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ABSTRACT

We report the detection in IRC +10216 of 63 rotational transitions of HCN, most of them with quantum numbers J = 3–2, pertaining
to 28 different vibrational states with energies up to 10 700 K (ν1+3ν2+ν3). Some of the transitions were also observed for the rare
isotopologue H13CN. The observations were carried out with the IRAM 30-m telescope. The HCN lines with level energies above
5000 K arise within 1.5 stellar radius from the photosphere. Their intensities imply a vibrational temperature of Tvib � 2400 K and
a fractional HCN abundance relative to H2, x(HCN)= 5–7 × 10−5. These high-energy levels are mainly populated by photospheric
radiation, and their vibrational temperature yields a direct measurement of the stellar photospheric temperature. The lines with energy
levels between 2000 and 5000 K yield Tvib � 1300 K and x(HCN) � 0.8–2 × 10−5. They are radiatively excited and arise from a shell
extending between 1.5 and 5 stellar radii. Finally, the lines from the low-energy vibrational states (<2000 K) trace a larger region of
the envelope (5–28 stellar radii) with Tvib = 400–600 K and x(HCN) = 4–6×10−6. They are strongly affected by mid and near-infrared
pumping. The line widths increase from 5 km s−1 near the 2400 K photosphere, to 19 km s−1 in the warm 400 K shell. This provides
a unique insight into the physical conditions of the gas acceleration and dust formation region.

Key words. astrochemistry – line: identification – molecular processes – stars: AGB and post-AGB – circumstellar matter –
stars: individual: IRC +10216

1. Introduction

Hydrogen cyanide (HCN) is one of the most abundant species in
the circumstellar envelopes of evolved carbon-rich stars. It has
three vibrational modes: ν1 at 3.02 μm, ν2 (bending) at 14.01 μm,
and ν3 at 4.77 μm. These fundamental vibrational levels have
energies above the ground state E/k = 4764, 1027, and 3017 K,
respectively (see González-Alfonso & Cernicharo 1999, for a di-
agram of the vibrational levels of HCN). The high temperatures
and densities prevailing in the innermost regions of circumstel-
lar envelopes and to the strong radiation arising from the cen-
tral star and the surrounding dust together mean that these levels
may be populated by collisions and/or radiation and the HCN
emission from them is readily detected with large telescopes
in the millimeter, sub-millimeter, and far- and mid-infrared do-
mains (Ziurys & Turner 1986; Guilloteau et al. 1987; Lucas &
Cernicharo 1989; Cernicharo et al. 1996, 1999; Fonfría et al.
2008; Shinnaga et al. 2009; Patel et al. 2009).

Maser emission has been observed in carbon-rich stars
for several rotational transitions pertaining to highly excited
vibrational states of HCN. It is particularly strong towards
IRC +10216 and CIT6 (Lucas & Cernicharo 1989; Schilke
et al. 2000; Schilke & Menten 2003; Avery et al. 1994;
Bieging et al. 2000). Interpretating it is complicated by a wealth

� This work was based on observations carried out with the IRAM
30-m telescope. IRAM is supported by INSU/CNRS (France), MPG
(Germany) and IGN (Spain).
�� Table 1 is available in electronic form at http://www.aanda.org

of pumping schemes that may affect the HCN levels (Cernicharo
et al. 1999). Other lines of vibrationally excited HCN (in the ν1,
ν2, and ν3 states, as well as in their overtones and combination
states) appear to behave like when they are at thermal equilib-
rium (Cernicharo et al. 1996), so they can be used to probe the
gas physical conditions in the dust formation zone (Fonfría et al.
2008). In this Letter, we present the detection in IRC +10216
at λ = 3 mm and 1 mm of 63 rotational transitions of HCN,
which belong to 28 different vibrational states with energies up
to 10 700 K above the ground state. Some of these transitions
were also detected for H13CN. We derive the vibrational temper-
atures and HCN abundances between 1 and 28 stellar radii, and
make a first direct determination of the photospheric temperature
from mm-wave molecular line observations.

2. Observations and results
Observations were carried out with the IRAM 30-m telescope
in 2004–2009 with the λ = 3 mm SIS receiver and in Dec.
2009–Jan. 2010, using the new broad-band EMIR receiver that
covers the 1 mm and 0.8 mm bands. The receivers were used
in the single sideband mode, with image rejections ∼10 dB
at 1 mm and >20 dB at 3 mm. Each receiver was equipped
with two channels with linear perpendicular polarizations. The
spectrometer was an autocorrelator with a 4 GHz bandwidth
and a channel spacing of 2 MHz (2.3 MHz at 260 GHz). The
data are part of a spectral survey of IRC +10216 in the 3 mm,
2 mm, and 1 mm atmospheric windows (Cernicharo et al. 2000;
Agúndez 2009). During the observations, the local oscillators
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Fig. 1. Selected J = 3–2 lines of HCN in various vibrational states (blue
labels). The spectra observed with the IRAM 30-m telescope are indi-
cated by black histograms. The line profiles calculated from our model
(see text) are plotted in red. The line parameters are given in Table 1.
Intensity scale is antenna temperature. Main beam antenna tempera-
tures can be obtained by dividing the TA∗ scale of the 270 GHz data by
a factor of 0.4. Velocity resolution is 2.3 km s−1.

were shifted in frequency, so that we could check for possible
ghost lines from the image sideband. The secondary mirror was
wobbled by ±90′′ at a rate of 0.5 Hz. The pointing and focus of
the telescope were checked every ∼2 h on the nearby quasar OJ
287. The adopted position of the source is α2000 = 09h47m57.3s,
δ2000 = 13◦16′43.3′′. The half power beamwidth (HPBW) of
telescope at 260 GHz, the frequency of the J = 3–2 lines of
HCN, is 9.5′′. The temperature scale was calibrated every five
minutes using two absorbers at different temperatures. It is ex-
pressed in terms of antenna temperature, T ∗A. The atmospheric
opacity was obtained from measurements of the sky emissivity
using of the ATM code (Cernicharo 1985). On-source integra-
tion times were typically 2.5–3 h. The profiles of selected lines
are shown in Fig. 1 together with synthetic profiles derived from
our model (see Sect. 3). The rest frequencies were computed
from the rotational constants and Hamiltonian provided by Maki
et al. (1996, 2000) and Zellinger et al. (2003). The last refer-
ence gives very accurate constants for the ν1, ν2, ν3, ν1 + ν3,
ν1 + ν2, 2ν1, 2ν3, 2ν2, ν1 + 2ν2, and 2ν2 + ν3 and for the per-
turbed states 4ν2/ν2 + ν3. The constants of Maki et al. were used
for all the other vibrational states. Following Maki et al., who
used together with the infrared data all pure rotational transi-
tions observed in the laboratory, we estimate uncertainties of
1–2 MHz for the v > 0 J = 3–2 line frequencies, depending
on the vibrational level. The Hamiltonian used to compute en-
ergy levels for the �-doubling states and for the interacting pair

4ν2/ν2 + ν3 has been described by Maki et al. (1996). The rota-
tional transition frequencies (including ΔJ = 0 transitions) were
calculated for 49 vibrational states and checked against labora-
tory observations when available. In these cases the uncertainties
on the predicted frequencies were below 0.1 MHz. Moreover, the
J = 7–6 line of several vibrational levels of HCN have been ob-
served by Cernicharo et al. (2010) using these predictions. The
observed minus calculated frequencies never exceed 2 MHz. Our
frequency calculations have been confirmed by recent laboratory
observations of HCN (Pearson et al., priv. comm.).

Fifthy-eight J = 3–2 lines from HCN and H13CN are iden-
tified in our 1 mm spectrum. In addition, several J = 1–0 lines
from vibrational levels with � = 0, and several ΔJ = 0 lines aris-
ing from the ν2 vibrational level, are detected at 3 mm. The line
central velocities and widths were derived from Gaussian fits;
the former agree within 3σ (1–1.5 km s−1) with the star velocity
(VLSR = −26.5 km s−1). The other line parameters are given in
Table 1. Maser emission from the ν2 � = −1 J = 2–1 line and ap-
parently normal emission from the 2ν2 J = 3–2 lines have been
reported previously by Lucas & Cernicharo (1989). The inten-
sities and profile shapes of the latter lines, shown in Fig. 1, are
quite similar to those observed 20 years earlier. The strongest
J = 3–2 vibrationally excited lines of HCN arise from the ν2,
2ν2, and ν3 states. Detailed modeling of the infrared pumping
of these levels has been made by Cernicharo et al. (1999) and
González-Alfonso & Cernicharo (1999) to explain the ISO/SWS
observations of IRC +10216.

It is striking from Table 1, which lists the J = 1–0 and J = 3–
2 lines by order of increasing energies, that the line widths de-
pend on the level energies. Almost all lines pertaining to vibra-
tional states with energies ≥5000 K have line widths between
5 and 8 km s−1. Most lines pertaining to states with energies
3000 < Eu/K < 5000 have widths between 8 and 12 km s−1.
Finally, all lines from states with Eu/K < 3000 have widths be-
tween 13 and 19 km s−1. It is worth noting that all lines from
vibrationally excited states have widths <19 km s−1, i.e., much
smaller than twice the terminal velocity (Vexp) of the circumstel-
lar envelope (2 × Vexp = 29 km s−1). As a result, the rotational
lines pertaining to the vibrationally excited states of HCN must
be formed between the stellar photosphere and the end of the
dust formation zone, which marks the end of the gas accelera-
tion region (Fonfría et al. 2008).

3. Discussion
The set of J = 3–2 lines, coming from the fundamental, over-
tone, and combination states of the three vibrational modes of
HCN, provides a unique view of the stellar atmosphere and dust
formation zone. Some of these lines have already been reported
in the literature (Lucas & Cernicharo 1989; Shinnaga et al. 2009;
Tenenbaum et al. 2010). However, the lack of rotational fre-
quencies in online catalogs for most vibrational levels has ham-
pered the search for very high excitation lines. Shinnaga et al.
(2009) report a line at 265264.8 MHz that they identify with KCl
J = 35–34 v = 2. This line is, however, probably the J = 3–2
� = +2 line of the 2ν2 + ν3 level of HCN (ν = 265 264.1 MHz).
Although KCl is observed in IRC +10216 (Cernicharo & Guélin
1987), it is much less abundant than HCN, and no other lines
from its excited vibrational states have ever been reported in
high-sensitivity surveys (Cernicharo et al. 2000). Three uniden-
tified lines reported by the same authors at 264 665, 265 253, and
265 386 MHz correspond to the 3ν2 + ν3, J = 3–2 � = −1 and
the 2ν2 + ν3, � = −2 and � = 0 transitions of HCN. All the other
�-doubling components pertaining to those levels are detected
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Fig. 2. Vibrational temperature diagram derived from the HCN J = 3–
2 lines given in Table 1. Upper level population vs. its energy above
the ground state. The data is fitted by 3 line segments corresponding
to regions with temperatures Tvib ∼ 400 K, 1200 K, and 2400 K, re-
spectively. HCN column densities are averaged over a source size of
1′′ diameter. A conservative calibration error of 30% has been applied
to all intensities. Values in parentheses correspond to 3σ errors on the
derived vibrational temperatures and column densities. Filled triangles
correspond to lines with half-power widths Δv < 7 km s−1, filled squares
correspond to lines with 7 < Δv < 9 km s−1, empty triangles correspond
to lines with 9 < Δv < 12 km s−1, and empty squares to lines with
Δv > 12 km s−1.

in our data (see Table 1), strongly supporting these identifica-
tions. Shinnaga et al. (2009) were, nevertheless, able to measure
with the e-SMA the size of the emitting region for several vi-
brationally excited lines with published frequencies (see below).
Several U lines reported by Tenenbaum et al. (2010) also corre-
spond to HCN in different vibrational states (see Table 1). These
lines have an intensity �10 times lower than ours, and they cor-
respond to the different beam dilution for a much smaller source
than the 30 m telescope HPBW (see below).

From the parameters of Table 1, we have constructed the vi-
brational temperature diagram shown in Fig. 2. The transitions
involving the same rotational levels (e.g. J = 3–2) pertaining
to different vibrational states are packed in a relatively small
frequency interval and can be observed simultaneously, thanks
to the 8 GHz-wide instantaneous bandwidth of the EMIR re-
ceiver. This allowed accurate measurement of the line relative
intensities over the full range of energies covered by Fig. 2. The
data must be fitted by at least three line segments, each of which
corresponds to a particular temperature regime and, as we have
seen, has a characteristic line width. All lines involving levels
with energies >5000 K are well fitted by a vibrational temper-
ature Tvib = 2400 K. We refer to this region of high Tvib and
narrow line widths as zone I. The second segment involves the
lines with energy levels between 2000 and 5000 K; it yields
Tvib � 1300 K (zone II). Finally, the lines arising from levels
≤2000 K, including those from the vibrational ground state, are
matched by Tvib = 400 K (zone III). As shown in the next para-
graph, this value is an upper limit to the vibrational temperature
in zone III, owing to the opacity of the HCN ground state lines.
HCN column densities derived from Fig. 2 (assuming a source
diameter of 1′′) are 1.5 ± 0.6 × 1017, 2.0 ± 0.9 × 1017, and
1.7 ± 0.5 × 1018 cm−2 for zones I, II, and III, respectively.

In the case of H13CN, only three vibrational states with en-
ergies ≤3000 K are observed besides the ground state: ν2, 2ν2,
and 3ν2. A vibrational temperature diagram based on these three
states yields a vibrational temperature of 425 K for H13CN, to
be compared with the value derived for the same three states of
HCN, 550 K. The HCN/H13CN column density ratio is equal to

19, much more than the intensity ratio of the ground state lines,
�2, but still a factor of 2 lower than the 12C/13C isotopic ratio,
�42 (Kahane et al. 1988, 1992; Cernicharo et al. 1991). As a re-
sult, the lines from the lowest vibrationally excited states are less
optically thick (τ � 1) than those of the ground state, making it
possible to derive meaningful HCN column densities in zone III.

From the intensities TA∗ observed for each line, it is possible
to estimate the dilution factor W and size of the emitting region,
assuming the excitation temperature Trot and the opacity τ can
be derived from the slopes and column densities on the vibra-
tional diagram of Fig. 2. We use the relation TMB = W Trot (1-
e−τ), where TMB = TA ∗ /0.4 is the observed main-beam
averaged line temperature. For the lines with upper levels en-
ergies above 5000 K, i.e. originating in zone I, we typically find
TMB � 0.08 K. After adopting Trot = Tvib = 2400 K and a
line opacity �1, we derive a diameter of 0.07′′ which decreases
to 0.06′′ if the lines are optically very thick. In this zone the
source-averaged HCN column density could exceed 1019 cm−2

(see below), and around 30% of the molecules could be in vi-
brational levels above 5000 K; therefore, even for a vibrational
and rotational temperature as high as 2400 K, the opacity of the
HCN J = 3–2 lines is still well above unity. Source-averaged
HCN column densities below 1017 cm−2 would be needed to
have τ(J = 3−2) <1. The diameter of the star, as derived by
interferometric infrared observations and lunar occultations, is
�0.038′′ (Monnier et al. 2000; Ridgway & Keady 1988). So,
high-excitation lines of HCN are coming from a compact re-
gion with a radius of 1.5 R∗, i.e. from the stellar photosphere
and the very high-temperature atmosphere immediately above.
The lines in zone I are narrow, and as we have seen, their width
is readily explained by a combination of a width of 3–5 km s−1

due to microturbulence, plus a thermal line width (1 km s−1 at
2400 K). This is consistent with our finding that they are formed
very close to the photosphere.

Collisional rates are not available for the vibrational levels
of HCN. Based on the total collisional rate for the CO2 bending
mode we assumed state-to-state collisional rates of a few 10−13–
10−14 cm3 s−1 (see, e.g., Ziurys & Turner 1986). Within those
assumptions, collisional excitation cannot compete with radia-
tive de-excitation (rates > 1 s−1), unless the densities are as high
as 1013 cm−3 (see also Ziurys & Turner 1986), a value that we
could expect in the stellar photosphere, but not in the dust for-
mation zone. The high vibrational temperature of 2400 K means
that the vibrational states in zone I are mainly pumped by in-
frared photons. In that case, the vibrational levels will be in
radiative equilibrium with the star, and the vibrational tem-
perature observed in zone I measures the stellar photospheric
temperature directly (Cernicharo et al. 1999; González-Alfonso
& Cernicharo 1999). The latter has been independently derived
to be �2330 K from IR measurements (see Fonfria et al. 2008,
and references therein).

Although most high-energy levels are in radiative equilib-
rium with the star, some may experience peculiar radiative
pumping, as may be the case for the interacting pair 4ν2/ν2 + ν3:
some rotational levels from 4ν2 are so close in energy to rota-
tional levels of the ν2 + ν3 state that they can be populated effi-
ciently directly from the ground state via this state, thanks to the
strong infrared field. This may lead to strong and narrow maser
emission (Schilke et al. 2000; Schilke & Menten 2003). Strong
masers are not observed in our spectra. Nevertheless, we have
observed a very narrow line at 102048.8 MHz that coincides in
frequency with the 4ν2 J = 2 → ν2 + ν3 J = 1 ro-vibrational
transition. The masers involving the lower energy ν2 level have
to be explained in a different way (Lucas & Cernicharo 1989).
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The source diameter of zone II, where level energies are be-
tween 2000 K and 5000 K and for which we assume Trot =
Tvib = 1300 K, and TMB = 0.4 K is 0.21′′, i.e. a radius of ∼5 R∗
for τ � 1 (and 4.4 R∗ for τ > 1). This diameter agrees with what
is observed for vibrationally excited SiS by Patel et al. (2009).
The lines in zone II are broader (8–13 km s−1), which is consis-
tent with the larger radius at which they are observed. Obviously,
the dust starts to form and the gas starts to get accelerated be-
tween 1.5 and 5 stellar radii, in agreement with the results of the
modeling of the mid-infrared lines of C2H2 and HCN by Fonfría
et al. (2008).

Finally, for zone III, where the excited levels have energies
close to or below 2000 K, we have Trot = Tvib = 400 K, τ = 1
(as suggested by the HCN/H13CN ratio) and TMB = 5 K. We
derive a diameter of 1.1′′, or 29 R∗. This region includes the first
two dust formation regions described by Fonfría et al. (2008).
This emitting zone is much larger than the one observed by Patel
et al. (2009) for SiS. However, it agrees with the value derived
by Shinnaga et al. (2009), 23 R∗, for some low vibrational energy
levels of HCN. Those authors also find that they have to include
another region between 1–15 R∗ which partially coincides with
our zones I and II in order to explain their observations.

The line widths observed in zone I (5–8 km s−1) are con-
sistent with a velocity field dominated by thermal broadening
(�1 km s−1 at 2400 K), plus a turbulent velocity of 3–5 km s−1.
Those of zone II (8–13 km s−1) imply an expansion velocity in-
creasing from 0 to 6 km s−1. The expansion velocity reaches
9 km s−1 in zone III. For the expected densities in zones I–III,
dust and gas must be tightly coupled, and the vibrational tem-
peratures derived from Fig. 2 must be close to the kinetic tem-
perature of the gas. We have seen that, in zone I, collisional ex-
citation is unlikely to match radiative excitation for populating
the HCN vibrationally excited states. Considering the steep de-
crease in the gas temperature and density with increasing radius
(TK changes from 2400 to 1200 K, and density decreases by a
factor 25, in 5 stellar radii), a fortiori collisions play a minor
role in zones II and III, except if shocks are important. The pop-
ulations of the vibrationally excited states are thus likely to be
controlled by the stellar and hot dust radiations.

Using these results we modeled the HCN emission for
the first 49 vibrational states quoted above. We adopted the
physical parameters for the star and its envelope derived by
Fonfría et al. (2008). We considered the first 28 stellar radii
and assumed Trot = Tk = Tvib, with Tvib = Tstar = 2400 K for
the region r < 1.5 R∗ (zone I), 1300 K for 1.5 R∗ < r < 5 R∗
(zone II), and 550 K for r > 5 R∗ (zone III). The assumed
velocity field is the one derived by Fonfría et al. (2008). The
adopted H2 density at r = 1 R∗ is 1010 cm−3. Line strengths
were derived from the expressions given by Herzberg (1945),
and we used the dipole moment function obtained by DeLeon
& Muenter (1984). The emerging brightness temperature
was convolved with the HPBW of the IRAM 30-m radio
telescope at the frequencies of the J = 3–2 lines (�9.5′′).
They were converted into antenna temperature to allow direct
comparison with the data. The abundance of HCN in each
zone has been varied until a good agreement was found (within
a factor two) with the observed intensities. We have found
abundances in zones I–III of 4–7, 0.8–3, and 4–6 (10−5). The
result of the best model is shown as the synthetic profiles
in Fig. 1. We find it remarkable that such a simple model
predicts most of the observed line intensities within a factor
two. This suggests that our assumption of a thermalization of the

rotational levels at three temperatures is a fair approximation.
The ν2 = 1 levels are poorly reproduced owing to infrared pump-
ing and maser action throughout a much wider region of the en-
velope than considered in our model (Lucas & Cernicharo 1989).
Asymmetries in the line intensities between � = ±1 or ±2 tran-
sitions of the same state are evident for ν2, 2ν2, and 3ν2. Similar
effects could also explain the poor fit of the ν3 line in Fig. 1.
Since the ν3 state is radiatively connected to the ground state the
infrared pumping can be efficient over a large region of the inner
envelope. The column densities in our models for these zones are
1.5–3.0 × 1019, 1–4 × 1018, and 0.7–1.1 × 1018 cm−2. For com-
parison purposes, the source-averaged HCN column densities as
derived from Fig. 2 and the sizes quoted above are 5.6 × 1019,
4.5 × 1018, and 1.4 × 1018 cm−2 for zones I–III.

The high brightness temperature of the excited HCN lines
makes them ideal tools for studying the acceleration region with
ALMA down to spatial resolutions of a few R∗. Combining
these with previous ISO observations (Cernicharo et al. 1996)
and Herschel/HIFI, PACS and SPIRE observations will allow a
unique wealth of data to be assembled on the upper atmosphere
of an AGB star and lead to investigations of how dust condenses
and how the gas gets accelerated – two key questions in stellar
astrophysics.
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Table 1. Line parameters for the observed transitions of HCN and H13CN.

Level � ΔJ ν Eup Δv
∫

T ∗Adv
ν1ν2ν3 (MHz) (K) (km s−1) (K km s−1)

HCN
010 l 19–19 84919.2 1834 7.3(13) 0.066(9)
010 l 20–20 93813.8 1919 7.9(16) 0.12(2)
010 l 21–21 103144.3 2009 12.4(15) 0.12(1)
000 0 1–0 88631.6 4 ..... 427.3(10)b

100 0 1–0 88006.6 4769 11.4(20) 0.13(2)
001 0 1–0 88027.2 3021 12.3(10) 0.21(2)
020 0 1–0 89087.7 2035 14.1(3) 2.20(02)
040 0 1–0 89569.4 4037 10.3(20) 0.065(9)
021 0 1–0 88468.1 6011 8.3(10) 0.049(7)
120 0 1–0 88488.7 6744 11.3(15) 0.032(7)
200 0 1–0 87363.6 9384 6.0(15) 0.027(6)
000 0 3–2 265886.4 26 ...... 972.0(10)b

010 –1 3–2 265852.7 1048 17.9(5) 75.10(20)
010 +1 3–2 267199.3 1048 19.2(8) 68.80(20)
020 0 3–2 267243.2 2056 14.0(15) 9.5(20)c

020 –2 3–2 267109.1 2078 16.5(8) 3.82(40)
020 +2 3–2 267120.1 2078 13.4(8) 3.61(40)
030 –1 3–2 266539.9 3064 9.7(10) 2.72(20)
030 +1 3–2 269312.8 3064 12.1(10) 1.66(10)
001 0 3–2 264073.3 3042 14.5(5) 4.68(15)
040 0 3–2 268663.3 4059 9.3(2) 1.16(5)
040 –2 3–2 268545.8 4081 11.6(8) 0.96(5)
040 +2 3–2 268580.5 4081 12.7(15) 1.28(15)e

011 –1 3–2 264019.8 4060 14.3(20) 0.69(15)
011 +1 3–2 265364.4 4060 10.2(8) 0.86(4)
100 0 3–2 264011.6 4790 9.1(15) 1.1(2)d , e
050 –1 3–2 267264.0 5052 5.4(4) 0.47(4)
050 +1 3–2 271550.8 5053 7.4(2) 0.73(3)
021 0 3–2 265384.3 5064 8.6(10) 0.38(3)
021 –2 3–2 265252.9 5086 9.5(7) 0.36(2)
021 +2 3–2 265264.0 5086 7.8(7) 0.37(2)
110 –1 3–2 264005.0 5782 8.0(20) 0.59(9)d , e
110 +1 3–2 265373.0 5782 6.3(5) 0.27(4)
002 0 3–2 262249.6 6030 9.9(20) 0.35(9)e

060 0 3–2 270159.9 6032 8.0(10) 0.20(2)
060 –2 3–2 270071.7 6055 9.5(8) 0.27(2)
060 +2 3–2 270144.7 6055 8.0(8) 0.25(2)
031 –1 3–2 264663.4 6068 7.5(9) 0.44(7)e

031 +1 3–2 267423.4 6068 7.0(6) 0.30(2)e

120 0 3–2 265445.9 6765 6.1(10) 0.14(4)
120 –2 3–2 265310.2 6787 8.6(8) 0.18(3)
120 +2 3–2 265321.7 6787 7.3(8) 0.18(3)
070 –1 3–2 268034.2 7012 7.5(9) 0.15(2)
012 –1 3–2 262174.4 7042 4.8(7) 0.10(2)
012 +1 3–2 263518.1 7042 ..... 0.14(5) f

041 –2 3–2 266638.8 7080 6.5(10) 0.13(2)
041 +2 3–2 266673.8 7080 6.5(10) 0.13(2)
130 –1 3–2 264755.6 7743 8.2(10) 0.18(4)
130 +1 3–2 267579.7 7744 6.2(7) 0.23(3)
080 0 3–2 271748.4 7977 6.1(10) 0.20(5)
080 –2 3–2 271704.0 7999 6.2(9) 0.16(4)
080 +2 3–2 271832.0 7999 5.8(10) 0.11(3)
022 0 3–2 263514.5 8042 6.0(20) 0.12(5) f ,g

022 –2 3–2 263386.7 8063 5.0(12) 0.09(2)
022 –2 3–2 263398.2 8063 7.0(12) 0.17(3)
051 –1 3–2 265347.8 8048 7.7(10) 0.10(2)
003 0 3–2 260415.7 8987 5.0(15) 0.06(3)
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Table 1. continued.

Level � ΔJ ν Eup Δv
∫

T ∗Adv
ν1ν2ν3 (MHz) (K) (km s−1) (K km s−1)
032 –1 3–2 262777.4 9039 4.6(10) 0.08(2)
032 +1 3–2 265521.1 9039 6.6(6) 0.13(2)
121 +2 3–2 263505.9 9774 4.5(10) 0.04(1)
121 0 3–2 263632.1 9753 4.1(10) 0.03(1)
013 –1 3–2 260319.3 9996 5.1(7) 0.13(4)
131 –1 3–2 262910.9 10727 7.0(20) 0.07(3)

H13CN
000 0 1–0 86339.9 4 ..... 190.2(3)
020 0 1–0 86747.7 2018 12.0(20) 0.09(2)
000 0 3–2 259011.8 25 ..... 429.6(9)b

010 –1 3–2 258936.1 1039 17.4(8) 3.74(9)
010 +1 3–2 260224.8 1039 18.9(5) 6.45(10)
020 –2 3–2 260094.0 2060 10.0(30) 0.18(1)e

020 +2 3–2 260104.2 2060 10.0(30) 0.18(1)e

030 –1 3–2 259508.1 3039 7.8(15) 0.12(2)

Notes. Number in parentheses are 1σ uncertainties in units of the last digits. a) The notation n1ν1 + n2ν2 + n3ν3 � is adopted for the labeling of the
vibrational levels (121 +2 means ν1+2ν2+ν3 � = +2). b) Line is self-absorbed in the blue part of the profile. c) Blended with 29SiS J = 15–14 (see
text). d) Velocity fixed to −26.5 km s−1. e) Blended with another line. f ) Contaminated by Si34S v = 1 J = 15–14. Intensity has been estimated by
removing the expected contribution of this molecule (0.35 K km s−1). g) Blended with HCN 012 � = +1.
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