is treated as a variable. Photodissociation by the
interstellar ultraviolet radiation is probably one of the major
physical processes affecting the molecular abundances; therefore
we calculate the radial abundance using the photodissociation

analysis described by Huggins and Glassgold (1982).

3.3. RADIATIVE TRANSFER AND STATISTICAL EQUILIBRIUM

When lines are optically thick, one must include in the mean
intensity J the contribution of transferred line radiation from
other parts of the envelope. Sobolev (1958, 1960) showed that,
when a large scale velocity gradient is present, this contribution
is a function of physical properties only in the mneighborhood of
the point of interest (hereafter referred to as P) because the line
radiation from points farther away is doppler shifted out of the
local absorption profile. For a constant expansion velocity, this
is true for rays in tangential directions (perpendicular to the
shell radius), but along radial directions, there is no gradient.
Therefore, the Sobolev approximation cannot be used to calculate
the contribution to the mean intensity from transferred radiation

along radial and near radial directions.
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a) Zone of Radiative Contact

Morris and Alcock (1977) first realized that the zome of
radiative contact of a molecule at any radial point was still
limited to a narrow radial geometrical region. Their calculation
of the geometry of the radiative contact zone was based on the
assumption that two molecules are in radiative contact if their
relative velocity is smaller than the local linewidth. However, it
is actually the relative velocity, projected onto the line of sight
joining the two molecules, that determines the zone of radiative

contact.

The geometrical shape of the radiative contact zomes in the MA
model is conical with the opening angle equal to sin"1(AV/V), and
is quite different from the one calculated in our model, as
displayed in Figure 3.1. In this figure the area from the X-axis
to any of the curves represents the region of contact for a
molecule placed at a radial distance of 0.3 units on the X axis.
The X and Y axis originate at the center of the envelope, and
rotating the boundaries of the contact zomes around the X-axis
generates the three-dimensional shape of the radiative contact
volume. The shape of the radiative contact zone is a function of
velocity offset (as a fraction of the expansion velocity V) from

line~center; therefore we have displayed the shape at two offset

velocities, AV/V = 0.05 and 0.017.
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b) The Mean Intensity J

The calculation of J requires an integration over the
intrinsic line profile, assumed to be rectangular of width AV
(Morris 1975, Morris and Alcock 1977). We take AV to be constant

with radius for each particular model.

To determine J we sum various contributions to the mean
intensity. In Figure 3.2 we show the division of the envelope into
different spatial regions (described in the following text) for
calculating J. The boundary of the radiative contact zone is shown
for a AV/V = 0.05. The elliptical curves in the figure represent

the boundaries of the spherical thin shells into which the envelope

is divided.

i) Non-local Contribution

The first contribution comes from line radiation produced in
the radiative contact zone internal and external to P, The
contribution to the mean intensity from each thin shell, is given

by
8F = B(T_ ) {1-exp(-At,)} exp(-At) AQ/4n (3.2)

wvhere B(T_ ) is the Planck function at Tey» the excitation
temperature in the thin shell, Atz is the optical depth
correponding to the shell-width, At is the optical depth due to
material between thin shell and P, and AR is the solid angle

subtended by the thin shell at P. In replacing the integration
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over solid angle by & simple multiplication by AQ we assume that
the excitation temperature and optical depth terms do not change
significantly over the range of integration. Since the geometry of
the radiative contact zone is a function of velocity offset from
line-center, Al changes with velocity. To account for this, we
calculate AQ at a number of velocity points within the intrinsic
line width and find a mean value, which is used in Eqn. 3.2. For
the assumed rectangular profile, all velocities are weighted
equally. The sum of 8J’'s from all thin shells internal and

external to P then gives the first contribution.

ii) Local Contribution

For the second contribution, which comes from the thin shell
containing P (’Local Zone' in Figure 3.2), the 4n solid angle at P
is divided into three regions. The first covers the angle from the
radial direction towards the star to the crossing point (C,)
between the radiative zone boundary and the inner side of the thin
shell. A second region covers a similar angle from the radial
direction away from the star to the crossing point (C,) with the
outer side of the thin shell, and a third region covers the
remaining angular region (Sobolev Region). In the last region,
hereafter referred to as the Sobolev region, since it includes
tangential directions along which the velocity gradient is large,
the Sobolev approximation should be valid. The contribution to the
mean intensity from this region, calculated using the escape

probability given by Castor (1970), suitably modified to restrict
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the range of integration over angle ( / C,PC;), is given by

AT = § (1-Bg) (3.4)

where S is the source faunction, BS = Idp ﬁu, and 3u is the escape
probability per unit solid angle. The latter quantity is defined

by

Bu = [1 + exp{-t(r,pn)}1/x(zr,p) (3.5)

where t(r,pn) = t}j / (1 + pza) is the optical depth in the
direction at an angle ¢ = cos'lp with the radius vector, and

o = [d(ln V)/d(1ln r) - 1], where V is the radial expansion
velocity. The tangential optical depth tij = (her/4nV)B gi(nj'ni)'
with D; and n; being the sublevel molecular demnsities in the j and

i levels, where B is the Einstein absorption coefficient.

The contributions from the other regions are calculated by

integration of the escape probability over solid angle and

velocity:

AJ = S(1—BM) (3.6)
where

By = [a0/4n [ax [av/aV exp(-t) . (3.7)

The rays along which the optical depth is evaluated are restricted
to extend from P to the boundary of the thin shell, because the
transferred line radiation from gas outside the thin shell has been

accounted for in the previously considered contribution from the
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internal and external zones. This is equivalent to saying that a
photon generated at point P, is considered to have escaped from the

local region if it crosses over the zone boundary into an external

or internal zone.

iii) 3 K Background Contribution

The third (and last for the rotational lines) contribution
comes from the cosmic 3 K background. The 4n solid angle at point
P is again divided into the three angular regions described above,
and the contribution from the 3 K continuum is calculated for each
region by replacing the line source function S with the Planck
function at 3 K in equations 3.4 and 3.6. However, the rays along
which the optical depth is calculated (Eqn. 3.7) extend from point

P to the outer boundary of the circumstellar shell,.

iv) Central Infrared Source Contribution

For the vibration-rotation lines, an additional contribution
is the thermal emission from heated dust comprising the central
infrared source. A simple but approximate way of calculating this
is to ignore the radial structure of the infrared source and to
assume that the continuum is produced by a central blackbody.
Since the absorption due to molecules between the infrared source
and P has to be taken into account when evaluating the mean
continuum intensity, the assumption of a single, central source is

good only if the radial optical depth in the vibrationm—rotation
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lines is small. In such a case, the excitation in the outer
regions of the shell is not severely affected by the model
assumptions in the inner regions. Such is probably the case for
molecules like SiS and SiO. However, for a more abundant molecule
like CO the opacity in the vibration-rotation lines is

extremely large in the inner regions. There, the continuum
producing region is coextensive with the gas, and the assumption of
a central blackbody source is invalid. In this case a more
sophisticated calculation of the mean infrared intensity is

required. We describe the details of such a calculation in Chapter

6.

Starting with a trial set of level populations in each thin
shell, the mean intensity J is determined in each shell, for all
the rotation and rotation-vibration lines, by summing the
contributions described above. The statistical equilibrium
equations are then solved in each shell, generating a new set of
level populations for the next iteration. This cycle is continued
till the level populations in each shell, from successive

iterations, differ by less than a specified amount.
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3.4. MODEL LINE PROFILES

In order to determine the model velocity profile of a
specified rotational line, for a given observing beam-size, we
first calculate Tb(p.Vp). the excess brightness temperature in the
line at an offset velocity Vp from the center, received by an
observer from a direction intersecting the envelope at a projected

distance p from the center of the envelope. This can be expressed

as
L+
Tb(P'vp) = f I(x) dx(p,Vp) (3.8)
Ta
where
I(r) = (cz/Zkyoz){Byo[Tex(r)] - BVQ[TBB]} (3.9)

is the intensity expressed in temperature units. The quantity
By(T) is the Planck function at frequency Y and temperature T;
Tex and Tgp are, respectively, the excitation temperature of the
observed transition and the temperature of the background
continuum, and Y, is the rest frequency of the observed

transition, The radius r, the impact parameter p, and the offset

velocity Vp are related by the equation
2=p/[1- v n? 1. (3.10)

The integration limits t, and t., respectively, are the optical

depths from infinity into the points r, and r,, defined by equation

(3.10), with Vp replaced by V- AV/2 and Vpt AV/2. (For the
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assumed rectangular shape of the intrinsic line profile, emission

at velocity Vp arises only from molecules lying along the line of

sight between r, and r,.)

The brightness distribution of the envelope in the lime, at
velocity Vp, is then convolved with a Gaussian beam response having
a full width at half-maximum equal to the beam—-size of the
observing antenna. We thus obtain the model antenna temperature in

the specified line as a function of velocity, for comparison with

the observed line profile.

Ve have tested our numerical scheme by comparing the model
predictions with analytical results for several limiting cases.
For an envelope unresolved by the beam, the model profiles for
optically thin lines are flat-topped, whereas those for optically
thick lines are parabolic, in agreement with the analytical
expressions given by Morris (1975, Appendix). For an envelope with
high gas density, where the collision rates dominate the radiative
rates, the model excitation temperatures for all lines are close to
the adopted kinetic temperature, as expected. For an envelope with
very low gas density, such that the radiative rates dominate the
collisional ones, with both the central infrared source and
background continuum having the same temperature TIR' the

excitation temperatures of all lines in the model have the same

value TIR'
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In the next chapter, we use our numerical scheme to model our
observations of SiS lines from the IRC +10216 envelope, which were

described in the previous chapter.
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FIGURE CAPTIONS

Figure 3.1. The radiative contact zone for a molecule
(located at P) in a spherical envelope expanding with constant
velocity V, at two different velocity offsets (A) from line center.
The unbroken traces display the correct zone shape (as described in
this chapter), whereas the broken traces display the zone shape

described by Morris and Alcock (1977).

Figure 3.2. The division of the circumstellar envelope for
calculating the mean angle-averaged, velocity—averaged intensity J
in a given line for a molecule located at P. The elliptical curves
represent the boundaries of the spherical thin shells into which
the envelope is divided. The contribution to the mean intensity
(at P) at a fractional velocity offset AV/V = 0.05, comes from the
volume enclosed by the radiative contact zone boundary (heavy

trace) rotated around the X-axis.
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CHAPTER 4

MODELS OF SiS LINES FROM IRC +10216 AND OTHER STARS

Note: - - Chapter 4 is included in a paper entitled ’'SiS in
Circumstellar Shells’ (Sahai, R., Wootten, A., and Clegg, R. E. S.

1984, The Astrophysical Journal, Vol. 284).
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4.1. THE IRC +10216 OUTER ENVELOPE

a) Physical features

The structure of the circumstellar shell of IRC +10216 has
been discussed in detail by numerous authors. In our model the
variation of gas density with radius has been taken to be a power
law of the form n(r) = k r ®. A constant loss rate of SiS
molecules has been assumed, This corresponds to a = 2 in the
region of the shell where the expansion velocity has reached its
terminal value. The expansion velocity has been modeled after
Goldreich and Scoville (1976) to approach 15 km g1 asymptotically.
The numerical constant k is derived from the mass loss rate M,
assumed to be 9 x 107 Mg yr-l (Kwan and Linke 1982) for our adopted
distance of 300 pc. In the inner regions of the shell, where the
outflow is in a state of acceleration, the parameter k is allowed
to vary with radius, while a is kept equal to 2. A local
microturbulence of 0.67 km s 1 (discussed later) has been

superposed.

b) SiS Excitation

Radiative processes dominate the excitation of SiS in
IRC +10216, as first noted by Morris (1975). The molecule is
excited from the ground to the first vibrational state by

absorption of photons at 13.34 ym. The flux at 13 pm is emitted by

dust grains which have been heated by stellar radiation.
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In our model, the infrared radiation field has been
approximated by a 600 K blackbody approximately 2 x 1015 ¢m in
radius, which matches the 10 pm source observed by Toombs et al.
(1972). The radius is allowed to vary in the calculations to match
the observed variation of the infrared flux from the envelope at
12 um, which amounts roughly to a factor of 3 from maximum to
minimum (Merrill 1983). At phase 0.0 of the infrared light cycle,
which we will refer to as "maximum light,” the 13 pum continuum flux
is taken to be 1.2 x 10713 Watts cm 2 pm_l. and at phase 0.5, or
"minimum light,” the flux is one—third this value. The cosmic
background radiation and trapped SiS line radiation have been
included in the calculation of the radiative excitation of the V =

0 rotational levels.

Radiative rates in the rotational levels have been calculated
using a dipole moment of 1.73 Debyes., The absorption strength of
the fundamental vibrational band of SiS in the gas phase is
unknown. Atkins and Timms (1977) have observed this band by
trapping SiS in a krypton matrix at 12 K. Timms (1982) finds an
absorption strength 0.2 times the strength of the SiO fundamental
band, for which a measured value is available. From this we
estimate that the infrared matrix element might be Hig = 0.06
Debyes, which is much smaller than the Hyp = 0.7 Debyes required by
HMM in their model of the J = 1-0 maser emission. We have also
found that the smaller value does not adequately reproduce the

observations and have adopted an intermediate value of Hig = 0.15
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Debyes.

Collisional excitation has also been included using CO-H,
cross sections (Green and Thaddeus 1976) for transitions in the
ground vibrational state of SiS. The gas kinetic temperature,
required for the above, is assumed to vary with radius as given by
Ewan and Hill (1977). Collisional excitation of SiS lines is not
important in the IRC +10216 envelope, so the particular choice of

cross sections and kinetic temperature only weakly affects our

results.

¢) Photodissociation and Radial Abundance

Since so many transitions of SiS have been observed, each of
which has a different semsitivity to various regions of the shell,
we have included a radial variation of the SiS abundance as a
parameter in our model. The abundance of SiS is expected to
decrease as the molecules are photodissociated in the outer
envelope (Huggins and Glassgold 1982). As the extent of SiS
emission in the shell appears to be quite limited (Olofsson et al.
1982), we have used an upper limit to the photodissociation rate to

judge the importance of this process in the shell,

Physical parameters for the SiS molecule are lacking in the
literature, and we could uncover no data on its photodissociation.
For a dissociation energy of 6.42 eV, the threshold must lie below

1930 %. and electronic transitions have been observed only down to
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2386 A at present. We write the photodissociation rate as
R = Ryexp(-pAy), where Ry is the rate for the unattenuated
interstellar ultraviolet radiation field, and B is a scaling

factor. Prasad and Huntress (1980) estimate B to be 2.3 and R, to

be 10710 ™1, HMM estimate R, to be 10'11. An upper limit may be

calculated from the f-value sum rule, and we can write
R, = (ne/mc)pf < 4.5 x 1077 s~ 1,

where #, the intensity of the unattenuated ultraviolet field in
photons em 25 10271 is taken from the expression in van Dishoeck
and Black (1982), evaluated at 1900 A. We have adopted for our
calculations R, = 1.6 x 10'9 s1 and B =3.9. Figure 4.1 shows the
adopted variation of SiS, and the photodissociation byproducts S
and St with radius, generated using the analysis given by Huggins
and Glassgold (1982)., Specifically, we used equation (B7) in

Appendix B of their paper, where the parameter M is related to B

through the relation M = 1.05 x 1021p~1,

The adopted photodissociation rate, R,, in the absence of dust
extinction, is anomalously large when compared with that of other
diatomic molecules such as CO (5 x 10712) and €S(1 x
10711y | However, we require such a large photodissociation rate to
limit the extent of the SiS shell to a fractional abundance at 9 x
1016 cm, of ome-half the 'undissociated’ value in the shielded
inner envelope ( r ¢ § x 1016 cm), in order to produce the rounded

shapes of the observed J = 7-6 and J = 6-5 lines at OVRO, and the
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intensities, relative to the on-source intensity, of the J = 5-4
line observed with the Onsala beam at offsets of 22" and 44"
(Olofsson et al. 1982)., VWe discuss later how unique our

particular choice of B is.

Amalgamation onto grains provides a possible sink for SiS
molecules which might operate at smaller radii than
photodissociation. Because of the large uncertainties in grain
surface processes, prudence dictates that the extent of SiS
emission is best treated as a variable in our model. The outer
radius of the circumstellar shell is taken to be 1.5 x 1017 cm. At
this radius, the SiS abundance has fallen to less than 0.2 % of the
undissociated abundance, and the contribution to the line emission
from larger radii can be ignored. The best fit to the observed
lineshapes occurs for the model with an undissociated abundance

ratio of [SiS]/[H,] = 2.4 x 1077.

d) Intrinsic Line Width

A value of 0.67 km s ! was adopted for the intrinsic line
width AV, but models were also tried with AV = 0.22 and 0.31 km s !
since HMM suggested a value of 0.3 km s, based on their
observations of the masing blue wing of the J = 1-0 line. The
effect of decreasing AV, as demonstrated in the SiO models of
Morris and Alcock (1977), is to increase the radial optical depth
and thus reduce the IR flux reaching a given radius. This results

in a significant decrease in the intensities of the high-J lines.
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In our models, the antenna temperatures of the J = 12-11 line were
0.33, 0.26 and 0.20 K at AV values of 0.67, 0.31 and 0.22 km s 1,
whereas the observed intensity is 0.66 + .24 K (30). A second
constraint on AV is provided by the sharp éusps observed in the
line wings of the J = 5-4 line at 13 km s 1, For AV = 0.67, the
cusps in the model profile occur at 13 km 3_1; however, for AV =
0.22 end 0.31 km s 1, they occur at 14.5 km s 1. Thus, the
observed values for the T, of the J = 12-11 and other high J lines
and the velocities of the cusps of the Onsala 5-4 line are best

fitted with a intrinsic line-width AV = 0.67 km s 1.

The difference between our value of AV and the value suggested
from the 1-0 observations (HMM) could be understood if the local
microturbulent line width were not constant throughout the envelope
and if the 1-0 line were produced in a different spatial regionm of
the envelope from the J = 5-4 and higher J lines. Support for this
contention is given below. It is also possible that the widths of
the masing features have been reduced below the Doppler linewidth
because of gain narrowing (Goldreich and Kwan, 1974). In fact, HMM
say that the actual microturbulent linewidth could be 0.5 km s"1 if

line narrowing in an unsaturated maser was accounted for.
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4.2. MODEL CALCULATIONS

a) Excitation Temperatures and Optical Depths

The modeling program computes the populations of the twenty

lowest rotational levels in the ground and first excited
vibrational states of SiS as a function of radius. These are then
used to calculate line profiles of the observed transitions as seen

by the various telescopes.

Curves of excitation temperature and tangential optical depth
as a function of radius are shown for a number of representative
transitions in Figure 4.2. For transitions from J = 1-0 to
J = 5-4, a population inversion occurs in the inner regions of the
envelope. This inversion occurs because the process of infrared
excitation and decay results in a net upward shift in the
populations of the ground and lowest few rotational states (Morris
and Alcock 1977). This shift is sensitive to the infrared flux and
the inversion reaches higher transitions as the infrared flux from

the hot dust increases.

The excitation temperature of the 1-0 transition (Figure 4.2a)
remains negative over the radial extent of the envelope which we
have considered. At maximum light, the excitation temperature is
even more negative, as the pdpulation shifts to higher levels. The
optical depth for this transition is small, however, because of the

low populations. For a model tailored to match the lower
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luminosity star CIT 6, with an apparently less massive envelope,
the region of inversion is still present, but with more limited
radial extent because the 13 pm flux is smaller. The optical
depths in this case are even smaller due to the lower mass loss
rate. In the CIT 6 model, no population inversion occurs in

transitions higher than the J = 1-0 line.

The negative excitation temperature for the J = 5-4 1line
occurs over a more limited radial extent than for J = 1-0, since it
is higher up the rotational ladder (Fig. 4.2a). The radius of the
region with inverted populations nearly doubles in size as the
luminosity of IRC +10216 increases from minimum to maximum light.
Although the J = 5-4 optical depths remain low, they are higher
than the J = 1-0 line optical depths (at maximum light) and very
weak maser emission could be detectable. The behavior of two
higher transitions in IRC +10216 is displayed in Figure 4.2b. The
J =7-6 and J = 12-11 lines require sufficiently high excitation so
that population inversions do not occur in the region of the
envelope which we have studied, though the curves for the J = 7-6
line excitation temperature and optical depth at maximum light show
evidence that an inversion of these levels is incipient. The
optical depth for these transitions is considerably higher at
minimum light, when they contain relatively larger fractions of the
total SiS population. The radius at which highest t occurs moves

outward only slightly as the star brightens.
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A detailed examination of the model line profiles indicates
that weak maser emission is expected to be a characteristic of
lines lower than the J = 5-4 line, and that this emission has its
largest observable effect at maximum light. These profiles
demonstrate how the dilemma posed by the observed differing line
shapes might be resolved: the discordant Omnsala J = 5-4 profile
was obtained closest to maximum light, and it was observed with the
smallest beam, which should focus on the inner region with
population inversion. The cusps on that profile almost certainly
originate in weak maser emission such as we have described.
Interferometric measurements of this line with approximately 8"
resolution, corresponding to the theoretical size of the masing

region, would provide a definitive test of our model.

b) Time-Variability

We have not endeavored to solve the level populations in their
full time varying detail. However, the SiS excitation in
IRC +10216 is predominantly radiative, and the radiative rates are
fast compared with the stellar period. Therefore, the time

variability of SiS emission should be described well by a sequence

of steady-state models.

Aside from the maser emission, intensity variations might be
observable in the other low-lying SiS lines as the star varies.
Our models suggest that this effect would be most observable in the

lowest transitions since the variations above the J = 6-5 line
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occur within a small fractional area of a 1’ beam. Interestingly,
the lowest lying levels should vary in a sense opposite to the
stellar variation due to population shifting upward as the star
brightens. For lines at A ~ 1 mm, the variation should occur in
the same sense as the stellar variation, but it will be of smaller
magnitude as the SiS populations are diluted by being spread over
many levels. In our models, the variation is least apparent in the
J = 6-5 line. Careful monitoring of the variability of the lower
transitions and a measurement of any phase lag between ome of these

and the stellar variability could yield valuable information on the

radial location of the emitting regions.

In Figures 4.3a and 4.3b we show computed profiles at maximum
and minimum light for the J = 5-4(Onsala), J = 6-5(0OVRO),
J = 7-6(0OVRO), J = 12-11(MWO0), and J = 13-12(MWO) lines appropriate
for the observations of IRC +10216 (Figure 4.3c shows the
predictions for a model of the less luminous, lower mass—loss star
CIT 6). The pronounced double peaked shape of the J = 5-4 line
results from the weak maser emission we have described in the inner
regions of the shell. The highest optical depths in all the lines
occur at the extreme velocities, so it is there that the effects of
the infrared excitation are most pronounced. The cusped feature is
very sensitive to the stellar 13 um flux, as can be seen from the
maximum and minimum light profiles shown in Figures 4.3a and 4.3b,
respectively. In fact, as Table 2.1 shows, the J = 2-1 and J = 7-6

profiles were obtained at minimum light, while the rest were
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obtained nearer to maximum light, and the discordant Onsala J = 5-4
profile was obtained closest to maximum light of all those in Table
2.1. It is significant that the flat-topped profile of the J = 5-4
line published by Morris et al. (1975) was taken near minimum

light (phase = 0.4) with the 1’'.25 NRAO beam.

A recent (1984 May 5) measurement (Olofsson 1984) of the J =
5-4 line at Onsala near minimum light provides excellent support
for our model. The line profile has a slightly concave shape and
shows no evidence for the sharp cusps seen in the maximum light

profile, in good agreement with the model profile for the 5-4 line

shown in Figure 4.3b.

We also computed the J = 5-4 line profile for the Onsala beam
offset from the center of IRC +10216. The intensities in the
center of the line are 0.67 K and 0.12 K at offsets of 22 and 44
arc-seconds, which are 57 and 10 % of the on-source line intensity,
in good agreement with Olofsson et al. (1982) who obtain 60 and 10
%. Unfortunately, they do not present spectra at the offset map
points with sufficient velocity resolution to enable us to compare
our model profiles with the observed omes. At 22" offset, the line
wings in our model are strongly suppressed and the line appears
almost flat-topped, whereas at 44" the line looks rounded. This is

in agreement with their qnalitative description of the offset

spectra.
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To test the uniqueness of our choice of § (the ratio between
the the extinction at the photodissociation frequency and the
visual extinction) models were also computed with B = 2.3 (as given
by Prasad and Huntress 1980). This resulted in J = 5-4 relative
line intensities of 50 and 6 % at 22" and 44", in disagreement with
the observations. However, the poorer signal-to-noise ratio in the
offset spectra as compared with the on-source spectrum does not

completely rule out such a value of B.

Our model profile of the J = 5-4 line as would be observed in
the FCRAO beam at maximum light is doubly peaked with cusps 1.1
times stronger than the line center. This is in reasomable accord
with the observed cusp—to-center ratio of 1.2. Our predicted

absolute line-center intensity is 0.68, as compared with the

observed value of 0.73 (Fig. 1b).

We have also modelled the J = 4-3 line, observed at Onsala
(Nguyen~Q-Rieu et al. 1984, Johansson et al. 1983) in 1982
November, close to phase 0.5 of the infrared light cycle. The
predicted profile from our minimum light model has an intensity of
0.85 K at the line-centre, as compared with 0.8 K from the
observations., However, the fit is not perfect, because the model
profile shows a slight increase in intensity towards the edges,
reaching a maximum intensity of 0.94 K at 13 km s"1, whereas the

observed line profile is mostly flat-topped with slightly rounded

edges.
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c) Infrared Line Overlaps

Though the model described above produces line profiles in
reasonable agreement with observations, there are some differences
which require discussion. In particular, for the Onsala J = 5-4
line, the observed ratio of the antenna temperature in the line
wings to that in the center is 1.4, whereas our model gives a ratio
of 1.25. Also, whereas our model predicts roughly comparable
intensities for the high J lines from J = 12-11 to J = 16-15, our
observations show that, although this is the case for the
J =12-11, 13-12, 14-13, and 16-15 lines, the J = 15-14 line is
anomalously strong, The J = 1-0 line, whose masing line wings are
also not well produced by our model, will be discussed later. It
seems, therefore, that there exists some physical process, not
considered in our model, that selectively overexcites the J = 5-4

and J = 15-14 lines.

The overlap of infrared lines in the 13.4 pum region from some
other molecule with selected vibration-rotation lines of SiS is a
likely candidate to explain the two anomalies. Assuming that a
single molecule is responsible, we narrowed our search by noting
that (1) it should be an abundant molecule in the carbon-rich
atmosphere of IRC +10216, with a strong infrared band in the 13.5
pm region, and (2) succesive infrared lines in the band should be
separated by an integer fraction of separation between the
vibration-rotation lines R(4) and R(14) of SiS, in order that the

overlap occur. Since the separation between succesive infrared
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vibration-rotation lines is directly proportional to the rotational
constant B,, it was clear that the interfering molecule must have a
rotation constant either 10 times or 5 times that of SiS. A value
of 5§ would imply that the R(9) SiS line would also overlap,
resulting in an anomalous J = 10-9 line intensity (unobservable
from the ground due to an atmospheric water line at 180 GHz).

Since we could not find an obvious molecule with a rotation
constant 10 times that of SiS, we tried 5 and found an immediate
answer — HCN! Its J = 1-0 line at 90 GHz is 5 times the

frequency of the J = 1-0 line of SiS at 18 GHz and it has its

lowest excited vibrational state 14 um above the ground state.

To verify that the proposed overlap does exist, we have
compared the SiS vibration-rotation line frequencies, calculated
using the molecular constants given by Huber and Herzberg (1979),
with those of HCN given by Yin and Rao (1972) for the Y,
vibrational mode. And indeed, we find the following overlaps (in

order of increasing wavenumber)

Si$ HCN

P(14)=735.74 cm™l  R(7) =735.616 cm1
P(5) =741.43 cm 1  R(9) =741.508 cm~1
R(4) =747.47 cm™l  R(11)=747.406 cm~1
R(9) =750.38 cm™ !  R(12)=750.347 cm~1

R(14)=753.22 cm~1 R(13)=753.293 cm~1
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A search for other molecules with strong infrared bands in
this region reveals that acetylene (C,H,) also has an intense
infrared band in the 14 um region. The frequencies of the C,H,
lines have been taken from the high resolution measurements of
Palmer, Mickelson, and Rao (1972). The overlapping lines are

listed below :

Sis C,H,

P(17)=733.80 cm™ !  R(1) =733.860 cm !
P(13)=736.39 cm 1  R(2) =736.222 cm1
P(6) =740.81 cm !  R(4) =740.919 cm~1
P(2) =743.27 cm™l  R(5) =743.267 cm 1
R(1) =745.69 ecm !  R(6) =745.619 cm 1
R(5) =748.06 cm™l  R(7) =747.968 cm !
R(9) =750.38 ecm 1  R(8) =750.300 cm™1
R(13)=752.65 cm 1  R(9) =752.668 cm™1

R(17)=754.88 cm 1 R(9) =755.003 cm~!

The molecular constants used for calculating the SiS frequencies
are not very well determined. The most uncertain is w,, for which
the 1 o error limit is 0.16 cm 1 (as quoted in Table VIII of Harris
et al. 1982), with smaller uncertainties in the other constants.

These uncertainties have been kept in mind while making our list of

overlaps.
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Intense absorption lines of the Y, pand of C;H, at 3300 cm_l.
and the Y, band of HCN at 3312 cm~ 1 have already been observed
by Ridgway, Carbon, and Hall (1978) in the circumstellar shell
aroond IRC +10216., P Cygni emission can be seen redwards of the
absorption features in their spectrum. Therefore, there can be no
doubt that the Y, band of C,H, and the ¥, band of HCN will
produce deep absorption at the expansion velocity, and substantial
emission redwards of the absorption feature, because tﬁese bands
are as strong (in C,H,) or stronger (in HCN) than the observed
ones. In fact, a spectrum of IRC +10216 in the 12 pm region shows
P Cygni profiles for lines identified to be from the C,H, ¥s band

(Ridgway 1984).

d) The J = 1-0 Line

The observed J = 1-0 profile differs from all others in its
very strong line wing emission, as Figure 2.1 shows. Our model has
been tailored to reproduce the spectra observed in the higher
rotational lines and does not reproduce the wing features of the
J = 1-0 spectrum. HMM proposed a model which matched the J = 1-0
line fairly well, but they did not give any predictions for the
higher transitions. It differs from ours in several respects.
First, it requires an SiS abundance twice as large as that which
best fits all the high rotational lines we have modeled, but is

probably within reasonable estimates of the abundance uncertainty.

Second, HMM treat Mig as a free parameter, choosing a value of 0.7
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Debyes, which is rather large for similar molecules [e.g., H1R(8i0)
= 0.093, pyp(CO) = 0.096], and much larger than the only laboratory
estimate (Timms 1982), Third, HMM account for the red/blue

asymmetry of the J = 1-0 line by assuming a A = 1.6 cm flux density
of 15 mJy from IRC +10216, three times the value measured at 1.5 cm

by Sahai and Claussen (1984).

We believe it is likely that the J = 1-0 maser arises near the
central star, a region which is particularly difficult to model
correctly. As HMM note, the unusual asymmetry of the J = 1-0 line
can be explained by occultation effects if the maser is fairly
strong and occurs near the central star. Our model cannot properly
treat this region, where the dust creating the infrared flux

permeates the SiS emitting region and the infrared radiation field

does not vary as r_2. although the density still may. A complete

model should treat transfer of the infrared continuum radiation and
include the non-spherical infrared structure of the central region
(McCarthy, Howell, and Low 1980). It should also treat excitation
of the rotational lines by the central radio continuum source,
whose strength is now measured. Last, the model we have used
incorporates too coarse a zoning of the flow in the interior

regions, and probably cannot succesfully treat them.

The overlap of the R(1) SiS line with the R(6) C,H, 1ine,

corresponding to the C,H, line being redward of the SiS line, could
substantially decrease the infrared continuum if the overlapping

lines were closer in frequency, and this possibility is not ruled
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out in view of the uncertainties in the SiS frequencies. In such a
case, there would be an increase in the population in the
J =1, V=0 state, producing a larger optical depth in the 1-0

transition, thus enhancing the emission in the masing features.

4.3. THE SiS ABUNDANCE IN OTHER SHELLS

Detailed models cannot be tailored to the other circumstellar
shells from which we have sought or detected SiS emission, as the
available data are too scanty to provide adequate constraints.
Accordingly, we have used luminosities, distances, and mass loss
rates from the literature to choose the more representative of the
three models described in Table 4.1. The run of T°x with radius is

taken from the appropriate model.

We assume that, for small differences in abundance, scaling
the emergent profiles is an adequate procedure for estimating the
abundances of SiS in these other shells. For each star a profile
is calculated using the treatment described by Kuiper et al.
(1976) . From this scaling process, the relative SiS abundances and
limits have been obtained for the other objects and listed in

Tables 4.2a and 4.2b.

We find no evidence that any of the detected sources has a
relative SiS abundance which is appreciably different from
IRC +10216, and in most of the undetected sources it is clear that

our sensitivity was not sufficiently high to yield a detection.



-62-

For the detected sources, which are all carbon stars, that
abundance is far below the cosmic Si or S abundance, which we take
as evidence that at least one of the two elements is severely

depleted onto grains in carbon stars as a class.

The 1imit on the O-rich circumstellar envelopes is also of
interest. In the O-rich photospheres, Si is expected to be fully
associated in Si0, However, around stars with chromospheres the
degree of molecular association may be severely reduced by UV
radiation (Clegg, van IJzendoorn, and Allamandola 1983). Scalo and
Slavsky (1980) showed that SiS would form from iom-molecule
reactions in an expanding shell in which Si was in atomic form
initially. Ve have compared their prediction with the upper limit
from one of our best spectra, that of RX Boo. For a star with the
mass loss rate and distance given in Table 4.2a for RX Boo, we find
from Figure 2 of Scalo and Slavsky that the expected SiS abundance,
as observed with our sengitivity, would be undetectable. Since
this is our best upper limit, it is clear that the actual detection
of SiS from O-rich shells may be impossible at the sensitivity of
the current survey. More sensitive limits than the present one
could be made by observing O-rich stars with the highest mass loss
rates (dM/dt = 1074 Mg yr'l). Knapp et al. (1982) suggest that
IRC +10011 is such an object, although its dust shell may be
sufficiently optically thick that a detailed radiative transfer

model is necessary to predict the photo-induced reactions which

produce SiS.
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4.4. DEPLETION OF Si OR S?

Around cool carbon stars thermodynamic equilibrium
calculations suggest that most S atoms are in SiS if condensation
of §011d particles is not allowed. Since the cosmic sulfur
abundance is approximately 1.5 x 10'5, and our observations
indicate typical SiS abundances relative to H, of 3 x 10"7 (Tables
4.2a, 4.2b), it is clear that this is not realized, and by large
(1072) factors. The next most abundant sulfur compound, CS, is
expected to deplete only a small fraction of the available sul fur,
because chemical models predict the CS abundance to be at least
10-100 times smaller than the predicted SiS abundance, the exact
number depending on the temperature at which the equilibrium is
calculated (Lafont, Lucas, and Omont 1982; Lambert and Clegg 1980,

McCabe, Smith, and Clegg 1979).

We have used the observational evidence from the rotational
lines of CS seen in IRC +10216 (J = 5-4 from Wootten 1983,
J = 2-1 from Johansson et al., 1983; J = 3-2, 2-1 from Wannier and
Linke 1978; and J = 2-1, 1-0 from Turner et al. 1973) to estimate
its abundance. Our preliminary model of the CS excitation
includes the effect of photodissociation by interstellar
ultraviolet in limiting the extent of the CS shell (see Lafont,
Lucas and Omont 1982 for CS photodissociation parameters, R, and
B). The infrared continuum at the A = 8 ym fundamental band of
CS which is responsible for the excitation of the V = 0

rotational levels (Morris 1975), is assumed to be produced by
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thermal reemission from dust (cf. 1b). The effect of absorption
due to the vibration-rotation lines of the Si0 fundamental and the
combination C,H, band Y4+Ys on the continuum (Sahai 1984), many
of which overlap the CS vibration-rotation lines, has been

ignored.

The relative CS abundance needed to reproduce the observed
line profiles is 1.1 x 10"7. implying thereby that the CS to
SiS abundance ratio is 0.46. This is in rough agreement with the
simple modelling of Johansson et al. (1983), who get 3.0 x 1077
for the CS abundance and 0.5 for the CS/SiS abundance ratio.
According to Figures 1 and 2 of Lafont et al. (1982), the relative
CS abundance expected from chemical equilibrium should be about
10_7; therefore the abundance of CS from observations is
comparable to that from chemical equilibrium calculations. McCabe
et al. (1979), who have modelled the abundances of a large number
of molecules observed in IRC +10216, conclude that the CS
abundance, inferred from observations, is 4 times the theoretical
value. These results indicate that S is not depleted — the
underabundance of SiS is a result of Si depletion. The low
abundance of SiO in IRC +10216 calculated by Morris (1975)

strengthens this conclusion.

The depletion of Si could occur as a result of condensation of
SiC or silicate grains. The condensation temperature of SiC is
1300 K, while that of a typical silicate, Mg,Si0, is 800 K (Gilman

1969; Lattimer and Grossman 1978). This implies that SiC will
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form before silicates, depleting the gaseous Si. The presence of
an 11 um feature attributed by Treffers and Cohen (1974) to SiC
particles, and the absence of 10 ym emission, which rules out the
presence of significant amounts of silicate grains, provides
additional evidence that Si is locked up in SiC grains. We can
estimate the amount of Si in these grains by referring to the dust
model for IRC +10216 of Mitchell and Robinson (1980), in which the
11 pm feature is reproduced with a dust mixture containing 98-99 %
amorphous carbon and 1-2 % (by number) of SiC particles.
Therefore, the Si to C abundance ratio in the dust is approximately
0.015. The calculations of Donn et al. (1968) show that for
temperatures less than 1600K (appropriate for IRC +10216),
approximately 75-80 % of the total carbon should condense,
regardless of the total gas pressure or the assumed C/O ratio.
Assuming that the rest of the carbonm is in CO and C,H, in the
ratio 3:1 (Lafont et al. 1982, McCabe et al, 1979), and taking
the CO/H, ratio to be 6 x 104 (Ewan and Linke 1982), we obtain

the result that the relative abundance (to H,) of Si in SiC grains

is 3.6-4.8 x 1075,

Assuming the Si abundance in IRC +10216 to be not
significantly different from its cosmic value of 3.2 x 10™°, it
appears that almost all of the Si in the IRC +10216 atmosphere
condenses into SiC grains. This depletion pattern for Si and S
appears to be similar to that observed in planetary nebulae.

Recent results for nebular S abundances (Dinerstein 1982) indicate
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that S is little depleted (< 50 %) from the gas phase, as judged by
nebular S/0 ratios. However, Si is found to be depleted by a
factor 10 in several nebulae (Harrington and Marionni 1981). More
accurate depletion data may strengthen the links between the

planetaries and the envelopes of carbon stars.

4.5. CONCLUSIONS

A large number of SiS rotational lines have been observed from
the circumstellar shell of IRC +10216. These observations,
together with those already reported in the literature, were used
here to construct a detailed model of the SiS vibration-rotation

excitation in IRC +10216, and the following results were derived :

i) The undissociated abundance [SiS]/[H,] in the shielded

inner regions of the circumstellar shell is ~ 2.4 x 1 -7

ii) The SiS density falls steeply with increasing radius,
reaching one-half the undissociated abundance at a radius of 9 x
1016 cms. If photodissociation of SiS by interstellar ultraviolet
radiation is solely responsible for the decrease in density, then a
large photodissociation rate of 1.6 x 1079 1 is required, after
shielding by circumstellar dust is accounted for. This suggests

that some other mechanism, such as adsorption by grains, may also

be contributing to the decrease of SiS abundance.

iii) The observed abundance of SiS in IRC +10216 is much

smaller than that predicted by chemical models, whereas the

observed abundance of CS is comparable to predictions, from

which it is inferred that Si, not S depletion, is responsible for
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the low SiS abundance. We have given a quantitative argument to
show that most of the available Si has been probably been used up

in forming SiC grains in the cool IRC +10216 atmosphere.

iv) Variations in the 13 pm infrared flux over the 644 day
light-cycle of IRC +10216 produce observable changes in some of the
SiS lines. The sharp cusps in the J = 5-4 line wings, observed
with the Onsala 20m antenna, are explained in terms of weak maser

emission at light maximum,

v) Overlaps in the 13 pm region of selected vibration—rotation
lines of SiS with those of the abundant molecules HCN and C,H,,
which have not been considered in the model, may be responsible for
poorer fits to some lines. It is suggested that in future models
of molecular lines which are dominantly excited by the infrared

continuum, possible overlaps of vibration-rotation lines with those

from other abundant molecules should be carefully investigated.

vi) A search for SiS J = 7-6 and J = 6-5 lines in other
carbon-rich, oxygen rich, and S-type circumstellar shells, has
produced three new sources, CIT 6, CRL 2688 and IRC +20370, all of
which are carbon-rich. This is consistent with chemical
equilibrium models which predict SiS to be significantly more

abundant in a carbon-rich enviromment than in an oxygen-rich

enviromment.
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Table 4.1
Models of Circumstellar Shells

A, Circumstellar Cloud

Parameter Value Model

Mass Loss Rate (Mg yr'1)...... 0.90 x 1074 HH, HL
0.32 x 1079 L

Initial molecular abundance... 0.24 x 10~6 HH, HL
0.37 x 1076 L

Gas Density Power Law
Exponent ........ 2
Expansion Velocity (km s~ 1)... 15 HH, HL
17 L

Velocity law (Vexp(r)/vmax)-- exp(-5.0 x 1015/ 1.08,

Line Width (km s™1).......... 0.675
Microwave background

temperature (K)...... 2.8
Outer Radius (em)............. 0.156 x 1018
Distance to cloud (p¢)..e..... 300 HH, HL

190 L
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Table 4.1 (continued)

B. Infrared Source

Parameter Value Model
Size (arcsec)..ccvieencessesseas 1.10 HH
0.64 HL
0.24 L
Radins (€M) eeeevureeenseennses 0.247 x 1016 HH
0.144 x 1016 HL
0.342 x 1013 L
Temperature (K)eecvesssesseess 600 HH, HL
700 L
Flux (Wem 2 pm 3)......0uu... 0.123 x 10712 HH
0.416 x 10713 HL
0.802 x 10714 L

NOTE.~ - HH: high mass loss and maximum light; HL: high

mass loss and minimum light; L: 1low mass loss and low luminosity.
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Table 4.1 (continued)

C. SiS Radial Abundance in Circumstellar Cloud

Radius (cm) Fractional Abundance?
0.345 x 1016 1.000
0.591 x 106 1.000
0.928 x 10° 1.000
0.134 x 107 1.000
0.182 x 1017 1.000
0.237 x 107 1.000
0.297 x 107 1.000
0.362 x 1017 0.999
0.433 x 1017 0.997
0.508 x 1017 0.988
0.588 x 1017 0.963
0.673 x 107 0.907
0.762 x 1017 0.804
0.855 x 107 0.647
0.953 x 1017 0.454
0.105 x 1018 0.264
0.116 x 108 0.122
0.127 x 108 0.042
0.138 x 108 0.010
0.150 x 1018 0.002

a) At any radius, the Fractional Abundance is equal to the

[SiS]/[H,] abundance ratio at that radius divided by the initial

molecular abundance, as given in A,
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Table 4.2a. Limits to SiS Abundances (J = 7-6 Survey).

Object Type vexp dM/dt Dist [SiS]/[H;]1 Model
(km s1) (Mg yr1) (pe)

(1) (2) (3) (4) (5) (6) (7

CRL 618 C 22.0 1.0(-4) 1700 <8.4(-7)

HL
CRL 865 C 16.0 1.5(-4) 1580 <7.9(-7) HL
HH

IRC+10216 C 17.0 9.0(-5) 290 2.4(-7) » HL
CIT 6 C 18.0 3.2(-6) 190 3.7(-7) L
V Hya C 18.0 9.2(-6) 400 <3.1(-6) L
CRL 2688 C 20.0 7.2(-5) 1000 <1.3(-6) HL
CRL 3068 C 15.0 2.2(-5) 570 <8.7(-7) HL
IRC+40540 C 15.0 8.0(-5) 960 <8.4(-7) HL
RX Boo 0 12.0 4.5(-7) 225 <3.3(-6) L
Chi Cyg S 12.0 1.8(-7) 97 <5.4(-6) L

NGC 7027 P 18.0 7.8(-5) 1000 <1.6(-6) L
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Table 4.2b. Limits to SiS Abundances from J = 6-5 survey.

Object Type

(1) (2)

v

exp
(km s71) (Mg yr1) (pc)

(3)

dM/dt

(4)

IK Tau 0

IRC+10216 C

CIT 6 C
RT Vir O
RX Boo 0

IRC+20370 C

Chi Cyg S
V Cyg C
CRL 2688 C

NOTE.- - In column (2):

oxygen rich;

22.0

17.0

17.0

10.9

12.0

9.0

12.0

13.0

20.0

4.2(-6)
9.0(-5)

3.2(-6)

4.5(-7)
2.5(-5)
1.8(-7)
2.5(-5)

7.2(-5)

Dist

(5)

510
290

190

225
790

97
610

1000

[SiS]/[H;] Model

<1.5(-6) L

2.4(-7) HH, HL

3.7(-7) L
{3.0(-6) L
1.5(-7) HL
<6.0(-6) L
<7.5(-7) HL
5.0(-7) HL

C, carbon rich; S, S star; O,

P, planetary nebula.

(3) are taken from Knapp (1983).

Expansion velocities in column

Mass loss rates (col. [4]) and

distances are taken from Knapp et al. (1982), except mass loss

rates taken from Jura (1983) where available. In column (7): HH,

high mass loss rate, maximum light;

minimum light;

HL, high mass loss rate and

L, low mass loss rate and low stellar luminosity.
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FIGURE CAPTIONS

Figure 4.1. The radial variation of the abundance (relative
to Hy) of SiS, S and S in the shell of IRC +10216 produced as a

result of photodissociation. The value of r, for the ordinate is

2.1 x 1015 cm.

Figure 4.2. The radial variation of Tex and v in our model of
the shell of IRC +10216 are shown. The value of r, for the
ordinate is 2.1 x 1015 cm., Lightly drawn lines trace Tex or t at
minimum light and heavily drawn lines are for maximum light. a)
Variation of excitation temperature of the J = 5-4 (solid lines)
and J = 1-0 (dashed lines) transitions through the shell. Both
transitions have negative excitation temperatures over significant
portions of the circumstellar envelope. b) Variation of excitation
temperature of the J = 7-6 (solid lines) and J = 12-11 (dashed
lines) transitions. Neither of these transitions has negative
excitation temperature over substantial portions of the envelope.
c) Variation of optical depth with radius through the shell for
J = 1-0 (dashed lines) and J = 5-4 transitions (solid lines). The
curves in the region of negative optical depth are
indistinguishable from the fiducial v = 0 line for all cases except
the J = 1-0 line at minimuem light. d) Variation of optical depth
with radius through the shell for J = 7-6 (solid lines) and

J = 12-11 (dashed lines) transitions.



=T74-

Figure 4.3. Calculated line profiles for SiS emission in
IRC +10216 derived from the models described in the text. The
J = 5-4 profile is calculated for the Onsala antenna, the J = 6-5
and 7-6 for the OVRO antenna, and the J = 12-11 and 13-12 for the
MWO antenna. a). Profiles calculated for maximum 13 pm light,
model HH in Table 4.1. b). Profiles for 13 pm minimum light,

model HL in Table 4.1. ¢). Profiles for model L in Table 4.1.
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CHAPTER 5

4.6 MICRON CO EMISSION LINES

FROM THE IRC +10216 INNER ENVELOPE



-79~

In this chapter we present observations of vibration-rotation
lines of CO produced by resomance scattering of infrared
radiation from the inner regions of the IRC +10216 envelope. A
novel experimental technique, employing an annular aperture to mask
the central infrared continuum source, was used to obtain emission
line profiles at a mean angular offset of 2.7 + 0.7” from the
central infrared source. These observations overcome the inherent
ambiguity in the shell radius of ’'line-of-sight’ measurements

against the central infrared source.

5.1. OGBSERVATIONS

The Fourier Transform Spectrometer (FTS) at the coude focus of
the 4 m Kitt Peak Telescope was used to measure the spectrum of
IRC +10216 in the 2100 to 2200 cm—1 range, at a frequency
resolution of 0.025 cm ! corresponding to 3.5 km sl The
observing dates, November 11 and 12, 1981, were selected, such that
i) the source had a large velocity with respect to the telescope,
thus ensuring that the deep telluric CO absorption lines were
Doppler-shifted well away from the source lines, and ii) the moon

was full phase during the observing period. The moon serves as an

almost flat continuum source - its spectrum is therefore a spectrum

of the telluric opacity.
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Two types of spectra were recorded; the first (referred to as
the ‘circular spectrum’), through a circular aperture of diameter
2.7" , the second (referred to as the 'annular spectrum’) through
an annular aperture of inner and outer radii 2" and 3.45"”. Three
paifs of detectors were used for the experiment. Two of the pairs
were set up with a 100 em1 wide filter, covering the desired
spectral range, with one pair having the circular aperture in front
of the detector and the other with the annular aperture. The
‘circular’ spectra were needed to measure the continauum level, and
to remove ’‘circular’ spectral features contaminating the ’'annular’
spectrum. ( The contamination occurs due to scattering in the

earth’'s atmosphere, and guiding errors.)

A third pair of detectors were used to detect and guide on the
2 ym flux when the source was being observed through the annulus.
The circular aperture used for the 2 pum guiding signal was
optically aligned such that centering the source in this aperture
would center it in the annular aperture. By maximizing the signal
from this detector and minimising the signal from the 4.6 pm
detector, we could ensure that the continuum source remained
well-centered in the annulus. In the absence of scattering in the
earths’'s atmosphere, the line emission, averaged over the bandpass,
should contribute negligibly to the signal level in the 4.6 pm
detectors, when the continnuq source is well-centered in the
annulus. In practice, continuum emission from the central source
is spread out over several arc-seconds because of the seeing and we

could always detect some continuum in the 4.6 pm detectors through
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the annulus. The size of the 4.6 pm seeing disc canm, in principle,
be estimated from a comparison of the continuum levels in the
'annular’ and ‘circular’ spectra. (However, due to an error, the
‘circular’ spectra could not be calibrated —— the 4.6 pm seeing is

estimated from the visual seeing).

The following table gives a description of the different scans
of IRC +10216 (Scan Nos. 1,2,3,4, and 5) and the Moon (Scan No.

6), made with the annular (A) and circular (C) aperture:

Scan Aperture Visual Integration Airmass Date

No. Seeing (") Time (sec) Range

1. A 1.5 -2.0 10024 1.52 - 1.06 11 Nov81
2. A 1.5 -2.0 3433 1.66 - 1.33 12 Nov81
3. A 1.5 -2.0 1607 1.16 - 1.11 12 Nov81
4. c 1.5 -2.0 3806 1,10 - 1.25 12 Nov81
5. c 1.5 -2.0 1877 1.25 - 1.38 12 Nov81
6. A 1.5 -2.0 2580 1.13 - 1.23 11 Nov81

The Nov 12 scans have been co—added prior to analysis in order
to improve the signal-to-noise. However, the Nov 11 and Nov 12
data have not been co—added because possible variations in the
seeing from the Nov 11 observations to the Nov 12 observations,

even though within the estimated 1.5 -~ 2.0” range, could affect the

two data sets differently.
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5.2. DATA REDUCTION

A specially written program was used for data reduction.
First, each spectrum was divided by the instrumental
frequency-response function, which depends on the geometry of the
observing aperture. The instrumental response was determined by
observing a tungsten lamp source illuminating the Sth mirror of the
coude train on the 4 m telescope. This mirror focusses the source
radiation into the FTS optics (Hall et al. 1979). Second, the
spectra were corrected for telluric absorption at the airmass of
the source observation, The atmospheric opacity was derived from
the lunar spectrum, ratiod by a 395 K black-body curve. At 4.6 um
the contribution of reflected light from the sun is smaller than
the lunar thermal emission by ~ 7 magnitudes (Hinkle, private
communication 1984), and we expect negligible contamination from
the solar spectrum. Figure 5.1a shows the computed opacity

spectrum at one airmass.

Since the integration time for each IRC +10216 scan was
typically one hour or more, during which the source traversed a
significant range of airmass, the applied correction for telluric
opacity was computed as a weighted average over the entire airmass
range. The average correction was computed by dividing the airmass
range into ten intervals, computing the attenuation at the average
airmass for this interval, and weighting it with the time spent by
the source in traversing this interval. The effectiveness of this

correction method can be judged by comparing the spectra in Figures



_83...
5.1b and 5.1c, the latter being the corrected spectrum,

A weighting function for each spectrum is also generated, with
the weight for each data point being equal to the expected
signal-to-noise ratio squared. The weight is therefore taken to be
equal to the integration time for the scan multiplied by the square
of the atmospheric attenuation. The weight function is useful
while i) determining peak intensities of the observed lines by
fitting them with a theoretically computed velocity profile, and

ii) fitting a model to these intensities.

5.3. MEASURING LINE INTENSITIES

The best way to measure the peak line intensities without
discarding the information contained in the off-center channels is
to fit a profile function (if known) to the data. In Chapter 6, we

derive the following form for the velocity profile of the emission

lines:

I(Vp) = constant x (1 - {VP/V}2)2

Since the expansion velocity of IRC +10216 is about 15 km s 1
and adjacent channels in the FTS spectrum are separated by 2.5
km s"l. six channels completely span the red part of the line
profile — these are used in the line-fitting routine. The blue
side of the line is asymmetric with respect to the red side,

because superimposed on the blue emission is absorption scattered
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into the annulus as a result of the finite seeing. For this
reason, the channels blueward of the stellar velocity were not used
for line-fitting. In the least-squares fit to the red half of the
line, the two parameters varied were the peak line intensity and

the local continuuom level.

The following tables list the measured line intensities,
together with other parameters relevant to the line-fitting for the
Nov 11 and Nov 12 scans. Column 1 gives the line identification,
column 2 gives the number of continuum points available adjacent to
the line, column 3 gives the line-intensity determined from the
fit, column 4 gives the continuum level used in the fit, columns 5
and 6 give the weighted average of the residuals over the line
(square-root of the average of the differences squared), and over
the line and continuum points, and finally column 7 gives the sum

of the weights over the line channels.
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Nov 11 Scan
Line Cont. Line Continuum Line Total Line
Points Intensity Intensity Residual Residual Weight

P9 7 0.527 0.835 0.241(-1) 0.127(-1) 0.330
P8 3 0.556 0.835 0.781(-2) 0.616(-2) 0.360
P7 8 0.537 0.835 0.142(-1) 0.505(-2) 0.368
Pé6 7 0.555 0.835 0.179(-1) 0.651(-2) 0.316
P3 3 0.484 0.815 0.365(-2) 0.250(-2) 0.527
P2 0 0.500 0.850 0.490(-2) 0.490(-2) 0.344
P1 5 0.450 0.800 0.297(-2) 0.161(-2) 0.428
R1 6 0.490 0.790 0.177(-2) 0.818(-3) 0.388
R 2 5 0.452 0.790 0.148(-2) 0.122(-2) 0.530
R 3 6 0.414 0.765 0.363(-2) 0.187(-2) 0.514
R 6 6 0.407 0.79%0 0.148(-2) 0.731(-3) 0.394
R7 6 0.387 0.810 0.163(-2) 0.176(-2) 0.441
R 8 0 0.407 0.825 0.471(-2) 0.471(-2) 0.444
R10 3 0.439 0.815 0.507(-2) 0.552(-2) 0.134
R14 4 0.283 0.800 0.689(-2) 0.443(-2) 0.130



'Nov 12 Scans

Line Cont. Line Continuum Line Total
Points Intensity Intensity Residual Residual
P9 0 1.516 2.300 0.476(-1) 0.476(-1)
P8 6 1.585 2.320 0.377(-1) 0.184(-1)
P7 0 1.379 2.450 0.385(-1) 0.385(-1)
P 6 5 1.792 2.400 0.381(-1) 0.191(-1)
P 3 4 1.428 2.400 0.103(-1) 0.754(-2)
P2 0 1.603 2.510 0.153(-1) 0.153(-1)
P1 7 1.298 2.370 0.100(-1) 0.487(-2)
R1 7 1.164 2.400 0.161(-1) 0.667(-2)
R2 6 1.251 2.450 0.371(-2) 0.450(-2)
R3 4 1.296 2.400 0.127(-1) 0.933(-2)
R 6 5 1.147  2.450 0.505(-2) 0.521(-2)
R 7 5 1.090 2.440 0.506(-2) 0.399(-2)
R 8 0 1.272 2.420 0.164(-1) 0.164(-1)

For many lines,

such as R(6), P(3), P(2) etc.,

0.157
0.172
0.213
0.148
0.261
0.162
0.207
0.185
0.262
0.254
0.188
0.214

0.215

several

channels beyond the edge of the red wing were also available for

determining the local continuum,.

For the P(6), P(7), P(8) and P(9)

lines, which are in wavelength regions with narrow under-resolved

telluric absorption features, the opacity correction procedure does
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not adequately remove these features from the source spectrum.
These lines lie near the edge of the 100 em~1 bandpass filter where
the noise level is larger than in the middle of the bandpass. For
these lines, the continuum level is determined from nearby regions
whiéh have relatively fewer narrow telluric lines. Figure 5.2

displays the observed and fitted line profiles for the Nov 12 scan.

5.4. DISCUSSION

A cursory inspection of the ’'circular’ and ’'annular’ spectra
reveals that, though both have P-Cygni type profiles, in the
latter, the strength of the P-Cygni emission, relative to the depth
of the absorption feature, is much larger. This is consistent with
the ’'annular’ spectrum being a sum of pure resonant scattered
emission, produced at a radius of 2 to 3 arcseconds, and a P-Cygni
feature (having both absorption and emission) produced < ~ 1.3"
from the central source, scattered by atmospheric seeing into the
annular aperture. Therefore, in order to obtain the true emission
spectrum, we have subtracted a multiple of the ‘circular’ spectrum

from the ’'annular’ spectrum, such that the result has no continuum.

In Figure 5.3 we display, for the R(2) line, a) the ’'annular’
spectrum, b) the ’circular’ spectrum, and c) the 'emission’
spectrum. The regions of high telluric opacity (redwards of the
line) have been masked. The emission profile is centred at the

source velocity (-26 km s 1), and extends roughly 15 km s ! on each
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side. This is consistent with the expansion velocity of the

IRC +10216 envelope derived from millimeter lines. In Figure 5.3d
we have plotted the COJ = 2-1, V=0 line (observed with one

of the Owen's Valley Radio Observatory 10.4 m Telescopes). Lastly,
we note that Figure 5.3c shows possible evidence of high velocity
emission on the blue side extending beyond the expansion velocity
of the envelope., The R(2) emission profile provides clear evidence
that we have detected emission originating in regions 2 to 3.5
arc-seconds from the center of the envelope. These emission line
profiles, however, have not been used in the modelling, becaunse it
is computationally simpler to simulate the emission in the
'annular’ spectrum by comvolving the model brightness distribution

for each line with a ’'seeing’' function.

The high velocity feature beyond the blue edge of the main
profile is very interesting. In order to confirm the presence of
this feature, we have added together 5 different lines [ P(1),
R(1), R(2), R(4), and R(6)], selected for being in regions of
little or no telluric opacity; the resulting spectrum (Figure
5.4a) clearly shows the high velocity emission. The CO
J =2-1, V=0 spectrum (dotted) is also plotted; there is no
evidence in this line of emission at velocities beyond the
expansion velocity. Figure 5.4b shows the sum of 4 lines of
13CO R(12), R(13), R(16), and R(19). The high velocity
emigssion is again present; however, this emission extends smoothly
towards lower velocities, unlike the 12CO emission which shows

a dip at the expansion velocity. The peak of the 13CO emission
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is bloeshifted with respect to the peak of the J = 2-1 line.

Considered together, the 12CO and %*3CO line profiles
indicate that the high velocity emission is coming from gas which
is closer to the star than that which produces the main emission.
In such a scenario, the dip at the expansion velocity of the
13C0 profile results from absorption by the cooler 15 km s 1
gas. Such absorption is not seen in the 13CO profile,
presumably a result of the cool gas being optically thin in this
transition. This also makes the *3CO high velocity component
quite substantial compared to the normal emission feature,
resulting in the shift of the peak of the emission bluewards of the
millimeter line. What is hard to understand is why the high
velocity emission is not seen beyond the red wing of the normal
emission, as would be expected if it was due to a hot expanding

shell with a larger expansion velocity than 15 km 3'1.
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FIGURE CAPTIONS

Figure 5.1. A portion of the observed IRC +10216 spectrum at
4.6 ym. a) the telluric opacity, computed from the lunar spectrum.

b) the 'uncorrected’ IRC +10216 spectrum observed through an

annulus of size 2" - 3.,45", ¢) the spectrum in (b) ’'corrected’ for

telluric opacity.

Figure 5.2. The red half of the observed CO 4.6 um
emission lines, together with the model fits, are shown. ( The

blue half is contaminated by absorption scattered into the annulus

by atmospheric seeing.)

Figure 5.3. The R(2) line from IRC +10216, observed through
a) the ’'annular’ aperture, and b) the ’‘circular’ aperture. In c)
is shown the ’'emission’ profile, generated from the ’annular’ and
'‘circular’ profile. In d) the COJ = 2-1, V=0 millimeter

line profile is shown for comparison with the infrared line

profile.

Figure 5.4. The average infrared ’'emission’ line profile
(heavy trace) from IRC +10216, in a) CO and b) 13CO, The
COJ =2-1, V=20 line (light trace) is also shown. Both of
the infrared line profile show evidence of unusual high velocity
emission in their blue wings beyond the expansion velocity (15 km

s71) of the extended IRC +10216 envelope.
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CHAPTER 6

INTERPRETATION OF 4.6 MICRON CO

EMISSION LINES FROM IRC +10216
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6.1, INTRODUCTION

Until recently, no attempt has been made to model
vibration-rotation line profiles, mainly because the general
calculation of radiative transfer in spherical geometry,
incorporating the various physical mechanisms for the excitation of
these lines, is very difficult. Keady, Hall, and Ridgway (1984)
have presented results from a numerical code using the comoving
frame formulation of the radiative transfer problem. However,
there is clearly a need for a simple analytical solution which

displays the dependence of the emission profiles on the underlying

physical conditions.

For the circumstellar shell of IRC +10216, which is
characterized by high densities and line opacities in the regions
where the lines are produced, simplifying assumptions are possible,
which permit an analytic solution. In this chapter, we present an
analytical calculation of the emission line profiles, whose
observations were given in the previous chapter. Simple formulae
for the dependence of the emission intensities on the dust
temperature, gas temperature, ;nd velocity are derived. By fitting
the predicted line irntensities and shapes to observations, we
derive a gas temperature characterising the region where the
emission is produced. We show that scattering in the earth's
atmosphere, and guiding errors, which result in a 'seeing disk,’

have to be taken into account while interpreting the observations.
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The following physical structure is adopted for the
circumstellar shell — a) a constant mass loss rate, b) a constant
expansion velocity, and c) a gas kinetic temperature variation with

radius parametrized by

T (r) = T, [350( 2 x 101%/:9T)1 K . (6.1)

The functional form inside the square brackets has been taken
from Kwok et al. (1980) , and represents an empirical fit to the
temperature variation derived by Kwan and Hill (1977) (hereafter
KH) from consideration of heating and cooling mechanisms in the
IRC +10216 shell. The dimensionless constant T, in front is used
to scale the temperature profile, when fitting our model to the

observations.

6.2. EQUATIONS OF RADIATIVE TRANSFER AND STATISTICAL BQUILIBRIUM

The large expansion velocities of circumstellar envelopes (10
to 20 km s_l) compared to the intrinsic line-widths (typically 1 km
s_1 due to thermal and microturbulent motions in the gas) allows
the use of the simplifying Sobolev escape probability method in
treating the radiative transfer. This formulation has been
extended by Castor (1970) and Lucy (1971) , and
Elitzur, Goldreich and Scoville (1976 , hereafter EGS) used the
method to model the OH maser lines from circumstellar envelopes.
Here we adapt the equations given in EGS to the physical conditions

appropriate to the carbon-rich IRC +10216 circumstellar shell. The
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rotational level populations of the V = 1 vibrational state are

calculated in order to determine the emission line profiles.

The equations of statistical equilbrium (Eqn. 11 of EGS)

governing n,, the number density per sublevel of CO molecules

in the V,J = 1,k level, may be written as
dnk/d_t =
2 (Sj/Sk) AJk[ BJk[ nj - (nk-nj)/(ehY/kTB—l)] - Djk(nk'nj)]

J>k
+ C gj[ nj_nke—hy/ka]

=Y gyl Brjl mg - (nj=ng)/ (DY /XTB-1)] = Dy (n-np) ]
i

+ C Sj[ nk-nje_hy/ka] (6.2)

with Tk being the gas kinetic temperature, and Ty being the
temperature of the background continuum., The summations are taken
over the rotational levels of only the V = 0 and 1 states. The
population in higher vibrational levels is negligible, at the

temperatures ({300 K) characterising the circumstellar region of

interest.

The B's are photon escape probabilities defined by

ﬂij(t) 1/4n jdﬂ Bij(tnﬂ)

1/4xn Idﬂ{ 1 - éxp[-tij(r,u)]}/ tij(rnu) » (6.3)

where tij(r,p) = tgj / (1 + pzﬂ) is the optical depth at an

angle p = cos_lu to the radius vector. The optical depth is
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parametrized by the opacity in the direction perpendicular to the

radius vector,
t?.j = (hcr/41rV) Bijsi(nj—ni)'

where g, is the level degeneracy, and Bij is the Einstein B

coefficient. The parameter

G = [d(ln V)/d(1ln ) - 1]. where V is the radial expansion

velocity. The Dij terms, described later, are associated with

continuum emission from dust grains.

The meen 4.6 um infrared intensity which excites each
vibration-rotation line is produced by thermal emission from wamrm
dust and trapped line photons. The dust emission, as measured by
Toombs et al. (1972), can be characterised by a hot, approximately
600 K compact central continuum source of diameter 0.2”, and a
cooler, extended, optically thin dust shell of dismeter 1.0"
(Figure 6.1) with a characteristic temperature of 375 K and
inverse—square dependence of demsity on radius. The radial optical
depth of this shell at 10 ym is 0.2. Though, in reality the
infrared flux is produced by a dust shell with a continously
varying temperature and density (and therefore optical depth), the
above approximation reproduces reasonably well the lunar
occultation data from 2 to 10 pum, and is expected to be adequate in
calculating the mean intensities at the frequencies of the
vibration;rotation lines. We justify this later (see Appendix)

using a more realistic model of the dust source, and showing that
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it yields the same results.

The contribution to the radiative transition rate associated
with photons emitted by the warm dust grains is given by
giAijDij(nj‘ni)' The quantity Dij is the product of ¢2/2hY3 and
the mean intensity in the ij line averaged over the line profile,

and may be broken up into two parts: Ds' the contribution from the

optically thin shell, and D_, the contribution from the optically

thick core source (see Fig. 6.1). Thus,

Dij(r) = Ds(r) + Dc(r). where

te
D.(r) = 1/2 j apl Bij(r. )
“n,
2§ g2 eq(ag(x)/( 2V/ETd -1)] (6.42)
—ur
and
2,/5ny3 1
Do(r) = c*/20¥° [ 1/2 By(T) | an Bij(row ] (6.4b)

e

with By(Tc) equal to the Planck temperature at Tc' the core
temperature. In the above equations, we have ignored the emission
from dust in front of the core in view of its low temperature and
opacity relative to the core source. The absorption cross section

ad(Y) is taken to vary inversely as the square of the wavelength

near 4.6 ym (Mitchell and Robinson 1980) .
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To calculate the dust emission terms, we first evaluate

L = j dz’' og(¥)ng(c')/( ehY/xTa -1),
—ur

in order to determine D, Integrating along the ray z', the upper

and lower limits on z’ become z, and -z g (Figure 6.1), and we

obtain

I, = rog(¥)ngtr) / ( 2 /XTa —1)E(p (6.5)

where

g =2 tan 1l 2 (u) / p(w) 1/ (1212,

Then

Dy(r) = [ rog(¥)ng(r)/( 2¥/¥Ta -1 [ X(r,0)/2951,  (6.6)

where

ue
X(r,0) = 1/2 ng 5 dp Bij(r.ll) C(u)'
-u

s
The contribution from the core is

D, = [(2 -3, +u, )/ (V¥ e —1)] / 30y, (6.7)

The above is derived making the approximation that the escape
probability B, = (1 + uza)/rgj when t{; >> 1. The latter is true
for the vibration-rotation lines of CO in IRC +10216 at least

out to radii corresponding to a few arcseconds.
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Evaluating Ds(r) and D (r) from the above expressions, we find

that D
c

, the contribution to the mean intensity from the 600 K

core, is small compared to D, the contribution of the 375 K shell.

This is because of
by the 375 K shell
core. Second, and
probability in the
outflow approaches
radiation from the
of p very close to

radiation from the

The following

two factors: first, the solid angle subtended
is about 20 times larger than that by the 600 K
more important, is that Bij(f'ﬂ)' the escape
direction of the core, becomes small, if the
terminal velocity (o = ~1). Therefore the

600 K core, whose extent is confined to a range
1, is much more severely attenuated than the

more extended 375 K shell.

table shows the D_ ¢, D, ratio as a function of

radius. The effect of finite optical depth has been included in

the calculations for this table. For r much larger than the 375 K

shell radius, this

ratio becomes constant - which is what we expect

because then the ratio is proportional to the ratio of the Planck

intensity at the Shell temperature to that at the Core temperature,

multiplied by the ratio of the solid angles subtended by the shell

to that subtended by the core at the radius r. Quantitatively, Dc

is always less than 15 % of D, and, in the following analytical

treatment, we will

ignore the contribution of the 600 K core

relative to the contribution of the 375 K shell.
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(") Ds/Dc
1.2 7.9
1.5 7.2
2.0 6.8
2.4 6.6
3.0 6.5
4.0 6.5
5.0 6.4
10.0 6.4
50.0 6.4

The shell contributionm, D_ can be written as a product of a

radial function

Do(r) = . (r)X(r,0)/G(c), and a

frequency-dependent function, E(¥Y)G(s), where
E(Y) = o (/T 2Y/XTa-11, and 6(o) = (1+0/3).

Making the substitution ¢ = -1, we find that for r > 1.5"”, the
function X(r,-1) varies like r 3, The shell contribution decreases
with radius as r 4 to within 10 % over a factor of 50 in radius.
This variation is shown in the table below, which lists D°(r)

(normalised to its value at 2.4") versus (r/2.4") 4.
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(r/2.47)74 Do (r)/D0(2.4")
16.1 19.2

6.67 7.14

2.08 2.13
1.00 1.00

0.410 0.403

0.129 0.126

5.31x1072 5.07x1072
3.32x1073 3.18x1073

5.32x1076 5.07x10°6

6.3. AN APPROXIMATE SOLUTION

The sublevel population n, jis governed simply by the balance

between the infrared pump rate from the connected ground state
rotational levels, and the spontaneous decay rate from V = 1 back
toV=0. This is because the spontaneous decay rates out of the
V = 1 rotational levels are much larger than those for rotational
transitions, as well as the collision rates from and to these
levels. For example, the Einstein A for the R(0) line is 11.5 s,
whereas the collision rate for rotational transitions, at a gas
density of 108 cm3 is typically 1074 1. If the
vibration-rotation lines are optically thick, the effective
radiative decay rate is greatly reduced from the spontaneouns rate
because of trapping of line photons. A given spontaneous decay

photon may be reabsorbed and reemitted many times before it escapes
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and the net decay rate given by Aijﬂij varies as 1/f§j for large
optical depths. Optical depths of roughly 105 would be required to
make the effective radiative decay rates as small as the
collisional rates for rotational transitioms. Since the actual
optical depths at densities of 105 cm™3 are always less than 50, we

can therefore neglect the thermalization of vibration-rotation line

photons.

In view of the above, the rate equation (Eqn. 6.2) simplifies

to

dny/dt = Ap,( Byany — Dpyn'yyg) - Ap ( Bpomy - Dp_n'y_q)  (6.8)

where Ak-Bk— is the effective radiative decay rate and Dk— is the
quantity Dij' evalnated for the transition connecting V,J = 0,k-1
to V,J = 1,k [ referred to as R(k-1)]; the sublevel population of
the former level being given by n’' ;. The terms with + subscripts
refer to the transition from V,J = 0,k+1 to V,J = 1,k [ referred

to as P(k+1)].

Setting dnk/dt = 0, we get

A n’' + Ay _n'y_
o - k+ Dr+ D'pa1 x- Dy- 2’33 (6.9)

Ape Brs + Ap_ By

Substituting the expressions_derived for the dust emission terms,



~106-

Since Bk+ = Ak+c2/(2h¥3).the above equation simplifies to

AL Dyyn'yeq = DO(D)E(Vy,)G(o) gy 8nV ¥y, 3/(xcd).
Similarly
Ay Dy n'y 1 = DO(r)E(¥y_)G(a) gy8aV ¥y 3/(xcd).

Since the escape probability Bys = Gla)/I (ber/4nV)By, g0’y 1],

Ak+Bk+ = G(C)n'k+1gk8ﬂv yk+3/(rc3).

Ay By

G(d)n'k_lgk&tv Yk_sl(rcs) .

Substituting the above in equation (6.9), we get

po()[EVyy) + B @} XL H ) (610

3
LR VDR I S

w
L]

where y = yk_/Yk+. The quantities E(¥,,) and E(¥,_ ) are found

by calculating E(Y) at the frequencies of the P(k+1) and R(k-1)

lines, respectively. In our expression for n, (Eqn. 6.10) the

molecular line opacity tij has cancelled out. This occurs because,

as the opacity goes up and the pump rate from V=0 to V=1

decreases (because fewer photons from the infrared source cam reach

the CO molecules at any radius), the net decay rate also

decreases by the same factor due to the increased line trapping.
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6.4. THE EMISSION LINE PROFILE

Ve now make the assumption that the rotational level
populations in the ground vibrational state are in L.T.E. at the
gas kinetic temperature T,., The assumption of L.T.E. 1is good if
the collisional rates amongst the V = 0 rotational levels are large
compared to radiative excitation and de—excitation rates for these
levels. Rates for radiative transitions amongst the rotational
levels are considerably smaller than collisional rates for CO
for a wide range of gas densities because of its anomalously small
dipole moment. The collisional rates are also much larger than the

radiative excitation rates due to infrared absorption.

The source functions for these lines can be calculated from

equation (6.10):

Spa(r) =(8nnY4,3/6%) Do(n[EVis) + BV )P’ (6.11a)
1+ H(k)73
3
8, (r) =(8nhy, 3/c®) po(n)[EWyy) * By )Y, (6.11b)
1/H(k) + ¢
2hB

vwhere H(k) = exp{ - ka(r)(2k+1)} and B is the

rotational constant of the ground vibrational state.
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The emergent intensity I(vp.p) towards the observer, which is

a function of Vp. the velocity w.r.t., the stellar velocity, and p,
the impact parameter (Figure 6.1), is related to the source

function S(r), through the equation

I(v ,p) = (c/4m) S(r) [1 - e %(¥pP)] (6.12)

where r = p / (1 - [vp/V}2)1/2. We have assumed that the large
velocity gradient present in the tangential direction allows the

line photons to escape after traversing a small length
6z =p AV / [V (1~ [vp/v]2)3/2]
where AV is the intrinsic line-width.

The source function S(r) can be assumed to be constant over
this length. For large tangential optical depths, i.e., vgj 1,

the expomential term in the equation (6.12) for I can be neglected.

Writing D°(r) = Ar 4 where A is a constant, we get
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Lstvpp) = (g 0¥, 376 (1 - (v w2

( hYx+/kTd-1} + y36 (Y. )/ {ebYx-/kT4-1}
x [ Vis)/ e afx700e ] (6.130)

3 expl - %—-ﬁz)(nﬂ)}

1+

I (vp.p) = (a/pY) 2wy, 3/¢%) (1 - tv 1?2

hYx+/kTg-13 + v3e hYx-/kT4-1}
< [cd()’k+)/{e a¥Vg-)1/1e ] (6.138)

2hB

exp{ ka(x_)(2k+1)} +

The above expressions are valid as long as the tangential
optical depths in the vibration-rotation lines are much larger than
one, and the gas densities remain high enough to maintain

rotational L.T,E, in the ground state.

The dominant variation of intensity with velocity vp is given
by the (1 - {vp/V}z)2 factor, with a weaker variation arising from
the dependence of the kinetic temperature on radius (since for a
given p, a larger Vp occurs at a larger radius). However, this
variation is quite small compared to the latter, because the
kinetic temperature falls much more slowly with radius (~ r—°°7)

than the mean intensity due to dust emission (~ r %)
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The ratio of the emergent intensity of the R(k-1) line to the

P(k+1) line is given by

Y3 B(x) = (¥ sy, )3 expl - %-lf'i-(—r)(zkﬂ)} :

(6.14)
The above result is actually quite general, and holds as long as n

is small compared to n'k+1 and n'y_q, and the tangential optical

depths remain larger than 1. This is shown in the following

derivation:
S (r) = (thyk_3/c3) B /(n'y g - ng)

Neglecting b, in comparison to n'k—l and n'k+1, and substituting
the above expressions in the equation for the emergent intensity

(6.12), with v set >>1, we obtain

L /Mgy = e Ved? @y gy

which is identical to equation (6.14). Thus the relative
intensities of P and R lines with the same upper level are a
model-independent measure of the gas temperature despite the fact

that the lines are excited by the dust continuum.

The line intensity increases with J along the P branch and
decreases with J along the R branch. The variation is a semsitive
measure of the kinmetic temperature as can be seen from a plot of

the logarithmic intensity versus J for temperatures of 100, 200 and
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equations 6.13a and 6.13b, with the [1 - e—t(vp,p)] factor set
equal to 1). The features of this plot are simply explained if we
assume that the V = 1 rotational level populations are
characterised by the same rotational temperature T, as the V =0

k
levels (shown later). The ratio of P(J) to R(J) intensity is given

by
I,y =8, = (Vo/¥)3 o, /o’
p) = Sem) p/Vp)~ P4/
hin Srm 2y /n'y
~ 3 ohb
= (Vp/¥p)® el —“ka(r)(ZJ+1)}

where b is the rotational constant of the V = 1 levels, Thus, a)
for a constant Tk' as J increases, the P(J) to R(J) ratio gets
larger, and b) for a given J, as Tk increases, the P(J) to R(J)
ratio gets smaller, as shown in the figure. The P(J+1) /P(J)

intensity ratio is given by

2hB

(y )3 exp{ 1+ (r)},
k

3 -
par+) Ve 22 541 = ey Yo
iy-1/2'y
where we have assumed b = B, Similarly, the R(J+1) /R(J) ratio is

given by

3 2hB
g1y Vr(py)™ o=@l - ka(r)] .

These expressions explain the increase of intensity with J along

the P branch, and decrease with J along the R branch.



-112-

For the special case k = 0, there is only one
vibration-rotation transition possible i.e., P(1); therefore, the

equations for n,, §, and Io(vp,p) simplify to

By = Do(r) [ og(¥e)/(ePVe/*Ma-13 1 ary, (6.158)

So(r) = (8nh¥o3/c3) DO(2) [ og(¥o)/(etY o/ a1} 1,  (6.15b)

and
Li(vy.p) = (A/p%) @Y 3/eh) (1 - (v m?)?
x [ oy(Ve)/{etVo/¥Tg-13 ] (6.15¢)
where Y, is the frequency of the P(1) line.

This is a very interesting result because it shows that the
observed intensity of the P(1) line is directly related to the dust
temperature and density and is independent of the gas temperature.
Since the V,J = 1,0 level is connected only to the the V,J = 0,1
level, its population is proportional to that of the latter.
Therefore, changes in the kinetic temperature do not affect the
ratio of the populations in these two levels. Hence the excitation
temperature, source function and emergent intensity of the P(1)

line are all independent of changes in the gas temperature.

Using the equation for n,, we calculate the excitation
temperature(s) for the V = 1 rotational levels. Figure 6.3

displays these as a function of radius in the circumstellar shell

for 2 values of T,, a) T, =1, and b) T, = 2, characterizing the
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kinetic temperature which is also plotted. It can be seen that the
V =1 rotational ladder is nearly thermalised at the same
temperature as the V = 0 ladder, except for the J = 1-0 transition,

whose excitation temperature is higher than T £ for Tk { ~350

k
K, and less than '1‘k for T£>~ 350 K. This result has important
consequences for the detailed model of Keady, Hall, and Ridgway
(1984), who have assumed rotational L,T.E. in the V=0, 1 and 2

vibrational levels,

The emergent intensity falls very quickly as the line of sight
moves away from the central infrared source, Figure 6.4 shows the
variation of the predicted intensity of selected P and R branch
lines with radius, The intensity points fall on or near the
straight line, which represents a r—4 variation, Deviations from
the straight line occur at larger radii because of the dependence
of the function H (equation 6.13) on temperature, which also
decreases with radius. The intensity variation for T, = 1 (Figure
6.4a) and T, = 2 (Figure 6.4b) shows that, for the latter, the
deviation from the straight line is smaller as expected, because

the variation in H is smaller at higher temperatures.
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6.5. CONVOLUTION WITH ’'SEEING’ FUNCTION

The analysis described above allows us to calculate the
emergent line profiles from the circumstellar shell at a given
angular distance from the center of the star. However, one cannot
compare these directly with the observations, because scattering,
due to the earth’'s atmosphere, and guiding errors allow some
emission from regions outside the observing annulus area to get
through the annulus and be detected. The observed emission line
intensity is therefore a convolution of the emission line intensity
as a function of radius, with an 'effective’ seeing disk due to the

atmosphere, and guiding errors.

To estimate how significant the above effect is, we calculate
the relative contribution to the total flux passing through our
annulus from ’'illuminating’ circles of different radii concentric
with the observing annulus, in the presence of a Gaussian seeing
disk. The total flux emitted by each circle is taken to be
proportional to its length 2nr times the brightness, which varies

as t—4. in accordance with the results derived in the previous

section.

Figure 6.5 shows the relative contribution of different radii
to the flux observed in the annulus (inner radius 2", outer radius
3.45") with various seeing conditions. For a 1” seeing disk at
4.6 um, the observed emission is weighted strongest by gas at 2",
though there is significant contribution from radii as small as

1.4”, A slightly worse seeing (1.3"”) results in a much larger
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contribution to the observed light by emission from gas quite close
to the star. With a 1.5" seeing, the observed emission is
dominated by gas less than 0.5” away from the centre. Taking a
2702 dependence of seeing disk size (Woolf 1982, Boyd 1978), a 1"
seeing in the visual (0.5um) corresponds to 0.64"” seeing at 4.6 pum.
Therefore, only for visual seeing better than 2" is there
significant contribution to the emission from an envelope radius of
2", For a visual seeing of 2.5"”, the observed emission is
dominated by gas very close to the star, and an annular aperture is

useless in masking out the central infrared source.

In order to calculate the emission line intensities in the
presence of atmospheric scattering, we have calculated the falloff
of emission line intensity with radius, and then convolved it with
a Gaussian seeing profile, whose size is dictated by our estimates
of the seeing during the observing period. The convolution of
model emission line brightness distribution with the seeing disk,
followed by an integration over the area of the annulus, then
yields emission line intensities which can be compared with the
observations., The above procedure is carried out for several

values of T, until a 'best fit’ value is obtainmed.
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6.6. MODEL FITS

The predictions (for different values of T,) and the data (Nov
11) are shown together in Figure 6.6. We have taken a mass loss
rate of 9 x 1075 Mg yr 1 (Ewan and Linke 1982 ) for our adopted
distance of 300 pc (Herbig and Zappala 1970) to IRC +10216.
Figures 6.6a and 6.6b display the results for seeing disks at
4.6 ym of 1” and 1.3", equivalent to visunal seeing disks of 1.6”
and 2.0”, respectively. The curves of relative line intensities
for different values of T, gre labelled by the kinetic temperature
at a radial distance of 2”., The P(1) point, which is independent
of the kinetic temperature, coincides for different models. The
data are scaled by a constant multiple, in order to make the P(1)
data point coincide with the models. A weighted average of the
residuals for all the data points is computed, and the value of T,

which minimizes this is taken as the 'best fit' value.

Figure 6.6 shows that T, = 1, which represents the KH
temperature profile, is significantly lower than that required by
the data. T, = 3 is too high, and a value near 2 seems
appropriate. The data from the Nov 12 scans are scantier and more
noisy, but are consistent with a value of 2 for T,, The KH model
assumes a distance of 200 pc to IRC +10216; however their
calculations show that the temperature distribution as a function
of angular displacement does not vary significantly for moderate
variations in the assumed distance. The [COl/[H,] abundance ratio

(hereafter referred to as 'f’') adopted in the above model was 3 x



-117-

10™4, lower than the Kwan and Linke (1982) value of 6 x 1074
(uncertain by 30 %). However, our data are better fitted with the
lower value of the abundance ratio; the residual after subtracting
the data from the model fit for f = 6 x 104 is 1.5 times larger
than that for the lower value. In any case, the average slope of
the model curve does not change significantly for variations in the
abundance ratio between the two values mentioned above, and the
value of T, we have obtained is fairly insensitive to the abundance
ratio. Therefore, we conclude that the temperature derived from

our observations is definitely higher than the extrapolation of the

KH temperature curve.

For the adopted mass loss rate of 9 x 1075 Mg yrl, and
[COl/[H,] ratio of 3 x 1074, the lines remain quite optically thick
until J values of about 10. Except for the R(14) line we do not
have data for high J lines. Therefore, our analysis is not very
sensitive to increases in the mass loss rate. Figure 6.7 shows
models with three different values of the mass loss rate (with
T, =2, and 4.6 um seeing of 1.0”). The fits for rates of 6.7 x
1075 and 11.2 x 1075 Mg yr~! (0.75 and 1.25 times the nominal rate
of 9 x 1073 Mg yr_l) are equally good, and only marginally worse
than that for 9 x 1073 Mg yr1 (Figure 6.6a); however, the fit for
4.5 x 1075 Mg yr_1 is significantly poorer. In this model the
tangential optical depths t° for the P(1) and R(0) line, at radii )
~ 2", are ~ 1.5 or lower, whereas the higher J lines still have <t°
~ 3.0 or larger, resulting in relatively large changes in the

predicted intensity from P(1) to P(J)2), and from R(0) to R(J)1),
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ag compared to the data, Models with 1.3"” seeing yield similar
results. We set a firm lower limit of 5.8 x 1075 ( 3 x 10°4/¢f)

Mg yr' 1 to the mass loss rate.

6.7. DISCUSSION

In solving the energy balance equation to derive Tk(f)’ KH
assume an initial gas temperature of 350 K at 2 x 1015 cm. 1In
their model the gas temperature in the (>10”) outer parts of the
envelope, where most of the millimeter line emission occurs, is
insensitive to the initial temperature assumed at 2 x 1013 cm
(0.7"). For example, two models with initial kinetic temperatures
which differed by 40 % resulted in temperatures in the outer
envelope differing by less than 4 % (Kwan 1984, private
communication). This is because cooling due to CO rotational
emission becomes effective only at the low temperatures in the
outer envelope. Theoretically, one could start the model
calculations at radii corresponding to angular scales less than 2';
however, the level of uncertainty in the model parameters increases
significantly. The parameter Q, which is the momentum transfer
efficiency factor averaged over the spectral emergy distribution of
the continuum, is taken to be constant with radius. However, Q
depends on radius, since the dust grains constantly modify the

emergent energy distribution, and may vary significantly in the

inner regions of the envelope.
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APPENDIX

CALCULATING THE MEAN INTENSITY IN A DUST ENVELOPE

IN THE PRESENCE OF MOLECULAR LINE OPACITY
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In Chapter 6 we assumed a very simplified model of the dust
envelope in IRC +10216 for calculating the mean (angle-averaged,
velocity averaged) continuum intensity due to dust in the presence
of molecular line opacity. The important results from this model
were i) the mean intensity decreased as the fourth power of the
radius in the envelope and ii) a single dust temperature of 375 K
described the frequency dependence of the mean intensity. Here we
assume a8 dust envelope with a continuously varying temperature and
density, and derive the same result, The temperature in the dust
shell is taken to be T (r) = constant x r 0-4 (EGS), and the dust
number density n4(r) = constant x r 2. The contribution to the
radiative transition rate between levels i and j due to photons

emitted by the warm dust grains is given by giAijDij(“j_ni)’ with

1

Dij(t) =1/2 I dp [ Bij(r.u) f D(r'.Y)dz']
-1 -pur

D(r',¥) = [o,(W)ng(x?) 7 ( PY/XTa(T) —1)] expi-z(2))

where

zl

©(z') = I od(Y)ng(r'')dz"’’
-ur
is the dust optical depth from the point (r',z') to (r,z). The
dust density n.(r) is taken equal to Kdr'z. vhere K; is evaluated

by taking the total radial optical depth at 4.6 um from infinity

into 3R, to be 2.3 (Keady 1982). To evaluate
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Il(r;u) = r D(r'.y)dZ'
-ur
we make the substitutions

y=2"'/r,

p/r = (1_p2)1/2’

=
]

f(y) = (9% + 42)0+4, and

g(y) exp{-t(z')} / (32 + n?). Then

L(r,w) = LogONEy(0) /] | gy g(3) expl-A £(3)},
-u
where A = hY/de(r). Since hY/k ~ 3100 K at a wavelength of
4,6 um, and Td(z) is typically a few hundred degrees, A >)> 1.

Therefore, we can evaluate I, (r,pu) using the method of steepest

descent, obtaining

I(r,n) = [og(¥)Kq(r)/p] exp{- A(p)} {5n/A(p)}}/2

x exp{ - [o4(¥)Ky(r)/p] sin lul.

This expression is physically reasonable because it says that

the dominant contribution to the intensity at the point r from dust

comes from the regions closest to the star, where the dust is

hottest, which is expected because of the exponential dependence of

the Planck intensity on temperature. The above expression is valid

for p greater than zero. Since the dominant contribution to Dij(r)

comes from directions towards the star, we can ignore the

contribution from directions where u < 0. Writing
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1
Dij(x) = 1/2 f dp [ Byj(r,p) Ia(r,p)
0

and substituting the expression for I, (with ¥ = 2150 cm'l), we
integrate the above integral numerically. The results of this
calculation are presented in the following table, with the dust

continuum intensity at r (normalised to that at 1”) Column 2, and

£4 in Column 3,

(") D(r)/D(1") 4

0.08 6.74 x 10° 2.44 x 10*
0.10 3.79 x 103 1.00 x 104
0.20 4.93 x 102 6.25 x 102
0.30 1.22 x 102 1.23 x 102
0.40 42.0 29.1

0.50 17.5 16.0

0.60 8.43 7.72

0.80 2.56 2.44

1.0 1.0 1.0

1.2 4.65 x 1071 4.82 x 1071
1.5 1.82 x 1071 1.97 x 1071
1.75 9.59 x 1072 1.06 x 1071
2.0 5.51 x 1072 6.25 x 1072
2.5 2.20 x 1072 2.56 x 1072
3.0 1.05 x 1072 1.23 x 1072
3.5 5.61 x 1073 6.66 x 1073
4.0 3.27 x 1073 3.91 x 1073

5.0 1.33 x 1073 1.60 x 1073
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The good agreement between the values in Column 2 and Column 3
shows that the continuum intensity due to dust emission decreases
inversely as the fourth power of the radius. For r < 0.2" the
intensity varies less steeply than r'4. in accord with the
continuum optical depth exceeding unity at these radii. The latter
agrees with Toombs’ representation, which includes a 600 K
optically thick core of radius 0.22" in the IRC +10216 infrared

source.

Next we evaluate Dij(r) at three different frequencies 2100

(D;100), 2150 (Dy150) and 2200 cm L (D;,,,).

r(") D,300/Dz1s0 Di3200/D21s0
0.2 1.171 0.854
0.3 1.195 0.838
0.4 1.211 0.827
0.5 | 1.221 0.822
1.0 1.245 0.809
1.5 1.246 0.806
2.0 1.245 0.807
2.5 1.242 0.807
3.0 1.242 0.808
3.5 1,241 0.809

4.0 1.241 0.809
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In the simple model the dependence of the dust emission on the
frequency Y is given by E(Y) = o4(¥) /1 ehy/de—ll with a

constant (with radius) Td = 375 K. Defining Ezz00. Eziso and Ezzo0

as the values of E(Y) at 2100, 2150 and 2200 cm~ 1, we obtain

Es100/E1150 = 1.16 and E1300/E2150 = 0.86, in reasonable agreement
with the values of 1.24 and 0.81 for D,,,,/Ds350 and Dazoo/Diiso,
respectively. Thus we conclude that the simple Toombs’
representation of the infrared source, adopted in our analysis,
gives an adequate representation of both the radial and the

frequency dependence of the continuum intensity due to thermal dust

emission.
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FIGURE CAPTIONS

Figure 6.1. The adopted infrared source structure of

IRC +10216.

Figure 6.2. The variation of model emergent intensity of
CO vibration-rotation lines as a function of J, the angular
momentum of the lower state, for three values of the kinmetic

temperature.

Figure 6.3. The variation of the model excitation temperature
in the V = 1 rotational ladder as a function of radius in the
IRC +10216 envelope, for kinetic temperature characterised by a)
T, =1, and b) T, = 2. The adopted variation of the kinetic
temperature is also plotted. The excitation temperature of the
J = 1-0 transition (filled circles) is significantly different from

the excitation temperature of the higher transitions.

Figure 6.4, The variation of model emergent intensity of
CO vibration-rotation lines as a function of radius in the

IRC +10216 envelope, for kinetic temperature characterised by a)

To =1, and b) To = 2. The straight line represents a 4

variation.

Figure 6.5. The relative flux in an annulus of inner radius
2", outer radius 3.45", from different radii for a r—4 brightness
distribution for seeing disks (at 4.6 pm) of 1.0, 1.3 and 1.5",

The maximum flux in each curve is normalised to unity.
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Figure 6.6. The model emergent intensities of CO
vibration-rotation lines (P and R branches), and the observations
are shown as a function of J, for three different radial kinetic
temperature curves. Different models are labelled by the kinetic
temperature at 2”, and have been scaled to make the predicted P(1)
intensity equal to the observed. Model fits are shown for two

seeing disk sizes (at 4.6 um), namely a) 1.0” and, b) 1.3".

Figure 6.7. The model emergent intensities of CO
vibration-rotation lines (P and R branches), and the observations
are shown as a function of J, for three different mass loss rates.
Ty = 2 for the radial kinetic temperature variation, and the 4.6 pm

seeing is 1.0”. Models have been scaled to make the predicted P(1)

intensity equal to the observed.
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