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Probing the Dust Formation Zone in IRC+10216 with the SMA
Nimesh A. Patel, Carl A. Gottlieb, Ken H. Young
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Figure 2. Expansion velocity (v
exp

) versus Eu derived from
measured line profiles of SiCC in the 345 GHz and 400 GHz
bands. For Eu < 400 K, v

exp

is comparable to the terminal ve-
locity of 14.5 km s�1, but v

exp

decreases at higher Eu approach-
ing 5 km s�1 (the velocity in the dust condensation region) for
Eu = 700� 800 K.
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Figure 1. Left: Sample spectra of 3 rotational transitions of

SiCC from levels with excitation energies (Eu) between 196 and

730 K above ground. The line profiles change from rectangular

to narrow triangular shape with increasing Eu. Right: Integrated

emission with a 3

00
diameter beam of the 3 lines in the left hand

panel, showing a progression from spatially extended to point-like

unresolved emission as a function of Eu.
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Figure 3. Spectrum and map of integrated emission of SiC near
315 GHz. The map confirms that (1) SiC is localized in an asym-
metrical extended shell-like structure with an approximate radius
from the star of about 400, and (2) there is no evidence for SiC
within the dust condensation radius of 0.100.
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Figure 4. Spectrum, velocity channel maps, and map of inte-
grated emission of SiN near 305 GHz. The map of SiN is very
similar to that of SiC shown in Figure 3.
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Introduction & Motivation

Interstellar dust grains are thought to evolve in the

colder regions of space from the gas and solids present

in the outflows from Asymptotic Giant Branch (AGB)

stars. IRC+10216 is an ideal source to study the phys-

ical and chemical processes that occur in the circum-

stellar envelopes of carbon-rich AGB stars, because it

is close to the Sun (⇠150 pc), the mass loss is high,

and it is very rich in molecules. Summarized here are

some interferometric spectral line measurements of a

few small Si, Al, and Na bearing molecules included

in recent models of the chemistry and dynamics of the

inner envelope of IRC+10216.

1

Figure 5. Spectrum and map of integrated emission of AlF near
296 GHz. The map confirms that there are two spatial compo-
nents — a spatially unresolved, and a very compact shell just
barely resolved with our 300 beam. A similar angular distribution
is observed in AlCl (not shown here).

1

Figure 6. Spectrum and map of integrated emission of NaCl
near 351 GHz. The NaCl (and KCl not shown here) appears very
close to the star (within a few arcseconds), but some of the gas
reaches the terminal expansion velocity.
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SiCC
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from which the bulk of the emission in this line arises,
within r D 5 ] 1016 cm from the center.

6.4. Excitation by the Infrared Field
We explore the e†ect of extended infrared emission at

r \ 1A, in addition to the blackbody radiation �eld from the
inner dust shell (see We use a blackbodyr B 0A.2 ° 2.2).
radiation �eld with T \ 375 K. The total Ñux at 4.6 km
obtained from the two blackbodies is an upper limit to the
Ñux at a radial distance from the star of about 1A, so we use
it to prove that the infrared emission originating in this
inner region of the envelope does not e†ect the CO emis-
sion, regardless of the details of the distribution of such
emission. In fact, our calculations show that the CO and
13CO line pro�les remain exactly the same after adding this
second component. This is because the emitting region is
too small compared with the beam size of the telescopes,
and in addition the Ñux at 4.6 km from this component is
not large enough to produce signi�cant changes in the exci-
tation temperature of the observed CO lines.

We now consider whether other e†ects of infrared
pumping could be important in our model calculations. We
�rst consider excitation to the v \ 2 state. We examine the
e†ect of the 2.2 km continuum radiation that is capable of
exciting CO molecules from the ground state directly to the
v \ 2 state. We �nd that the relatively low value of the
relevant Einstein A-coefficients (A B 0.5 s~1 compared with
20È30 s~1 for the A-values of v \ 1 ] 0 transitions) and the
lower infrared Ñux at this wavelength (about 10 times less
than at 4.6 km) make direct v \ 0 ] 2 excitation negligible.
Second, we consider excitation to the v \ 2 state through
the v \ 1 state. In this case, the A-values for v \ 2 ] 1 are
comparable to the v \ 1 ] 0 values, and both transitions
can be excited by 4.6 km radiation. We �nd that the process
of pumping the molecules from v \ 1 to v \ 2 shifts the
rotational population to higher J levels. The term R

J,J`2de�ned in can be increased by a factor of 2 by this° 2.2
process. In addition, there is another term, that canR

J,J`4,
increase the excitation to the higher J level by a factor of 4
or more. (The inverse terms, which produce de-excitations,
i.e., from J to J [ 4, are always lower because of the values
of the A-coefficients and statistical weights.) But again, this
process, although it can be important in some cases, is not
signi�cant in our case because CO and 13CO are too opti-
cally thick to the 4.6 km continuum. That is, it is only
important in a very small inner region where the infrared
Ñux is not yet absorbed, so it does not modify our results.
We also examine the e†ect of the acceleration region on the
infrared pumping. In this region, there is no attenuation in
radial direction ; therefore, the total infrared absorption by
CO is reduced. For an acceleration region of size
r D 3 ] 1014 cm (as we assumed in our model), there is no
change in the results. The e†ect starts to be noticeable if the
acceleration region has a size of about 5 ] 1015 cm. Then
the 12CO J \ 6 ] 5 and J \ 4 ] 3 line intensities increase
by 10%, but the lower excitation lines and 13CO lines are
a†ected minimally. This is due to the fact that the intensities
of the high-excitation 12CO lines increase proportionally to
the excitation temperature since they are optically thick.TexHowever, the 13CO J \ 6 ] 5 line intensity does not
increase because it is optically thin, so that whichq P 1/Tex,cancels the dependence. Since the acceleration region isTexunlikely to be larger than 5 ] 1015 cm, our results are not
a†ected signi�cantly.

6.5. Photodissociation
We assumed that photodissociation starts destroying

both 12CO and 13CO at the same radius (3.75 ] 1017 cm,
for d \ 150 pc), despite the fact that 13CO has a larger
photodissociation rate because it is not protected by self-
shielding. et al. claim that 13CO is reple-Mamon (1988)
nished by the fractionation reaction

12CO ] 13CO` ] 13CO ] 12CO` (12)

and suggest that for IRC ]10216, the two e†ects conspire
to make the radii at which 12CO and 13CO are photo-
dissociated of similar size. As a check, we have performed
calculations with di†erent 13CO radii. We �nd that, using
r \ 2 ] 1017 cm for the 13CO photodissociation radius, the
observed 13CO J \ 1 ] 0 line pro�les are better repro-
duced than with r \ 3.75 ] 1017 cm. In particular, the
peakÈtoÈline center contrast is smaller, in agreement with
observations. Choosing an even smaller 13CO photo-
dissociation radius results in line pro�les that are too Ñat
and disagree substantially with the observations.

6.6. Kinetic Temperature : Comparison with Previous W orks
Depending on their excitation requirements, various CO

lines have the bulk of their observed emission arising from
distinct parts of the envelope. In particular, the high spatial
resolution observation of the CO J \ 6 ] 5 transition helps
to constrain the temperature in the inner region
(r B 5 ] 1015 cm), which has not been well probed by pre-
vious observations.

The kinetic temperature as a function of radius obtained
by our model is shown in in which we compareFigure 7,
our result with the temperature pro�les obtained by Kwan
& Linke and by et al. who also(1982) Truong-Bach (1991),
performed a self-consistent calculation of the thermal
balance. Our curve is very di†erent from that of Truong-

et al. because they use a two-shell model withBach (1991)
di†erent mass-loss rates, which causes an abrupt tem-
perature discontinuity at the boundary between the shells.
In particular, these authors suggest the existence of a very
hot inner region of temperature greater than 500 K extend-
ing out to a radius of 1016 cm. Their model was motivated

FIG. 7.ÈKinetic temperature as a function of radial distance from the
star for our model, compared with & Linke andKwan (1982) Truong-Bach
et al. models.(1991)
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• The formation of silicon carbide dust (“SiC”) in the
inner envelope of AGB stars is not well understood
(Parker et al. 2013; Yasuda et al. 2012; Speck et al.
2009).

• Most prior measurements of the gaseous silicon car-
bides (SiCn) were made with single antennas at low
angular resolution of typically 1000 � 3000.
• Direct observation of small metal bearing molecules
in the inner envelope of AGB stars is becoming feasi-
ble with sensitive interferometers in the submillimeter
band.

• In the past couple of years, we have measured many
lines of SiCC in IRC+10216 in the 345 GHz and 400 GHz
bands at high angular resolution with the SMA (see
Figure 1) (Patel et al. 2011).

• Of the 4 silicon carbides observed with radio tele-
scopes (SiC, SiCC, cyclic SiC3, and SiC4), only SiCC
is observed in the inner envelope of IRC+10216 (the
other 3 are in shells � 400 from the star).

• The measured line widths confirm that we are directly
observing SiCC in the dust condensation region close
to the star (see Figure 2) (Patel et al. 2009).

1

Present Plans and Future Goals:

•Derive the abundances of small metal bearing molecules

believed to be relevant for dust formation from our mea-

surements.

•Compare the derived abundances with published chem-

ical model calculations of the abundances versus radius.

•Critically assess current models of the non-equilibrium

chemistry in the dust formation zone, and estimates

of depletion of metal bearing molecules from the gas

phase (Cherchne↵ 2012; Agúndez et al. 2012; Glass-

gold 1996).

•Continue interferometric measurements of metal bear-

ing molecules at increased angular resolution to ad-

vance the determination of the physics and chemistry

in the inner envelope of AGB stars.
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Left: optical image of dusty shells around IRC+10216 
imaged with the CFHT (Mauron & Huggins (1999). Right: 
Adaptive Optics VLT image of the inner envelope of IRC
+10216 at 2 microns (Menut et al. 2002). See also, talk by 
Michel Guelin at this conference.

130” 2”

IRC+10216 (CW LEO)

•Nearest and brightest Carbon-rich AGB star (distance: ⇠ 150 pc)

• Discovered in 1969 by Neugebauer & Leighton from an unbiased

IR sky survey

• Spectral type: C9.5, Mira variable, 649 day period

• Velocity w.r.t. LSR: �26 km s

�1
, wind velocity: 14.5 km s

�1
.

• Mass-loss rate = several ⇥10

�5M�yr

�1
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Figure 7. Figure from Crosas & Menten (1997) (see their Fig. 7)
that shows the kinetic temperature as a function of radial distance
from the star, derived from a model constrained by measurements
of submillimeter-wave rotational lines of CO and 13CO. The radial
distribution of the metal bearing molecules observed with the SMA
are shown with colored arrows.
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