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ABSTRACT

A new metal-containing species, AINC, has been detected toward the circumstellar envelope of the late-type
carbon star IRC+10216, using the IRAM 30 m telescope. The= 11— 10 12— 11 , ab 12 rotational
transitions at 2 mm and thé = 18— 17 and= 21—-20 transitions at 1.2 mm of this linear, closed-shell
molecule were observed in this object. The line profiles appkahaped, indicating a source20’, and the
horn-to-center ratios suggest a shell-like distribution. In contrast, the other two Al-bearing molecules previously
detected, AIF and AICI, exist exclusively near the stellar photosphere. Modeling of the detected transitions,
assuming a spherical-shell distribution, indicates a column density,pf 9 x 10 cm? and a fractional
abundance relative to tbf ~ 3 x 107° for AINC. A rotational temperature df , ~ 60 K was also derived for
this molecule, suggesting that shock waves may be synthesizing AINC in the outer envelope. This species is the
fourth metal cyanide/isocyanide compound discovered in this object, along with MgNC, MgCN, and NaCN.
These data suggest that cyanide/isocyanide species are the major molecular carriers of metals in circumstellar
gas.

Subject headings: circumstellar matter — ISM: molecules — line: identification — radio lines: stars —
stars: individual (IRC+10216)

1. INTRODUCTION Their chemical synthesis in IRG-10216 and other objects
such as CRL 2688 and CRL 618 (Highberger et al. 2001) has
yet to be adequately explained (Glassgold 1996; Petrie 1996a).
In this Letter we report the detection of a new metal-
ocyanide compound, AINC, which has been observed toward
IRC +10216 using the IRAM 30 m telescope. These mea-
surements were made possible because of the laboratory work
of Robinson, Apponi, & Ziurys (1997) and the theoretical cal-
%ulations of Ma, Yamaguchi, & Schaefer (1995). Five un-

Refractory molecules are known to be heavily depleted in
the gas phase in molecular clouds. In fact, the only refractory
species observed in such objects to date are SiO and SiS (e.giS
Ziurys 1991). Such compounds, on the other hand, are signif-
icantly more abundant toward the circumstellar shells of late-
type stars. For example, eight silicon-bearing molecules thus
far have been detected toward the expanding envelope of th

evolved carbon star IRG-10216, including such unusual spe- blended rotational transitions were observed for AINC, which
cies as Sig(Apponi etal. 1999) and SICN (Glie etal. 2000). 55 jinear, closed-shell species. Here we describe our results

Furthermore, _several _molecules containing the metal_s alum"and discuss their implications for circumstellar chemistry.
num, magnesium, sodium, and potassium have been discovere

toward IRC +10216 (e.g., Cernicharo & Glie 1987) and
toward other evolved stars as well (Highberger et al. 2001). 2. OBSERVATIONS
Although grain formation is thought to occur on a large scale
in the envelopes of such objects (e.g., Glassgold 1996), the The measurements were carried out in a series of observing
physical conditions there must nevertheless support a rich anduns from 1997 May through 2001 September, using the IRAM
varied gas-phase chemistry for refractory elements. 30 m telescope at Pico Veleta, Spain. The receivers used were

The most prevalent molecular form of silicon in circumstellar cooled SIS mixers at 2 and 1.2 mm in wavelength, operated
shells is in carbon-chain and ring-type compounds, as mightin single-sideband mode with approximately 15 dB rejection.
be expected given the C-rich environment of these objects. InThe initial observations were carried out with single-channel
contrast, the metal-bearing molecules either are halide specieseceivers, while measurements in 2000 October and thereafter
(AICI, AIF, NaCl, and KCI: Cernicharo & Gua 1987) or were conducted with dual-polarization mixers. The backend
contain the CN moiety (MgNC, NaCN, and MgCN: Kawaguchi used was a 1024 channel, 1 MHz filter bank split into several
et al. 1993; Turner, Steimle, & Meerts 1994; Ziurys et al. 1995). configurations4 x 256 and® x 512 , etc.), depending on the
Searches for monoacetylides (MCCH) and monocarbides (MC)number of receiver channels. The temperature scale used was
have been curiously unsuccessful. While the metal halide com-T,", the chopper wheel-corrected antenna temperature, and
pounds are predicted to be abundant in stellar envelopes bytherefore conversion to radiation temperaturelds= T,/7; ,
thermochemical equilibrium models (Tsuji 1973), the appear- where n; is the main-beam efficiency. Observations were
ance of cyanide/isocyanide species has been totally unexpectectconducted by wobble-switching, with a throw of typically

+1'5. The data were taken toward the IR€10216 position
1 NASA Graduate Student Fellow. a = 9"45M148, 6 = 13°30'40.0 (B1950.0). Pointing was es-
2 NRAO Junior Research Associate. tablished by observations of the planets and OJ 287. Local
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TABLE 1
OBSERVATIONS OF AINC TowARD IRC +10216

Frequency 0, Ta Visr AV, [ Tadv
Transition (MHz) (arcsec) s (mK) (km s™) (km s™) (K km s™)
11-10...... 131642.2 19 072 &% —-27.0+ 23 29.6+ 23 0.084% 0.023

2
12—-11...... 143605.4 17 069 &3 -—-275x21 334* 21 0.153+ 0.026
...... 155567.4 16 067 %2 -275+19 289+ 19 0.102+ 0.027
& 3
5 2

18—-17...... 215357.9 12 0.56 —-265+ 14 292+ 14 0.100+ 0.026
21-20...... 251213.0 10 0.48 —265+ 11 285+ 11 0.099+ 0.030

Note.—Errors are 3; observed toward: = 09'45"14:8, 6 = 13°30'40.0 (B1950.0).
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oscillator shifts were conducted for every line to confirm side- photosphere where temperatures are approximately 2000 K, as
band identity. predicted by Tsuji (1973).
The cusped appearance of the AINC profiles suggests a con-
3. RESULTS centration near the outer envelope of IR 0216, at least up

] to a radius of 10 from the star. However, detection of the
~ A'summary of the AINC observations toward IR€L0216 J = 18> 17 andJ = 21— 20 transitions, which lie over 100
is given in Table 1, including rest frequencies, beam sizes, K ahove the ground rotational level, indicates that AINC emis-
and beam efficiencieg, , as well as line parameters. As isgion originates in warm material. Species solely confined to
ShOWn n thetable, the detected lines of aluminum |Sopyan|d8the outer enve'ope, such as the free radicaH ar MgNC,
usual LSR velocity ¥ sz ~ —26.5 km s) and line width | ycas, & Cernicharo 1993). On the other hand, the presence
(AVy, ~ 30 km s) for molecules present in the outer enve- of viprationally excited GH and rotational temperatures de-
lope (Cernicharo, G, & Kahane 2000). The line param-  rjyed from CH and GH (e.g., Guén et al. 1997) indicate
eters are also consistent among the five features, addltlonal]-r0t~ 50—60K in the outer shell. Moreover, cross K-ladder
proof that they arise from the same molecule, and the linesansitions of SiG, which also hasJ-shaped line profiles, sug-
appear exactly at the frequencies measured in the Iaborator)gest an origin in gas witf, ~ 140 K (Thaddeus, Cummins,
for AINC within 0.5 MHz (Robinson et al. 1997). Moreover, g |inke 1984). Hence, observation of higher energy lines of
there are no known identifications of these spectral featuresa|NC is still consistent with an outer shell source. Conse-
other than aluminum isocyanide. o quently, the distribution of AINC is very different from its

Spectra of four transitions of AINC are presented in Figure pglide counterparts AICI and AIF.

1, which includes the three lines observed at 2 mim=(

11-10,J = 12— 11,and] = 13— 12)and a 1.2 mm feature . .
(J = 18- 17). The four transitions appear to exhibitshaped 4.2. AINC and Other Cyanide Abundances in IRC +10216

profiles. This line shape indicates that the source of AINC  Tpe column density and fractional abundance of AINC was
emission in this circumstellar shell must be extended with re- astimated using a model of a spherically- symmetric, expanding

spect to the largest 2 mm beafg ¢ 19"  ror 10" ; see Table gnyelope (see Giie et al. 1997). The input parameters are
1). Therefore, AINC must be present toward the outer regions soyrce distribution and rotational temperature, which are ad-
of the envelope. justed to reproduce the observed line profiles and hence derive

The spectra shown in Figure 1 also contain features from colymn densities and abundances. A mass-loss rate sof 3
other molecules; the stronger lines have been already reported -5 M, yr*and a distance to IRG-10216 of 200 pc were
in Cernicharo et al. (2000). A summary of the features ap- 55sumed (Crosas & Menten 1997), and a dipole moment for

pearing in the AINC bandpasses is given in Table 2. Several AINC of 3.14 D was used (Ma et al. 1995). The best fit to the
weak unidentified lines were observed, as well as transitions;,e profiles was achieved for a hollow-shell source with an

arising from carbon chains or rings, including those containing jnner radius of 5 and an outer radius of 15or a rotational

a sulfur or a silicon heteroatom. temperature off,, = 60 K. The subsequent column density
for AINC through the shell was found to b#l,~ 9 x
4. DISCUSSION 10" cm?, with f(AINC/H,) ~3 x 107,
4.1. AINC: The Third Interstellar In comparison, the fractional abundance of MgCN in IRC

+10216 off ~ 7 x 107 is similar to that of AINC (Ziurys et
al. 1995), while MgNC is more abundant, wifh-5 x 1072

The unambiguous detection of five transitions of AINC, a (Kawaguchi et al. 1993; Highberger et al. 2001). The mag-
linear species with & ground electronic state, confirms the nesium compounds are present in the outer shell, both being
presence of this new molecule in the circumstellar envelope of free radicals. The other metal cyanide species detected, NaCN,
IRC +10216. This compound is the third molecule identified is confined to the inner sheld, ~ 5")  with a far greater abun-
in interstellar/circumstellar gas that contains the element alu- dance than any of its counterpaf@aCN/H, )~ 107  (Gue
minum. Previously, only AICI and AIF had been observed et al. 1997; Highberger et al. 2001).
(Cernicharo & Gukn 1987; Ziurys, Apponi, & Phillips 1994). In the inner envelope of IRG-10216, AIF and AICI have
However, in contrast to AINC, the aluminum halide species are fractional abundances off(AlIF/H,) ~1.5x 1077 and
confined to thenner envelope of IRC+10216, as suggested f(AICI/H,) ~2.2 x 1077, respectively, if a 5 source size is
by their flat-topped line profiles (Cernicharo & Gune1987) assumed (Highberger et al. 2001). Thus, they are by far the
and Plateau de Bure interferometer maps ‘(Bué.ucas, & dominant molecular carriers of aluminum, at least in this region.
Neri 1997). Their total spatial extent is on the order 6fFhey If the abundance of aluminum in IR€10216 is roughly cos-
are thus likely formed at chemical equilibrium close to the stellar mic (i.e., Al/H ~ 3 x 10°®: Savage & Sembach 1996), then

Aluminum-bearing Compound
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Fic. 1.—Spectra of thd = 11— 10 12— 11 13— 12 ,ant8— 17 rotational transitionsAdifIC(X'L ") at 131, 143, 155, and 215 GHz, respectively, observed
toward IRC +10216 using the IRAM 30 m telescope. The line profiles drshaped, indicating that AINC emission is likely to be extended into the outer
circumstellar shell. The spectral resolution is 1 MHz.
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about 5% of this element is in the form of these two compounds. Therefore, the cyanides appear to be an important carrier of
It is not clear, however, that cosmic abundances apply to en-refractory elements. It was initially proposed that the magne-
velopes of asymptotic giant branch stars (Forestini & Char- sium species were produced via the radiative association re-
bonnel 1997). Nevertheless, AINC is still a very minor sink action (Kawaguchi et al. 1993),

for aluminum and a very large fraction of Al must be incor-

porated into grains quite close to the star. Mg" + HCN - MgNCH" + hy, 1)

4.3. Metal Cyanide Chemistry in IRC +10216 followed by dissociative recombination. However, calculations
AINC is the fourth metal cyanide/isocyanide molecule ob- have shown that this process is too slow to be viable for Mg,
served in IRC+10216, along with MgNC, MgCN, and NaCN. Al, or Na (Petrie 1996a). Petrie has suggested that the same
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TABLE 2
ADDITIONAL MOLECULES OBSERVED IN THE BANDPASS

Frequency Ta Vs AV,

Molecule Transition (MHz) ®) (km %) (km's )
CS oo N; = 10,9y, 131552.0  0.134+ 0.003 —26.2+ 2.3 29.6+ 2.3
C¥CCS ........... J=123-22 131612.1  0.004 0.002 ~-27 ~28
CH(ILy) ......... J=475-465% 131668.5  0.019+ 0.003 -26.1+ 23  29.7+ 2.3
J=475-465 1317255  0.016- 0.003 —25.6* 23 297+ 2.3
SiIC o JKa K = 12(2, 10~ 11(2, 9) 1436454  0.008= 0.002 —262+ 2.6 265+ 2.6
CS i, N, =12,- 11, 1554545  0.038+ 0.003 —26.6+ 1.9 289+ 1.9
CHproiieiiin J(Ka Ko = 3(2, 2)—2(1, 1) 155518.3  0.101+ 0.003 —26.3+ 1.9 289+ 1.9
SICP o IK, K) = 7(2, 6)—6(2, 5) 164069.1  0.005+ 0.002 —26.7 + 2.1 292+ 2.1
BSiC, e, J(Ka Ko = 9(2, 7)~ 8(2, 6) 215247.7  0.069+ 0.003 —27.8+ 1.4 292+ 1.4
BSiC, e, J(Ka Ko = 10(0, 10)~ 9(0, 9) 2154245  0.068: 0.003 —27.9+ 14  30.6+ 1.4
Unidentified ...... 131620 0.003+ 0.002 ~—27 ~28
Unidentified ....... 131590 0.005+ 0.002  —27 273+ 23
Unidentified ....... 143574 0.006+ 0.003  —27 250+ 2.6
Unidentified ....... 155601 0.014+ 0.002  —27 289+ 1.9

Note.—Errors are ¥; beam sizes and efficiencies given in Table 1.
2 Blended line; see text.
 Image sideband.

type of reaction with longer carbon-chain molecules such assuggested shock chemistry for molecule production near the
HC.,N might be more feasible, because the rate is increasedstellar photosphere (Duari, Cherchneff, & Willacy 1999). Fur-
through vibrational stabilization of the intermediate ion, such thermore, observations of HCN toward a large sample of AGB
as MgNGH™. This mechanism might be possible for MgNC, circumstellar shells by Bieging, Shaked, & Gensheimer (2000)
MgCN, and AINC, which exist predominantly in the outer indicate that the higher energy rotational lines of this species
envelope—the only region where there is significant photoion- are unusually bright. These data suggest that HCN is produced
ization. The inner-shell distribution of NaCN on the other hand by nonequilibrium chemical processes—likely shock waves.
requires an alternative production scheme. Such shocks could also be creating AINC. Such formation
On the basis of calculations of heats of formation (Petrie would additionally explain the relatively high rotational tem-
1996b), NaCN appears to be a relatively stable compound; itperature observed in this species. Shock waves could be de-
is also closed shell. Hence, it is likely formed at LTE in the stroying AIF and AICI at the same time, causing their abun-
inner envelope. (Curiously, the radiative association reactiondances to drop sharply a short distance from the star, and
of Na” + HC,N is not very efficient.) Considering theoretical perhaps releasing aluminum for later AINC creation. Certainly
predictions of Gibbs free energies (Politzer, Lane, & Grice additional observations and chemical modeling are needed to
2001), AINC should be relatively stable as well, but not quite explain these current findings.
as robust as AICl and AlF. LTE chemistry in the inner envelope
must clearly favor the halide compounds. Why AIF and AICI
do not survive into the outer envelope is a puzzling question. This research is supported by NSF grant AST 98-20576.
Another possible pathway for AINC formation in the outer C. S. thanks NASA for a graduate fellowship, and J. L. H.
shell may be shock waves. Several theoretical studies haveacknowledges NRAO for graduate support.
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