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ABSTRACT

The NaCl molecule has been observed in the circumstellar envelopes of VY Canis Majoris (VY CMa) and IK
Tauri (IK Tau)—the first identifications of a metal refractory in oxygen-rich shells of evolved stars. Five rotational
transitions of NaCl at 1 and 2 mm were detected toward VY CMa and three 1 mm lines were observed toward IK
Tau, using the telescopes of the Arizona Radio Observatory. In both objects, the line widths of the NaCl profiles
were extremely narrow relative to those of other molecules, indicating that sodium chloride has not reached the
terminal outflow velocity in either star, likely a result of early condensation onto grains. Modeling the observed
spectra suggests abundances, relative,foff ~5 x 107° in VY CMa andf ~4 x 107° in IK Tau, with source
sizes of 0.5and 0.3, respectively. The extent of these sources is consistent with the size of the dust acceleration
zones in both stars. NaCl therefore appears to be at least as abundant in O-rich shells as compared to C-rich
envelopes, wheré~ (0.2-2)x 10° , although it appears to condense out earlier in the O-rich case. Chemical
equilibrium calculations indicate that NaCl is the major carrier of sodiuf~atL100 K for oxygen-rich stars, with
predicted fractional abundances in good agreement with the observations. These measurements suggest that crystalline
salt may be an important condensate for sodium in both C- and O-rich circumstellar shells.

Subject headings: astrochemistry — radio lines: stars — stars: chemically peculiar —
stars: individual (VY Canis Majoris, IK Tauri, IRG-10216)

1. INTRODUCTION was mentioned in a previous publication (Ziurys et al. 2007).
In this Letter we present the results for NaCl in detail and

Molecular material has been known for decades to exist in discuss their implications for circumstellar sodium chemistry.
the envelopes of both carbon- and oxygen-rich evolved stars,

primarily in the form of CO, SiO, and HCN. However, chemical
complexity has been usually associated with C-rich asymptotic
giant branch (AGB) stars and their successors, protoplanetary 2. OBSERVATIONS
nebulae (Pardo et al. 2007). For example, in the shell of the
AGB star IRC+10216, where G O, over 60 molecular spe-

cies have been detected, including sodium-, magnesium-, ands Observations at 1 mm were conducted at the ARO with the

aluminum-bearing compounds, as well as silicon and carbon ubmillimeter Telescope (SMT) on MountGraham,Arizqna, and
chain compounds (Cernicharo & Qlire1987; Turner et al, ~ measurements at 2 mm with the 12 m telescope at Kitt Peak,
1994; Kawaguchi et al. 1993; Ziurys et al. 1994, 1995, 2002). Arizona, during the period from 2006 February to 2007 March.
Some of the exotic types of species found in carbon-rich Thg receiver at the SMT was an Image-separating Atapama Large
envelopes are those containing sodium. In IR@0216, for ~ Milimeter Array (ALMA) Band 6 mixer; the lower sideband
example, two sodium-bearing molecules have been detectedVas used for the measurements (Lauria et al. 2006). Rejection
NaCl and NaCN (Cernicharo & Glie 1987; Turner et al.  1or the image, in this case, upper sideband, was typicelly

1994). These species have been found to have a confined, innefB- The back end employed was a 2048 channel, 1 MHz filter
envelope distribution in this object, with a source size of Pank. Atthe 12 m, a dual-channel SIS receiver was used, op-

6.~ 5", corresponding to a radius of86 stellar radii, or erated in single sideband mode with image rejectid8 dB.

86R, (Gudin et al. 1996). More recently, NaCl and NaCN have Spectrometer back ends utilized at this facility were 1 and 2
been detected in CRL 2688 as well. These sodium-containingMHz resolution filter banks, configured in parallel mode for the
species are thought to be produced by equilibrium chemistrytWo receiver channels. The temperature scale at the SMT is
near the stellar photosphere (Tsuji 1973), although additional T~ and at the 12 mJ; . Conversion to radiation temperature is
chemical effects exist in CRL 2688 because the object is un-then T, = To/p, andT; = T/n, , wherey is the main-beam
dergoing a second, enhanced phase of mass loss (Highbergegfficiency andy, is the beam efficiency corrected for forward
& Ziurys 2003; Highberger et al. 2003). spillover losses. Observations were conducted in beam-switching
Here we present the first detections of NaCl in oxygen-rich mode with a subreflector throw of-2' toward VY CMa
circumstellar envelopes. Sodium chloride has been observedB1950.0:ac = 0720 "54.7, 6 = —25°40'12") and IK Tau
in the supergiant star VY Canis Majoris (VY CMa) and the (B1950.0:« = 03'50"43.6, 6 = 11°15'32). Supporting mea-
Mira variable IK Tauri (IK Tau). This species has been iden- surements were additionally carried out toward IRQ0216
tified via measurements of multiple rotational transitions at (B1950.0:ac = 09'45"14.8° 6§ = 1330'40") at 1 and 2 mm.
A = land 2 mm using the Arizona Radio Observatory (ARO). Pointing and focus corrections were established by frequent ob-
The spectra suggest a strictly inner-envelope distribution, servations of planets. Frequencies and telescope parameters are
within 50R,. The original detection of NaCl toward VY CMa given in Table 1.
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TABLE 1
OBSERVATIONS OF NaCl TowArRD VY CMa, IK Tau, anp IRC +10216
Frequency 0, Ta Visr AV,
Source Transition (MHz) (arcsec) 1q.or 1, (K) (km s (km s
VY CMa® .......... J=11-10 143237.37 44 0.76  0.00% 0.00f 180+ 2.1 188+ 2.1
J=17-16 221260.11 34 0.78  0.008 0.004 17.7+ 2.7 150+ 2.7
J=18-17 234251.87 32 0.78  0.013 0.005 17.4+ 2.6 141+ 26
J=19-18 247239.59 30 0.78  0.014 0.005 16.7+ 2.4 145+ 2.4
J=20-19 260223.06 29 0.78  0.01# 0.010 16.0+ 3.5 184+ 35
K Taw® ....oooonee. J=18-17 234251.87 32 0.78  0.00% 0.004 28.0+ 26 6.4+ 2.6
J=19-18 247239.59 30 0.78  0.006 0.004 27.9+ 2.4 42+ 24
J=20-19 260223.06 29 0.78  0.006 0.003 295+ 2.4 57+ 24
IRC +10216 ...... J=10-9  130223.68 48 0.80  0.026 0.006 —27.7+ 46 19.1+ 46
J=17-16 221260.11 34 0.78  0.023 0.008 -26.1+ 28 19.6+ 2.8
J=18-17 234251.87 32 0.78  0.028 0.013 —27.6+ 26 21.6+ 2.6
J=19-18 247239.59 30 0.78  0.026 0.008 -26.3+ 24 191+ 2.4
J=20-19 260223.06 29 0.78  0.062 0.034 -26.7+ 23 19.0+ 2.3
dq = 07'20"54.75, 6 = —25°40'12' (B1950.0).
o = 03'50"43.6% 6 = 11°15'32" (B1950.0).
‘o = 0945"14.8% 6 = 13°30'40" (B1950.0).
“ Intensity scale was corrected frofy TQ 74, = 0.68.
. ; ; ; . 3. RESULTS
VY CMa _ . . .
NaCl u J=11—10 Five rotational transitions of NaCl were detected toward VY
0.004 r 1 CMa: four lines at 1 mm measured with the SMX £ 17—
16 throughJ = 20— 19) and an additional transition at 2 mm
0.000 | 1 (J = 11— 10) observed at the 12 m telescope. These data are
presented in Figure 1. As the figure shows, the intensities are
: : : : : consistent among these five lines detecligo~« 4-14 mK), and
0.008 the LSR velocities are aW, sz ~ 18 km S—typical for VY
: CMa (Ziurys et al. 2007). Furthermore, each transition has a
somewhat flat-topped profile, indicating the source of NaCl was
0.000 not resolved in VY CMa, even with the smallest beam size of
’ 6, ~ 29" at the SMT. An unresolved source is also consistent
, . . . , with the observed line widths. As listed in Table 1, typical line
' ' ' ' ' widths (FWHM) for NaCl in VY CMa areAv,,, ~15 km
J=18—17 which are considerably smaller than those measured fo~30 (
< 00127 u T km s™), HCN (~33 km s*), and SiO (43 km ") in this object
g (Kemper et al. 2003; Ziurys et al. 2007). This finding suggests
= 0.000 that NaCl has not yet reached the terminal velocity in VY CMa,
' estimated to b&/,,>21 km$ (Ziurys et al. 2007; Muller et
: . : : .' al. 2007).
I J=19—18 | Three transitions of NaCD(= 18—~ 17 J = 19—~ 18 , and
0.015 J = 20— 19) were detected toward IK Tau (see Fig. 2); ob-
served line parameters are also listed in Table 1. The spectra
show a consistent velocity & .z ~ 29 km' and intensities
0.000 nearT, ~ 0.006 K. As for VY CMa, the line widths of these
, , , , ‘ three transitions are significantly less than those of other known
' molecular species in this object, withV,,~5 km's as
J=20—>19 compared to CO and HCNAY,,, ~ 23 km$; S. N. Milam
0.015 1 1 et al. 2007, in preparation; Nercessian et al. 1989).
In order to obtain a consistent data set for comparison, five
0.000 I transitions of NaCl were additionally measured toward IRC
+10216. Line parameters for these spectra are also listed in
: : : : : Table 1.
-101 -41 19 479 139
Vg (kms™) 4. DISCUSSION
Fic. 1.—Spectra of the five rotational transitions of NaCl observed toward 4.1. Abundance and Spatial Distribution

VY CMa using the ARO 12 m and SMT telescopes at 143, 221, 234, 247,
and 260 GHz, respectively. Spectral resolution is 1 MHz, and the temperature ~ The fractional abundance of NaCl, relative tg (&l fractional
scale isT, . (The 12 m datd, = 1110 , have been convertedito ~ from ghyndances are relative tg)Hvas modeled with a radiative trans-

Tr.) The assumed LSR velocity is 19 km*sThe line profiles, which are . S
unusually narrow for this object, suggest a confined source where gas-phaséer circumstellar code developed by Bieging & Tafalla (1993) for

NaCl disappears before the terminal velocity of the outflow is achieved. The @ Spherical distribution. Collisional excitation was assumed, using
features marked “U” are unidentified. cross sections of SiO, corrected for the mass difference. The dis-
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, , , TABLE 2
IK Tau J=19—>18 OBSERVED FRACTIONAL ABUNDANCES OF CIRCUMSTELLAR
0.007 r NaCl 1 SODIUM-BEARING MOLECULES
Molecule IRC+10216 CRL 2688 VY CMa IK Tau
NaCl ....... 2.0x 10° 16 x 102 50x 10° 4.0 x 10°
NaCN ...... 23x 10%2 52 x 10°* <1 x 10°®
NaOH...... <3 x 10°
0.000 NaF ........ <9 x 10°*
—~ #From Highberger et al. (2003).
b4
L= 0.007 I J=20—19 | IK Tau of 4 x 10°°, for ther 2 density dependence. For the

enhanced density calculations, the fractional abundance in both
sources decreased by a factor~&. Because the molecular en-
velopes of VY CMa and IK Tau extend well beyond4R0, as
indicated by HCN and CO observations (Guet al. 1996; Ner-
0.000 | cessian et al. 1989; Ziurys et al. 2007), NaCl is likely incorporated
into grains early in the condensation process.
A rotational diagram analysis was also done for comparison.
. s . For a source size of,~ 0.5 , the total column density of
22 28 78 2.4 x 10" cm 2 was obtained withl,,, ~ 92 K for VY CMa,
V g (km 3'1) corresponding to a fractional abundancd ef4 x 10° . This
value is in excellent agreement with the model results. This
Fig. 2—TheJ = 19— 18 and) = 20—~ 19 transitions of NaCl in IK Tau,  gnalysis was also conducted for IK Tau, assuming a source size

measured with the SMT telescope of the ARO. Spectral resolution is 1 MHz, -0 ; ;
and the assumed velocity ¥4z = 34.5 km*sAs found in VY CMa, the Klf _Of;' 5 Thfofftal ,(Z:OIL.";W_:_ den7s(l)t3(< of If\la(il di%\fsd was
narrow line widths observed indicate that NaCl does not remain in the gas Mot = -2 X cm = with T, ~ , Or T~ 4 x :

phase long enough to reach the terminal outflow velocity.

4.2. Comparison with Chemical Models

tance to VY CMa was set at 1500 pc with a mass-loss rate of To gain further understanding of refractory abundances, a

~10“ M,, yr* and a stellar temperature 3f ~ 3368 K (see chemical equilibrium model was used to predict the key Na-

i . bearing species found in the O-rich envelopes (adapted from
Ziurys et al. 2007; Humphreys et al. 2007). A mass-loss rate of =~ " ; ; .
4.5 x 10° M, yr %, distance of 270 pc, arfl ~ 2100 K were Tsuji 1973). Figure 3 displays the results of these calculations

assumed for IK Tau (Marvel 2005; Duari et al. 1999). The tem- 'OF @ range of temperatures with C/© 0.5 (solar abundance)
perature law used in the modeling’ whsc %7 based on otherf"lndn ~ 10" Cms' Na(_:l is clearly the main carrier of sodium
codes written for evolved stars (Kemper et al. 2003; Keady et al. ngg (})(xyg_etrr:-fr 'fhlgf‘)’ 'EO”E“O%T fqtrhthﬁ tgnl_wlperattrl]re range 580_
1988). However, the model results did not significantly change » Wi 0 » Wi a reaching a pea

; 9 o N
with a constant temperature profile (appropriate only in the inner- fractlonal abundance nedr~ 500 K&t 10 - NaO, surpris

shell region) or @ °*® dependence, as used in other models foHnlglyt'err]neVgrrazﬁgins a fractional abundance abbvel0* at
the acceleration zone (Justtanont et al. 1994) A dependenc@ ébser?/ational 'results for both oxvaen-rich envelopes agree
was assumed for the density profile, with the initial density derived Y9 P 9

from a constant mass-loss rate, assuming an expansion velocitgUalitatively with model predictions dt~ 1100 K (see Table 2
of \l,.~5 km s (VY CMa) or ~3 km s (IK Tau), i.e., half or a summary of fractional abundances). This temperature

exp . ; : implies formation at a radius of5R, for VY CMa and
the observed NaCl line width. Calculations were also conducted~3& for IK Tau, given the assumed®’  dependence and the

with an increased density (factor of 5) through the dust acceleration
zone, for comparison, to account for additional density enhance—_srtGIlarptrempr(?]r""&'refhOf 3?_(13'8E Kb(vn\((j (|:1Ma) ff‘rnd 22100 t!'< (thh
ments prior to achieving the terminal outflow velocity. This sit- au). Presumably, these abuncdances ‘freeze out” as the

uation was not the case for IRE10216, where NaCl attained ~Melecules flow from the hotter regions, as predicted by chem-
the full expansion velocity, as indicated by the line profiles. ical models (McCabe et al. 1979), thus explaining the observed

The model was used to reproduce the observed line profiles bysource sizes oR40R, (VY CMa) and ~30R, (IK Tau). Ro-

varying two parameters: the molecular abundance and source siz ational temperatures of 70-92 K are consistent with this sce-

For VY CMa, a source size of 0.5vith a fractional abundance fiario as well, considering the high dipole moment of NaCl
relative to H of ~5 x 10°° was derived from a fit to all five lines, (9.0 D). It should also be noted that NaCN and NaOH were

. ; ey "
using ther 2 density law (see Table 2). This value is consistentnot)lc’bgervehd n Y.Y.CMf] with upper limits O;ffs 10 | I(see
with the size of the dust acceleration zone in VY CMa~( Table .)' These limits, however, are not sufficiently low to
0.5"; Monnier et al. 1999) and the narrow line profiles. However, constrain the model.

for IK Tau, the source size could not be constrained by the ob-
servational data because the three lines observed were very close
in energy. Instead, the source size was estimated from that of the For comparison, the LTE model was also run for the C-rich
inner dust shelld ~ 0.2" ) obtained by Hale et al. (1997), as well case (C/O= 1.5) with identical densities and temperatures. As
as the expansion velocity deduced from the line width. Based onshown in Figure 3, the most noticeable distinction between the
the dynamical model of Bujarrabal et al. (1989), an expansion two models is the importance of NaCN in carbon-rich gas. This
velocity of ~2.5 km s*'is achieved in IK Tau at a radius of species is at least three orders of magnitude more abundant than
5 x 10" cm, orf,~ 0.3'. A source size of 0.3vas therefore  in the O-rich case, reaching a peak concentration near &t0
assumed, resulting in a fractional abundance relative, toward T~ 700 K. The abundance of NaCl roughly follows that of

4.3. Salt in Carbon- versus Oxygen-rich Envelopes
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Fic. 3.—Thermodynamic equilibrium calculations of major sodium-bearing
species in circumstellar shells that are O-rich (solar compositamy;and C-
rich (C/O = 1.5; bottom) at densitiesn ~ 10" cn?® (based on Tsuji 1973).
Fractional abundances are plotted with respect to total hydrogen for various
temperatures. Abundances determined at1100
with the results obtained for VY CMa and IK Tau.
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108 For CRL 2688, the best fit is fof ~1000 K. These
formation temperatures are consistent with the photosphere
temperatures of 2320 and 6600 K for IR€10216 and CRL
2688. Considering a *" profile, this temperature implies a
formation radius of ~ 2 x 10" cmor3R,, for IRC +10216.

For CRL 2688, the formation radius is much larged{R,),
although it is unlikely that the temperature profile is so simple
in this object. The larger radius, however, is consistent with
shock formation induced by the second stage of mass loss, as
found by Highberger et al. (2003b).

Despite the chemical differences, NaCl appears to have a
distribution close to the star in both oxygen- and carbon-rich
envelopes, with a maximum radius-ef6—10) x 10" cm, cor-
responding te-41R, and172R, for VY CMa and IRC+10216.

In IRC +10216, however, the molecule does reach the terminal
velocity of the envelope—not the situation for either VY CMa
or IK Tau. The confined distribution of sodium chloride in both
types of objects implies that it condenses onto grains. Lodders
& Fegley (1999) suggest that NaCl (i.e., crystalline salt) may
be a major carrier of sodium in the solid state in C-rich en-
velopes. These data suggest it could be equally important for
O-rich environments, as opposed to sodalite,[NESiO,),Cl].

The amount of sodium contained in crystalline salt must be
controlled by the chlorine abundance, which is C#8.2 x

107, as opposed to Na/H 2.1 x 10°°, assuming solar com-
position—an order of magnitude difference. (It should also be
noted that sodium may be enriched by hot bottom burning in
AGB stars; lIzzard et al. 2007.) In O-rich shells, another im-
portant condensate for sodium is albite, NaA@®i This al-
ternative is probably not as prevalent in carbon-rich environ-
ments, and may explain why NaCl remains longer in the gas
phase for C stars such as IR£10216.

NaCN as a function of temperature, except at 700-1000 K, where This research was supported by NSF grant AST 06-07803
NaCN is more abundant than NaCl by about factors of 10-100.and based on work supported by the National Aeronautics and
The fractional abundances derived from observations of the Space Administration through the NASA Astrobiology Institute
C-rich shells IRC+10216 and CRL 2688 are in good agree- under cooperative agreement CAN-02-OSS-02 issued through

ment with the models (see Table 2). For IREL0216, the
abundances of NaCl and NaCN are well predicted by the model
at T~ 700 K, with f(NaCl)~ 2 x 10° andf(NaCN)~ 2 x

the Office of Space Science. S. N. M. would like to thank the
Phoenix Chapter of ARCS, specifically the Mrs. Scott L. Libby,
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