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equatorial plane of the object. All such cuts look the same for a spherically
symmetric envelope, which we assume is the case for purposes of orientation.
Radial distances r have been marked by powers of 10. On a global scale, the
lengths of general interest extend over 10 decades, from about 109 cm, the ra-
dius of the burnt-out core of the star, to 1019 cm, where the envelope is stopped
by the interstellar medium. An angular distance scale can be introduced; on the
assumption that the star is 200 pc distant; 100 corresponds to r = 3⇥ 1015 cm.
Going outward, it is useful to recognize five regions: 1. the region just

outside the stellar core, where nuclear burning occurs; 2. the pulsating envelope
of the star, which includes the bulk of the stellar atmosphere; 3. the inner
circumstellar envelope; 4. the main circumstellar envelope; and 5. the far
outer envelope, which terminates in the interstellar medium. There is no sharp
demarcation between these regions and, indeed, we are particularly interested
in the connections between them. Furthermore, mass loss is intrinsically a
time-dependent process that depends sensitively on the character of the star

Figure 1 Caricature of an AGB Star. A slice of the star with the space divided into the star
proper, circumstellar matter (an inner transition zone and the main circumstellar envelope), and
the interstellar medium. Distances are shown on a logarithmic scale at the bottom. The inner and
outer radii of the envelope, R1 and R2, are marked, as are the photospheric radius R⇤, the stellar
core radius Rc, and the expansion velocity vexp. The angular distance of 100 (not marked) is at
r = 3⇥ 1015 cm, if the star is 200 pc away.
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H2, dust, HCN
C2H2 etc.

Glassgold A. (1996) ARAA, 34, 241

I. AGB stars (e.g. IRC+10216)
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II. Proto Planetary Nebulae (e.g. CRL 618)The Astrophysical Journal, 772:20 (11pp), 2013 July 20 Balick et al.

(a) (d)

(e)

(b)

(c)

Figure 1. Images of CRL 618. (a) Color overlay of F658N, F656N, and F547M images from 2009.7. Shock-excited lines originate in the pink regions near the
fingertips. Scattered light of the broad stellar Hα line dominates much of the green image layer. Scattered continuum at 550 nm light appears blue. (b) Overlay of a
pair of F606W images from 2002.6 (orange) and 2009.6 (blue) showing the 7 yr growth of the fingertips. (c) Overlay of F164N (orange) and F167N (blue) images. (d)
Broadband IR images overlaid on a very-high-contrast rendition of the F110W image. The edges of the eastern “searchlight” of scattered light are marked by a pair of
white radial lines with opening angle 40◦. (e) Three images spanning 11 yr that show the rapid changes in brightness of the fingertips, especially E1, E4, W1, and W3.
(A color version of this figure is available in the online journal.)

Figure 2. Linear inverse images of CRL 618 from 2009.6 (top) and 1998.8 (bottom) that highlight changes of structure and brightness in the fingers and their tips in
Hα (left) and [S ii] (right). All images are normalized so that fingertip E2 (arrow) is black. The field of view of each frame is 16′′ × 5′′ (0.07 × 0.02 pc at D = 0.9 kpc).
The color inset is composed from F953N (red), F656N (green), and F673N (blue) images from 2009.7 and magnified by a factor of two. The peak of the central star
appears as yellow.
(A color version of this figure is available in the online journal.)

The three frames are taken through two filters identified in the
image and normalized so that the core has the same brightness
in each frame. (The F606W frame appears generally brighter
than F656N frames owing to its wide filter bandpass.) Note that
a few fingertips temporarily disappear entirely in some of the
images.

3. RESULTS

Unless noted otherwise, the results described below were
extracted from a pair of F606W images obtained from the
Advanced Camera for Surveys in 2002.6 and WFC3 in 2009.6
since this image pair has the best spatial resolution, the cleanest
PSF, and highest signal-to-noise ratio. The key findings derived
directly from those images are as follows.

Image colors. Refer to Figure 1(a). The F547M image (shown
in blue) is free of known bright emission lines. Thus, the blue-
colored “mid-finger” emission seen in this filter is dominated by

scattered stellar continuum. As noted by TDG93 and SCSG02,
the regions shown in green near the star are largely the result
of scattered stellar Hα. (Oddly, the scattered Hα emission is
relatively concentrated toward the nucleus.) The emission in the
pink regions (a combination of [N ii] and Hα lines) is intrinsic
and arises from shocked gas. Knotty pink emission can be traced
inside the fingers and along some of their edges. This is the
signature of a bow shock. All of this has long been recognized.
See RR+11 for details.

Background features. The extent and structure of the low-
surface-brightness background is brightest and best defined in
the F110W image (Figure 1(d)). The background light arises
in circular rings or ring fragments. The shapes and colors of
the rings mimic those observed through the same filters in
CRL 2688 (Paper I) and resemble ensembles of rings found in
many other pPNe and PNe. By analogy to CRL 2688 (Paper I)
and many other pPNe and PNe with similar sets of outer rings,
the rings are most likely the result of mass-loss modulations in

4

Balick et al. (2013) ApJ 772,20

(The schematic figure was made
before the SMA observations.
We now find CN and CCH in 
the fast outflow.)

Distance~1.5 kpc



M. Santander-Garcı́a et al.: Modeling the physical and excitation conditions of the molecular envelope of NGC 7027

Fig. 2. Left: Schematic representation of the model of the molecular envelope of NGC 7027. The shells and blobs are colored
according to their densities, in a logarithmic scale. The axes denote the equatorial and polar directions. Right: Velocity field of
the model, resulting from the combination of radial and polar components, both pointing outwards from the central star. The polar
component is activated for distances to the equator greater than 1.5×1016 cm (the region where it is not active is indicated). The
velocity of the polar blobs is purely along the polar direction.
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III. Planetary Nebulae (e.g. NGC 7027)

Santander-Garcia et al. (2012) A&A 545,A114
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NGC 7027

HST Legacy Archive, APOD 26 Sept. 2016,  D. Cadrecha
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Line Survey of IRC+10216

Patel et al. (2009) ApJ,692,1205
Patel et al. (2011) ApJSS,193,17

0 2 4 6 8 10 12 14 16 18 20
0

20

40

60

80

100

120

140

160

180

Vexp (km/s)

N
u
m

b
er

 o
f 

li
n
es

0 5 10 15 20
0

5

10

15

20

25

30

35

40

Vexp (km/s)

N
u

m
b

er
 o

f 
U
!

li
n

es

mixture and discharge current to obtain the highest yield of a known molecule (e.g., CCH,
C4H, HCCCN, H2CO, SiC2, SiO, and SiS). Owing to the number of rotational lines to be
analyzed, automation of the spectrometer requires broadband frequency multipliers with no
tuning elements. In the proposed experiments, following the initial optimization of the gas
mixture and discharge conditions, a computer sets the synthesizer to a subharmonic of the
frequency of one of the astronomical lines which is then frequency multiplied to generate the
actual astronomical line frequency, integrates for 10− 30 min, sets the frequency to another
line and integrates, etc., until all 100 or more lines in a particular interferometric spectral
line survey have been examined in a particular laboratory gas discharge. Following this, we
will then reobserve each laboratory while applying each of the three or more assays.

We will begin searching for the carriers of the U lines in the latter part of Year 1 once
we have obtained the 220− 330 GHz Amplifier/Multiplier chain (see Budget Justification),
and the molecular beam absorption spectrometer has been assembled (Section 3.3). In the
interim, we will examine the astronomical spectra for possible patterns of lines and tentative
spectroscopic assignments. Confirmation of these assignments will require observation of the
same lines in the laboratory, and the subsequent application of our laboratory assays.

Figure 9. Sample spectrum from the SMA spectral line survey of IRC+10216 by Patel
et al. [5]. In this particular spectrum, four narrow U lines with flux density of ≤ 0.3 Jy were
observed between 306.2 and 306.5 GHz. The line profile of AlCl on the left at 305.85 GHz
is an example of a species in the outer envelope that has reached the terminal velocity.
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Dust formation zone in IRC+10216

SiCC

NaCl, AlF

SiC, SiN

No. 2, 1997 IRC ]10216 CIRCUMSTELLAR ENVELOPE 923

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)
Figure 3: Left: This figure (from Crosas & Menten 1997) shows the kinetic temperature as a function of
radial distance from the star. The radial distribution of various molecules as suggested from SMA results, are
shown with colored arrows. Right: Expansion velocity (vexp) versus Eu derived from measured line profiles
of SiCC in the 345 GHz and 400 GHz bands. For Eu < 400 K, vexp is comparable to the terminal velocity
of 14.5 km s�1, but vexp decreases at higher Eu approaching 5 km s�1 (the velocity in the dust condensation
region) for Eu = 700�800 K.

emission appears symmetrical and confined to within a few arcseconds around the star, but some of
the gas reaches the terminal velocity. AlF and AlCl (near 296 GHz) show two spatial components
— a spatially unresolved, and a very compact shell just barely resolved with our 300 beam.
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Dust formation zone in IRC+10216

Figure 1: Spectrum and map of integrated emission of SiC near 315 GHz. The map suggests that (1) SiC is
localized in an asymmetrical 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.

Figure 2: Spectrum and channel map of SiN emission near 305 GHz.

⇥ 10�9, with Tex ⇠ 40K. Our SiN column density is in good agreement with the value quoted by
Turner et al. (1992) in his detection paper.

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 (Patel et al. 2009, 2011).
Of the 4 silicon carbides observed with radio telescopes (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. The line profiles change from rectangular to narrow triangular shape with
increasing Eu. The expansion velocities derived from the line widths are plotted vs Eu in Figure 3,
showing a transition at ⇠ 500 K.

3. Salts and Metal Halides

Spectra and maps of salts NaCl and KCl at ⇠ 351 GHz (not shown here) confirm that the

3

Patel et al. (2013) Life cycle of Dust conference, Taipei



Discovery of SiCSi in IRC+10216

collected in the public CDMS (Müller et al. 2005) and JPL
(Pickett et al. 1998) spectral databases and in the MADEX
code (Cernicharo 2012). Most of these lines show the

characteristic U-shaped or flatted profiles with linewidths of
29 km s−1. However, above 250 GHz a significant number of
lines are very narrow and come from the dust formation zone of
CWLeo (see, e.g., Patel et al. 2011; Cernicharo et al. 2013).
Among the unidentified lines observed with the IRAM 30m
telescope, we have been able to assign 112 to the rotational
spectrum of SiCSi through an iterative procedure described
below and a close synergy between molecular spectroscopy
and astrophysics. Some selected lines among those observed in
IRC+10216 are shown in Figure 1. Nine lines observed above
300 GHz with the IRAM 30 m telescopes and assigned to
SiCSi correspond to unidentified lines observed with the SMA
by Patel et al. (2011). The spatial distribution of some of these
lines, as derived with the SMA, is shown in Figure 2.

3. SPECTROSCOPIC CONSTANTS OF SiCSi

Disilicon carbide (SiCSi) has a C2v symmetry and a 1A1
electronic ground state with a modest permanent dipole
moment of ∼1D along the b-inertial axis (Barone et al. 1992;
Bolton et al. 1992; Gabriel et al. 1992; Spielfiedel et al. 1996;
McCarthy 2015). Because the two equivalent off-axis silicon
atoms are bosons, only half of the rotational levels exist
(K Ka c+ even).
The search for lines of SiCSi in space began with the lines

measured in the laboratory by McCarthy (2015), which
allowed us to accurately predict frequencies with K 0, 1a =

Figure 2. Maps of the average of four SiCSi lines: 18 183,15 2,16− ,16 163,13 2,14− ,14 143,11 2,12− , and12 123,9 2,10− (from the SMA line survey of IRC+10216; Patel
et al. 2011). Their visibilities were combined before imaging. The upper left panel is the integrated intensity map, while the remaining ones are the channel maps with
VLSR velocities indicated on top right in km s−1. The size of the synthesized beam is shown in bottom right panel. The halftone image in the first panel is scaled linearly
from 0 to 2.7 Jy beam−1 km s−1 and the contour levels (in the same units) have the starting value and intervals of 0.4 in the first panel and 0.04 in remaining panels.

Table 1
Spectroscopic Constants (MHz) of SiCSi in Comparison to SiC2

Constant S-reduction A-reduction SiC2 A-reduction

A 64074.3366(44) 64074.33623(37) 52474.1930(677)
B 4395.51772(41) 4395.621072(844) 13158.71537(204)
C 4102.13098(62) 4102.02789(107) 10441.58029(168)

JΔ 103× 9.66776(224) 9.73150(178) 13.20278(397)
JKΔ −0.856833(73) −0.8572075(610) 1.5382238(882)

KΔ 23.58788(178) 23.58805(148) −1.2159(174)
d 10J1

3δ × −1.52630(34) 1.519832(437) 2.41191(253)
d 10K2

2δ × −0.00318(32) 5.1591(454) 8.70880(415)
H 10J

8× −3.627(116) −4.1349(949) −8.312(460)
H 10JK

5× 1.9373(67) 1.93298(547) −5.0158(993)
H 10KJ

3× −1.8882(95) −1.88755(791) 0.39025(399)
H 10K

2× 4.8632(204) 4.8633(168) 0.2487(529)
h1/h 10J

9× −5.304(225) −5.231(187) −3.46(271)
h2/h 10JK

9× −2.614(255) −6586(361) −35151(191)
h3/h 10K

3× L L 1.1162 (286)

Note. 1σ uncertainties (in parentheses) are in the units of the last significant
digits.
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agree rather well, but the S reduction is preferred because Kδ
and hJK are three orders of magnitude larger than the
corresponding constants d1 and h2 and the predicted frequen-
cies for high J or Ka will be less accurate. Because there are
only a few observed lines with K 3a > , further improvement of
the rotational constants was not possible. We estimate that the
calculated frequencies with J 60⩽ , K 5a ⩽ are reliable up to
400 GHz. The list of observed lines in IRC+10216, together
with the derived line parameters, energies of the upper levels,
and line strengths is provided in Table 2 (online), which also
gives the frequencies and uncertainties for the 22 lines
observed in the laboratory (McCarthy 2015).

The SiCSi distortion constants are as large as those of SiC2, a
well-studied molecule also considered to be very floppy.
Table 1 provides, for comparison purposes, the rotational
constants derived from a fit to the lines of SiC2 reported by
Müller et al. (2012) including the same constants as for SiCSi
plus additional higher distortion constants. Both, KΔ and HK
are one order of magnitude larger for SiCSi than for SiC2,
while andJK KδΔ are of the same order despite SiCSi being
somewhat heavier than SiC2. Both molecules have a very low-
lying vibrational mode, around 100–200 cm−1. Hence, by
analogy with SiC2 for which the antisymmetric 3ν mode is
readily observed in IRC+10216, we might also expect to

observe rotational lines of SiCSi in its symmetric mode 2ν .
Nevertheless, SiCSi has its dipole moment along the b-axis
while in SiC2 it is aligned along the a-axis which produce a
significantly different rotational spectrum.

4. DISCUSSION

The observed line profiles of SiCSi go from U-shaped, in the
case of low excitation lines lying at high frequencies and thus
observed with a smaller beam, to flat-topped, for high-
excitation lines lying at low frequencies (see Figure 1). Such
behavior indicates that SiCSi is concentrated around the star
but with a relatively extended distribution, as occurs in the case
of metal-bearing species (Cernicharo & Guélin 1987; Guélin
et al. 1993). The SMA maps, which correspond to transitions
involving upper level energies between ∼60 and ∼100 K, show
that the emission is concentrated in a region of 6≃ ″ in diameter
(see Figure 2). A slightly larger brightness distribution size can
be expected for lines involving lower energy levels (see
Figure 1). We have checked if SiCSi could be responsible for
some of the lines detected with ALMA in IRC+10216
(Cernicharo et al. 2013). Unfortunately, only three strong lines
are within the spectral domain covered by these ALMA cycle0
observations and only one seems to be free of blending and is
clearly detected in the central pixel. However, these observa-
tions were selected to trace the dust formation zone and their
sensitivity is not good enough to trace the spatial distribution of
weak lines.
To initially estimate the abundance and origin of the SiCSi

emission from transitions involving different energies, we show
in the top panel of Figure 3 a rotational diagram based on the
112 observed lines. We have adopted a Gaussian source size
with a radius 5″. The observed integrated intensities have been
corrected for dilution in the beam and for the main beam
efficiency of the telescope. We can distinguish three zones with
different rotational temperatures. The lines with upper level
energies below 60 K (zone I) have been fit with a rotational
temperature, Trot, of 31 ± 5 K and a column density of
(1.4 0.4) 1015± × cm−2. The lines with upper level energies
between 60 and 200 K (zone II) have been fit with
T 118 12rot = ± K and a column density of (3 0.7)± ×
1015 cm−2. Finally, the lines with upper level energies above
200 K (zone III) have been fit with T 280 50rot = ± K and a
column density of (3.2 0.9) 1015± × cm−2. The rotational
temperature derived for zone I could correspond well with the
extended molecular ring observed at r ≃ 14″ in SiC2 (Guélin
et al. 1993). Its value agrees well with the rotational
temperature derived for other species (Cernicharo 1996a;
Agúndez et al. 2008). Zone II corresponds to the emission
region of metal-bearing species and high energy lines of SiC2
with r 5⩽ ″ (Figure 2 and Velilla Prieto 2015). Finally, the
high energy lines (zone III) correspond to the region with
r 2⩽ ″ traced by Jhigh− lines and vibrationally excited states
of SiC2, SiS, HCN, HNC among other species (Cernicharo
et al. 2010, 2011; Velilla Prieto 2015). In this region,
Cernicharo et al. (2010) derived for SiC2 Trot ≃ 204 K and a
column density of 8 1013∼ × cm−2 averaged over a beam of
30″. When corrected for the source radius of 5″ adopted in this
work, the column density of SiC2 becomes 3 × 1015 cm−2.
Hence, SiCSi is as abundant as SiC2 in the dust formation zone
of IRC+10216. The large difference in the intensities of the
observed lines of SiCSi and SiC2, near a factor of 100, arise

Figure 3. Top panel shows the rotational diagram of the 112 observed lines of
SiCSi. The three zones discussed in the text are indicated by vertical dashed
lines. The bottom panel shows the radial abundance distribution of SiCSi, SiC2,
and SiC as calculated by chemical equilibrium (dashed lines) and as derived
from the observations of IRC+10216 (solid lines). The derived abundance
profile of SiC2 is taken from Cernicharo et al. (2010).
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J. Cernicharo, M. McCarthy, C Gottlieb et al., 2015, ApJ,806,L3

• 112 lines, 80-350 GHz, with IRAM 30m (103) and SMA (9) 
• 22 lines measured in the laboratory (McCarthy et al. 2015) 
• Emission arises from a region 6” in radius; expanding shell 
• Abundance of SiCSi is similar to that of SiCC due to the lower  

dipole moment and larger partition function, SiCSi lines are  
nearly a 100 times fainter than lines of SiCC.



Metal Oxides in VY CMa

Specific small aluminum oxides of immediate interest include AlO2, AlO3, Al2O2, and
Al2O3. Owing to symmetry the electric dipole moments of the most stable isomers of AlO2

and Al2O are zero and they do not have observable rotational spectra, however a cyclic
isomer of AlO2 is only 3000 K higher than the symmetric linear form [47]. The structure of
AlO3 has been calculated [48], and there is spectroscopic evidence for cyclic AlO2 and AlO3

trapped in an inert matrix [49]. Cyclic AlO3 has an a-type spectrum with readily identifiable
harmonically related Ka = 0 transitions every 8.2 GHz and a large dipole moment (2.99 D
[37]). The Al2O2 cluster should also be observed in our laboratory source, because the
linear isomer (AlOAlO) is estimated to be only 1,500 K higher in energy than the most
stable (cyclic) isomer shown in Figure 7, it has been observed at IR wavelengths trapped
in an inert matrix [49], and µ is large (5.16 D). At temperatures higher than 1000 K in
the circumstellar envelope, the two most abundant aluminum bearing molecules in the gas
phase are AlO and Al2O. Under these conditions, the Al2O3 is predicted to form from Al2O
by the reaction [21], 2Al2O + H2O → Al2O3 + H2. The cyclic form of Al2O3 in the triplet
electronic state (Figure 7) is predicted to be the most stable isomer [50, 44] with a sizable
dipole moment of 1.99 D [37]. The linear form (OAlOAlO) which is slightly less stable has
been observed in the IR [49], but is not observable in the radio band.
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Figure 7. Left: Spectra of AlOH, AlO, and AlCl in VY CMa observed with the SMA [20].
The high observed line intensity of AlO implies that other aluminum oxides should be observable
by the same technique. Bottom right: Spectrum of AlO at 344 GHz observed in o-Ceti (Mira) with
APEX, and ALMA with 30 12 m antennas and a synthesized beam of 0.5′′ [3]. Linear and nonlinear
isomers of Al2O2 (top right) and Al2O3 (middle right) from [50, 44]. The rotational spectra of cyclic
Al2O2 and linear OAlOAlO are not observable owing to symmetry (see Section 5.2.2).
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of TiO; and the temperature of TiO2 which is four to five times lower than predicted. Simi-
larly, our measurements of AlO and AlOH in the same survey in which TiO and TiO2 was
observed, will allow us to critically examine predictions of the abundances and distributions
of the aluminum oxides which have also been mentioned as possible precursors of the dust.

Recently De Beck et al. [22] refined our estimates of the size and location of the TiO2

emission by analyzing observations of VY CMa made during the Science Verification of
ALMA cycle 2 with an 0.23′′× 0.13′′ synthesized beam and about 10 times higher sensitivity
than in the initial observations with the SMA [2, 20]. They found that TiO2 is observed
≤ 0.45′′ from the central star in directions where the dust continuum is observed — i.e.,
far beyond the “dust condensation radius” of about 0.06′′ or 10R⋆ [22]. Because De Beck
et al. [22] did not observe TiO, they were unable to correlate TiO2 emission with that of
TiO. Instead they concluded that to investigate the relative importance of silicon, titanium,
and other metals in dust condensation further high resolution imaging is required. Crucial
to future astronomical observations of possible precursors of circumstellar and interstellar
dust, are laboratory measurements of the rotational spectra of new metal oxides in the
submillimeter band where the SMA and ALMA operate (e.g., TiO3, Ti2O, Ti2O3, Al2O2,
and Al2O3; see Section 5.2).
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Figure 3. Line profiles of TiO (solid red line) and TiO2 (dashed blue line) observed in VY CMa
with the SMA [2]. The vertical dashed line (grey) marks the stellar systemic velocity, while the
(green vertical dotted lines) mark three strongest velocity components in the profile of TiO2. The
line widths and profile shapes provide preliminary information on the regions of the source where
the two molecules are observed: the interferometric maps provide a direct measure of the position
and angular size, and together with the spectra describe the kinematics of the circumstellar envelope.

1.1.3 Narrow U lines

A large population of narrow rotational spectral lines were observed in the first wide band
interferometric spectral line survey of IRC+10216 with the SMA [23, 5], and many others
were observed more recently at higher sensitivity with ALMA [6]. The interferometric maps
show that the line emission, whose typical HWHM (4 km s−1) is substantially narrower than
the terminal velocity (14 km s−1), is from the poorly explored inner envelope at r ≤ 5R⋆

that is very close to the central star [4]. A few of the narrow lines have been assigned to
rotational transitions in excited vibrational levels with excitation energies above ground of
1000 − 3000 K in SiS, CS, and CO, but the carriers of ∼100 remain unassigned (Figure 4)
— i.e., they do not correspond to rotational transitions of known molecules tabulated in the
standard catalogs of spectral lines — and a 16 times higher density of unassigned narrow lines
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in an inert matrix [49], and µ is large (5.16 D). At temperatures higher than 1000 K in
the circumstellar envelope, the two most abundant aluminum bearing molecules in the gas
phase are AlO and Al2O. Under these conditions, the Al2O3 is predicted to form from Al2O
by the reaction [21], 2Al2O + H2O → Al2O3 + H2. The cyclic form of Al2O3 in the triplet
electronic state (Figure 7) is predicted to be the most stable isomer [50, 44] with a sizable
dipole moment of 1.99 D [37]. The linear form (OAlOAlO) which is slightly less stable has
been observed in the IR [49], but is not observable in the radio band.
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Figure 7. Left: Spectra of AlOH, AlO, and AlCl in VY CMa observed with the SMA [20].
The high observed line intensity of AlO implies that other aluminum oxides should be observable
by the same technique. Bottom right: Spectrum of AlO at 344 GHz observed in o-Ceti (Mira) with
APEX, and ALMA with 30 12 m antennas and a synthesized beam of 0.5′′ [3]. Linear and nonlinear
isomers of Al2O2 (top right) and Al2O3 (middle right) from [50, 44]. The rotational spectra of cyclic
Al2O2 and linear OAlOAlO are not observable owing to symmetry (see Section 5.2.2).
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SMA observations described so far, have led to  
subsequent work on Mira by Kaminiski et al. using  
ALMA,  and is the basis for a grant in Laboratory  
Astrophysics from the NSF.

Kaminski et al. (2013) ApJSS 209,38
Kaminski et al. (2013) A&A 551, A113



Preliminary results from the CRL 618 SMA line survey (1 Jan - 5 Jan 2016) 2015B-S022

SWARM
• ~1075 lines detected in  

281.9-359.4 GHz range
• Most are from HCCCN  

and cyclic CCCHH
• Line identification and  

analysis ongoing
• Compact configuration,  

3” angular resolution 
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Figure 12. Fit of our model to the spectra. The black spectra are the same as those in Figure 3. Red spectra are derived from our model. The green spectrum shows
the possible HCCC15N (0000) line at 344.3853481 GHz predicted from our model assuming an abundance ratio of [HC3N]/[HCCC15N] = 150.

Table 3
Model Parameters

Species Abundance

HC3N 2 ± 0.4 × 10−7

H13CCCN
HC13CCN
HCC13CN

⎫
⎬

⎭ 2 ± 0.4 × 10−8

H13C13CCN
HC13C13CN
HCC13C13N

⎫
⎬

⎭ 2 ± 0.4 × 10−9

CH2CHCN 3 ± 0.6 × 10−8

HCN 1.4 ± 0.3 × 10−7

H13CN 1.8 ± 0.4 × 10−8

HC15N 1.1 ± 0.3 × 10−9

Parameter Value

ne0 6.4 ± 1.3 × 106 cm−3

r0 0′′. 22 ± 0′′. 04
T0 440 ± 90 K
pi 0.8 ± 0.2
po 1.8 ± 0.4
n0 4.0 ± 0.8 × 108 cm−3

v0 4.9 ± 0.5 km s−1

κν 0.022 ± 0.004 cm2 g−1

Note. The uncertainties are assumed to be 20% for all parameters.

by the v2 = 2, J = 4–3 (at 356301.1780 MHz) and v2 = 1,
J = 4–3 (at 354460.4346 and 356255.5682 MHz) lines (see
Table 1), as these have optical depths less than unity (τ ∼ 0.08
and 0.70, respectively) in the region where the bulk of their
emission arises (radii <0′′. 35). Nonetheless, since our model as-
sumes LTE, there could be uncertainty in our calculation of the
abundances because of non-LTE effects.

It is clear from Figure 12 that our model can roughly
reproduce the line peak and linewidth for most of the lines
that trace the dense core. As mentioned early, the outflow lines
are excluded in the fitting. Since they are strong and broad, the
lines that are close to them are significantly affected and thus
cannot be fitted well. In order to further check the reliability
of our model, we also present the comparison of the synthetic
and observed 350 GHz continuum maps as well as the maps
for three emission lines. Since H13CCCN is mostly optically
thin and bright, we choose three of its isolated lines at different
vibrational states to trace the different parts of the dense core. As
can be seen from Figures 14 and 15, our model can also roughly
reproduce the structures and the kinematics of the dense core
in these emissions. Our model is symmetric and thus will not
account for the asymmetric structure.

Nonetheless, there are still some minor discrepancies between
our model and the observations. Although our model can
roughly fit the line peaks for the two bright HCN v2 = 1 lines,
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Figure 10. Population diagram for HC3N and its singly 13C substituted isotopologues. The line intensity of the isotopologues has been multiplied by a factor of 10.
The solid line is a linear fit to the data. The HC3N data points with an upper arrow are not optically thin and thus excluded from the fitting.

Figure 11. Schematic diagram for our simple model in the yz-plane, with y to the west and z to the north. The H ii region (dark gray region) is ellipsoidal with a size
of 0′′. 6 × 0′′. 28 × 0′′. 28, and thus it has a radius of 0′′. 14 in the z-axis and a radius of 0′′. 3 in the y-axis. The dense core (light gray region) is spherical, with its outer
radius set to 1′′. 2 and its inner boundary set by the outer boundary of the ellipsoidal H ii region. There are two outflow cavities, one in the east and one in the west, both
with an half opening angle of 25◦. In our model, the free–free emission is from the H ii region, and both the dust and molecular emissions are from the dense core.

are derived from our model by fitting the line profiles of each of
these species.

Radiative transfer is used to calculate all the emissions with
an assumption of LTE. The thermal linewidth and the linewidth
due to a turbulence velocity of 2 km s−1 are included. The
systemic velocity is assumed to be −21.5 km s−1. Also, we
rotate our model counterclockwise by a P.A. of 3◦ and tilt it with
an inclination of 30◦ to match the observations. The distance of
the source is assumed to be 900 pc.

4.1. Model Results

Figure 12 shows the fit of the spectra with our simple model.
The parameters are listed in Table 3, and the profiles of the
temperature, density, and velocity in the dense core are shown
in Figure 13. In order to produce the observed flux density for
the H ii region, we obtain ne0 = 6.4 × 106 cm−3. For the inner,

denser part of the H ii region, the emission measure averaged
over a radius of 0′′. 1 is ∼4.2 × 1010 cm−6 pc, in agreement with
the emission measure derived by Wyrowski et al. (2003), who
assumed a radius of ∼0′′. 1 for the H ii region.

With the assumed abundance of HC3N, we obtain the tem-
perature, density, and velocity distributions of the dense core
by fitting all the HC3N lines that trace the dense core, includ-
ing both the optically thin and optically thick lines. Then we
derive the abundance of other molecular species by fitting their
lines. The HC3N isotopologues are much less abundant than
HC3N and their lines are mostly optically thin. The lines for
CH2CHCN and HC15N are optically thin. For H13CN, the abun-
dance is strongly constrained by the v2 = 1 J = 4–3 line
(at 345238.7103 MHz see Table 1) since it is optically thin
(τ ∼ 0.06) in the region where the bulk of its emission arises
(radii <0′′. 5). For HCN, the abundance is strongly constrained
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• 13C fractionation in HCCCN and HCCCCCN isotopologues as probe of formation  
of these cyanopolyynes (Taniguchi et al. 2016).

• From our CRL 618 line survey,  a similar analysis of cyclic C3H2 (in the extended halo)  
which is complementary to the one for HCCCN by Lee et al. (in the dense core) is in progress.
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Fig. 5. Molecular abundances in the PN sample. The left hand scale

indicates abundances relative to 13CO. The right hand scale indi-

cates abundances relative to H2, for an assumed 13CO abundance of

2.5× 10−5

we find for the C/13C ratio are correspondingly high (∼ 20) in
most nebulae, suggesting that the non-standard mixing mecha-
nisms were not at work in these objects. The limits we obtain
for the C/13C ratio in CRL 2688, CRL 618, and NGC 7027 are
poor due to the high opacity of the CO lines, but Kahane et al.
(1992) measured C/13C ratios higher than 30 in all three objects.
This could indicate that the progenitors of all the nebulae in our
sample were stars of >2M⊙(except perhaps the Helix which
seems to present a lower C/13C ratio). Further measurements of
the 3He abundances in these objects would be a useful test of
the validity of the non-standard mixing mechanisms.

5. Discussion

5.1. Physical and chemical evolution of the envelopes

The molecular envelopes discussed in this paper range from
radially extended, relatively complete circumstellar envelopes
(CRL 2688 and CRL 618) to large, thin, fragmented shells or
rings (NGC 6781 and NGC 7293). The major structural differ-
ences between the envelopes can be ascribed mainly to evolu-
tionary effects, and the nebulae have several basic features in
common (including density enhancements towards an equato-
rial plane, moderate or high N/O values, and C/O ratios > 1 for
those in which it is measured) which suggest they are roughly
similar kinds of objects at different stages of development. Ac-
cordingly, the envelopes have been ordered in Fig. 5 in an ap-
proximate time sequence, based on the size of the ionized nebu-
lae and the radio continuum surface brightness. A similar order
is obtained using temperature and luminosity estimates of the
central stars. The post AGB kinematic timescales of the en-
velopes (Ri/Vexp, see Table 1) range from <

∼ a few 100 yr for
the proto-PNe to ∼10,000 yr for NGC 7293, and the mass ratio
of molecular/ionized gas (Table 1) decreases dramatically along
the sequence in line with the discussion of envelope evolution
given by Huggins et al. (1996).

A key result on the physical state of the gas that emerges
from our multi-line observations of the envelopes is that, once
the PNe have formed, the density of the surviving molecular gas
remains high. Our best estimates for the densities in the evolved
PNe are ∼ few× 105 cm−3. These densities are much higher
than the typical electron densities of 100–800 cm−3 determined
from optical forbidden line ratios (see, e.g., Stanghellini & Kaler
1989), and are consistent with the idea that the ionized gas and
the cool, dense molecular gas are roughly in pressure equilib-
rium. High resolution imaging in CO (Bachiller et al. 1993),
H2 (e.g., Kastner et al. 1996), and at optical wavelengths (e.g.,
O’Dell & Handron 1996), indicates that the envelopes of the
evolved PNe are extremely clumped. Thus our density estimates
refer to the clumps that make up the shell structures at the posi-
tions observed, and in NGC 7293 they are essentially the same
as estimates we made earlier for single cometary globules or
small groups of them, using CO observations (Huggins et al.
1992). The high density of the neutral clumps contrasts with the
common assumption that PNe rapidly become more and more
diffuse as they expand. The clumping of the envelopes is one
of the dominant aspects of the PNe studied here, and is essen-
tial in producing environments needed for the survival of the
molecular gas.

The results of our observations reported in Table 3 and Fig. 5
indicate that significant changes in the molecular abundances
take place during the evolution of the envelopes. The largest
effect is the rapid increase in the abundance of HCO+ by about
two orders of magnitude during the proto-PN to PN transition.
The CN abundance also increases but by a smaller factor of
about 4. At the same time, the species CS, HC3N, SiO, and
SiC2 (represented by CS in Fig. 5) decrease, and must be ef-
fectively destroyed when the planetary nebula forms. The HCN
abundance appears roughly constant (HCN/13CO ∼ 0.01), but
the HCN(1−0) line is most likely optically thick in the younger
objects, so the apparent constancy probably masks some deple-
tion of HCN. Finally, HNC appears overabundant by a factor of
2–3 in some evolved PNe relative to the two proto-PNe, but this
is only marginally significant given the uncertainties involved
in the column density estimates. HNC is, however, strongly de-
ficient in NGC 7027, causing a deep minimum for HCN at the
young PN phase in Fig. 5.

It is noteworthy that the molecular abundances observed in
the four evolved PNe are nearly the same, suggesting a similar
chemical evolution. For these PNe, HCN, HNC, and HCO+ have
comparable abundances, but CN is about an order of magnitude
more abundant. On average, including previous measurements
in NGC 2346 (Bachiller et al. 1989b), NGC 6072, and IC 4406
(Cox et al. 1992), we find that CN/HCN = 9, HNC/HCN = 0.5,
and HCO+/HCN = 0.5 in the evolved PNe. These CN/HCN,
HNC/HCN, and HCO+/HCN ratios are enhanced by one, two,
and three orders of magnitude, respectively, over the values ob-
served in the prototypical AGB envelope IRC+10216 (Omont
1993).

Bachiller et al. (1997) A&A, 324,1123

• From AGB to PPN: more CN bearing molecules; less refractory
• Si bearing molecules depleted in PPN & PN, already in grains
• H2CO in PPN: onset of grain surface chemistry



McCarthy group laboratory
(Harvard -> CfA)

• Fourier transform molecular beam broadband and  
cavity spectrometers

• Laser ablation source for metal bearing molecules,  
e.g., TiO2, TiO3, Ti2O, Ti2O3…

• Millimeter wave molecular beam spectrometer



• SiO3,Si2S,Si2O,Si3O
• Vibrationally excited SiCSi and SiC2
• AlO2, AlO3, Al2O2, Al2O3…

Planned new measurements:



Summary

• Wide bandwidth SMA spectral line surveys  
provide very rich data sets for  astrochemistry research 

• SAO spectroscopy lab studies: new molecules; identification  
of dust-grain seed particles progenitors; vibrationally excited  
transition frequencies

• Future SMA line surveys: CRL 2688, Ex &Vex observations of  
CRL 618; sample of carbon-rich AGB stars -  
How unique is IRC+10216?

• Time monitoring of vibrationally excited lines in Mira


