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Abstract

Aims—Our knowledge of the chemical properties of the circumstellar ejecta of the most massive
evolved stars is particularly poor. We aim to study the chemical characteristics of the prototypical

yellow hypergiant star, IRC +10420. For this purpose, we obtained full line surveys at 1 and 3 mm
atmospheric windows.

Methods—We have identified 106 molecular emission lines from 22 molecular species.
Approximately half of the molecules detected are N-bearing species, in particular HCN, HNC,
CN, NO, NS, PN, and N,H*. We used rotational diagrams to derive the density and rotational
temperature of the different molecular species detected. We introduced an iterative method that
allows us to take moderate line opacities into account.

Results—We have found that IRC +10420 presents high abundances of the N-bearing molecules
compared with O-rich evolved stars. This result supports the presence of a N-rich chemistry,
expected for massive stars. Our analysis also suggests a decrease of the 12C/13C ratio from 2 7 to
~ 3.7 in the last 3800 years, which can be directly related to the nitrogen enrichment observed. In
addition, we found that SiO emission presents a significant intensity decrease for high-Jlines
when compared with older observations. Radiative transfer modeling shows that this variation can
be explained by a decrease in the infrared (IR) flux of the dust. The origin of this decrease might
be an expansion of the dust shell or a lower stellar temperature due to the pulsation of the star.

*Based on observations carried out with the IRAM 30 m Telescope. IRAM is supported by INSU/CNRS (France), MPG (Germany)
and IGN (Spain)
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1 Introduction

IRC +10420 is a yellow hypergiant (YHG) star. These objects are evolved massive stars,
which present extreme initial mases and very high luminosities (log(L/Lg) ~ 5.6, My R
20Mp). In fact, this particular YHG has a luminosity of L ~ 5 x 10°L¢, and has an estimated
initial mass of M,,;;~ 50 Mg (Tiffany et al. 2010; Nieuwenhuijzen & de Jager 2000).

Yellow hypergiants are post red-supergiant stars (RSGs) evolving toward higher
temperatures in the HR diagram. In particular, the spectral type of IRC +10420 has changed
from F8lato A5la in just 20 yr (Klochkova et al. 1997). These objects are thought to lose as
much as one half of their initial masses during the RSG phase (e.g., Maeder & Meynet
1988). In addition, during their post-RSG evolution the YHGs encounter an instability
region, called the yellow void (de Jager 1998), which results in a new episode of effective
mass ejection. These outburst were recently detected for p Cas (Lobel et al. 2003). As a
result of these outbursts, the ionized wind of these stars becomes optically thick and the
resultant stellar wind spectrum mimics 7 star (Humphreys et al. 2002). As the ejected
material dilutes into the interstellar medium (ISM), the apparent 7g¢ increases again. These
apparent 7. oscillations are frequently called bouncing against the yellow void. Since the
real Tgs continues increasing, at a certain moment, as the ejected material dilutes out, the
YHG stars would eventually appear at the just beyond the high-temperature edge of the
yellow void. However, Smith et al. (2004) found that the high-temperature edge of the
yellow void is coincident with the S Doradus instability strip. These sources then form a
pseudophotosphere that keeps the source in the low-temperature edge of the yellow void in
the HR diagram. Therefore, these authors suggested that the evolution of the YHGs remain
hidden until they become slash stars and finally enter in the Wolf-Rayet phase.

While these mass ejections are predicted to be very important for these objects, only three
YHGs, IRC+ 10420 and AFGL 2343 (Castro-Carrizo et al. 2007), and recently IRAS
17163-3907 (Wallstrém et al. 2015), have shown molecular emission.

The kinematics and structure of the molecular envelopes around IRC+ 10420 and AFGL
2343 were studied in detail by Castro-Carrizo et al. (2007) thanks to high angular resolution
interferometric maps of 12CO. They found that, while these objects showed slight departures
from the spherical symmetry, the data could be reasonably modeled by adopting an isotropic
mass loss with large variations with time. In particular, for the YHG IRC+ 10420 they found
a detached circumstellar envelope (CSE) with an extent of 5 x 1017cm expanding at
velocities of ~37 km/s. Two strong mass ejection episodes, which occurred within a lapse of
1200 years and reached a mass loss rate of 3 x10™ Mg yr1, are responsible for the
formation of this CSE. The total mass derived for the CSE around this object is ~ 1Mp.
Quintana-Lacaci (2008) showed that the ejection of this material could be explained in a
similar way as the ejections presented by the low mass AGB stars (i.e., the mass ejection is
driven by radiation pressure on the dust grains). Also, Quintana-Lacaci (2008) argued that
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all the molecular material observed by Castro-Carrizo et al. (2007) was only ejected during
the YHG phase. Any gas ejected during the previous RGS phase should have been rapidly
diluted in the ISM and photodissociated by ISM ultraviolet (UV) radiation field.

The chemistry of IRC +10420 is particularly rich (Quintana-Lacaci et al. 2007). The
following species were detected in the CSE around this object: CO, 13CO, HCN, CN,
H13CN, SiO, 29Si0, SO, SiS, HCO*, CN, HNC, HN13C, and CS. Surprisingly, some
species, such as HCN and HNC, showed particularly high abundances compared with the O-
rich AGB stars, which are the low mass counterpart of YHGs (see, e.g., Bujarrabal et al.
1994). This is explained by an enrichment in nitrogen due to the hot bottom burning process
(Boothroyd et al. 1993), which is present for stars with masses above ~ 3 Mg . This process
transforms 12C into nitrogen, which changes the composition of the material that is
transported to the photosphere and later on expelled. The nitrogen enrichment is expected to
lead to a N-rich chemistry for the most massive and evolved stars. This was recently
confirmed by Quintana-Lacaci et al. (2013). These authors found an abnormally high
abundance of NO in IRC +10420, directly related to an enhancement of the elemental
abundance of nitrogen.

On the other hand, SiO emission was found to come from regions located at 1017 cm from
the star, far from the radius where dust formation takes place and where the SiO is expected
to be largely depleted in the gas (Castro-Carrizo et al. 2001). These authors suggested that
this SiO emission is related to a spherical shock front that heats up the grains, releasing
some amount of Si back to the gas phase.

Recently, Teyssier et al. (2012) observed selected transitions of NH3, OH, H,0, CO,

and 13CO toward this object with HIFI. They also showed that the model derived by Castro-
Carrizo et al. (2007) for low-J CO transitions was applicable, with minor changes, to high
excitation lines.

In this paper we present a full line survey of IRC +10420 obtained with the IRAM 30 m
telescope in the atmospheric windows centered at wavelengths of 1 mm and 3 mm. The
survey confirms that the chemistry of this object is particularly rich. We detected 22
molecular species for which we determined the column density and rotational temperature.

2 Observations

We used the IRAM 30 m radiotelescope to obtain a complete line survey at 3mm and 1mm
for the YHG IRC +10420. We observed IRC +10420 at the position coordinates (J2000)

19"26™48°10, +11°21 17" 0 with an v|_sg = 76 km/s. The observations were obtained during
February 2012.We used the EMIR receiver, simultaneously using the receivers E090 and
E230 with a bandwidth of 4GHz at two polarizations.We used 16 different setups to cover
the atmospheric windows at 3mm and 1mm. Each setup was observed for one hour. We used
the wobbler switching mode to minimize the ripples in the baselines. The system
temperatures during the observations were in the range 100-250K for the E090 receiver and
between 200 and 425K for the E230 receiver. The weather conditions during the
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observations were good with an amount of precipitable water vapor ranging between 2 and 6
mm.

The backends used were WILMA (spectral resolution 2MHz) and the 4 MHz filter bank.
Owing to the large width of the line profiles observed in IRC +10420 (~60 km/s), this
resolution is enough to resolve the line profiles.

The pointing correction was checked frequently and, therefore, we expect pointing errors of
~3”. The telescope beam size at 3 mm is 21-29” and 9-13” at 1 mm. The Atmospheric
Transmission Model (ATM) is adopted at the IRAM 30 m (Cernicharo 1985; Pardo et al.

2001). The data presented is calibrated in antenna temperature (T:) - The calibration error is
expected to be 10% at 3 mm and 30% at 1 mm. The data were processed using the GILDAS
packagel. The baselines were subtracted using only first grade polynomials.

3 Line identification

The full spectra obtained at 3 and 1 mm are presented in Figs.A.1&A.2. The sideband
rejection of the EMIR receiver is higher than 10 db and therefore only the strongest lines
present their counterparts in the image band. The spectral features whose origin is the image
band are labeled in red characters in Figs. A.1&A.2.

The line identification was performed using the online catalogs of CDMS2 (Miller et al.
2005), JPL3 (Pickett et al. 1998), Splatalogue4, and the catalog incorporated into the
radiative transfer code MADEX (Cernicharo 2012).

In Tables A.1&A.2, we list all the lines detected in the line survey in the 3 mm and 1 mm
bands, respectively. In these tables we also present the velocity-integrated intensity of the
lines, the peak intensity and the rms of the noise level for a spectral resolution of 2 MHz. As
a result of the large width of the lines of IRC +10420, the hyperfine structure of the
transitions of CN, NO, and NS cannot be resolved. For these transitions we present the
global integrated intensity including all hyperfine components.

Thanks to the large frequency coverage of the spectral survey, we were able to confirm the
presence of the species detected by inspecting their relative strengths expected for local
thermodynamic equilibrium (LTE) conditions.

We detected a total of 106 spectral lines, which we identified as arising from 22 species
including different isotopologues. The list of the species detected can be found in Table 1.

4 LTE modeling of the line emission

Once we successfully identified the emission lines observed, we aimed to estimate the
physical conditions of the regions where these species are located.

1see URL http://www.iram.fr/IRAMFR/GILDAS/
http://www.astro.uni-koeln.de/cdms/catalog

3http://spec.jp|.nasa.gov/
http://www.splatalogue.net/
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In order to estimate the excitation temperatures and column densities of the different species
observed we used a LTE approach as that described by Goldsmith & Langer (1999). These
authors showed that the rotational diagram of a certain molecule follows the next
relationship.

N, N E
In <—u> =In <7) —InC, — ——,
Gu Z(Trot) k’T‘rot (1)

where A, and g, are the total column density and statistical weight of the upper level,
respectively, Nis the total column density, 7.4 is the rotational temperature, Z{ 7;4) is the
partition function, £ is the energy of the upper level, and C, is the term that takes the
opacity effects into account, which corresponds to C, = #/(1 — ¢” 7). The value of In(A/q) is
directly proportional to the integrated intensity of the molecular line observed (Goldsmith &
Langer 1999).

Here we use the opacity-corrected column density N =N, C... Therefore, relation (1) can be

rewritten as
N/ N L,
In| —% :ln( > — .
Gu Z(Trot) kTrot (2)

This relationship allows us to estimate 7,o; and A/ of a molecule by fitting a straight line to
the rotational diagram.

As an approximation for the opacity, we use that presented by Quintana-Lacaci et al. (2007),

=1 1
T=IlNn 1_Tme 5

A
Sv QS (3)

where 7y, is the peak temperature in main beam temperature scale, S, is the source
function, and Qgs/Qp is the geometrical dilution factor between source size and telescope
main beam. We adopt the source size from Quintana-Lacaci et al. (2007), i.e., an angular

radius of 11" for 2CO and 13CO, and 3”3 for the rest of the molecular species. We also took
this beam dilution correction into account in the calculation of A /gy, in particular by
correcting the integrated intensity of each molecular transition. The source function is
calculated as follows:
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where Tey is the excitation temperature and 7hg is the temperature of the cosmic
background.

The term C is different for each rotational transition and depends on 7,4 via the source
function. As a result of this, 7, cannot be directly obtained by fitting a straight line to
equation (1). In order to solve this problem, we used an iterative procedure. We introduce an
initial rotational temperature in the opacity term (1000K) and fit to the expression in Eq. (1).
The value of 7,4 obtained is then introduced as the new temperature to compute the opacity
corrections. This process was repeated until the difference between the temperature
introduced in the opacity term and that derived was below a certain tolerance (0.1K). At 7t
= 1000K, the opacity term In(Cy) is in general negligible at the frequencies covered by the

surveys presented and v, =N, In that sense, assuming an initial rotational temperature of
1000K for the calculation of the opacity is equal to assume t << 1. An example of the effect
of the opacity correction on the rotational diagram is shown in Fig. 1.

The opacity correction applied can only account for moderate values of the optical depth.
For high opacities the line emission we detect comes only from the outer layers of the
circumstellar envelope. Because of this, we impose a higher limit to the opacity of = 2.

Furthermore, in case the opacity is remarkably high, and if there is a large opacity variation
for the different transitions, the method fails to obtain estimates of 7;4. As shown by
Goldsmith & Langer (1999), when the opacity is high, the rotational diagram given by eq.
(1) deviates from the straight line expected for low opacities. The optical depth of the
transition does not vary proportionally to the energy of the transition. These authors showed
that for linear molecules in LTE conditions the J;p ;max Of the transition with the maximum

opacity is Jup,rmax=4-6 \/ Trot(K)/B,(GHz) at a frequency of

v(GH2) ,,,,4,=9-13 \/ Trot (K ) Bo,(GHz). Therefore, depending on the 7y of the gas and of
the transitions observed, the opacity effects could lead to both higher or lower slopes for the

fitting than that expected for low opacities. Only in those cases in which we can estimate the
Ti of the gas where a particular emission arises by any other method, as deriving it from
fitting the rotational diagrams of low-abundance isotopologues, can we obtain a limit to the
column density of a given molecule. This can be accomplished for instance by ignoring
those lines available with frequencies closer to (GHZ) ;max

In case we only observe two transitions, we can obtain a realistic derivation of the value of
Trot if the opacity from both lines is relatively low. If the optical depth significantly affects
the intensity of the lines, however, we could only obtain a first approximation to the value of
Trot @ssuming optically thin emission.

We use the molecular distribution of the two shells described by Castro-Carrizo et al. (2007).
As mentioned, in a similar approach as Quintana-Lacaci et al. (2007), we assume that the
molecular emission from all molecules but those of CO and 13CO come from the inner shell.
In particular, the diameter of the emitting region would be 11" for CO and 13CO and 3.”3
for the rest of the molecules.

Astron Astrophys. Author manuscript; available in PMC 2016 August 01.
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4.1 Column density and rotational temperature determination

As expected, the method described above is not well suited for certain molecules because of
the high opacity of some of their transitions. These molecules are HCN, H13CN, SiO, 2%SiO,
and 30Si0.

In the particular cases of SiO and their isotopologues, the origin of the emission of these
molecules was claimed to be related to the presence of a shock front (Castro-Carrizo et al.
2001). However, recently Teyssier et al. (2012) were not able to detect high-Jlines with
HIFI. In addition, no vibrationally excited lines were detected in the current survey. This
shows that the excitation temperature of the SiO emission is not be particularly high. Since
we cannot estimate the kinetic temperature of the gas where this emission arises, we cannot
rely on the method proposed to derive the abundance and excitation temperature of this
molecule, but just to constrain these values. We assumed that the emission is optically thin to
obtain a lower limit to the abundance. Also, since only two lines were detected for the rest of
the molecules, which presented opacity effects that avoided the convergence of the
procedure described above (HCN, H13CN), we also assumed that their emission is optically
thin.

For those molecules for which only a single line was observed, we had to impose a certain
value of 74 to estimate the column density. In case the molecule has an isotopologue for
which we could determine the 7,4, we assumed the same 7,4 value for both isotopologues.
In the rest of the cases, the value of 7,,; was imposed to be the mean 7, value obtained for
all the molecules located in the same region of the envelope, assuming the molecule
distribution proposed by Quintana-Lacaci et al. (2007). As mentioned above, we assume that
the emission from all molecules but 12CO and 13CO arises from the inner shell observed by
Castro-Carrizo et al. (2007). We found that { 7;ot) = 11.7 £ 5.7 K for this inner inner shell.
The column density for these molecules was obtained by modeling the observed spectra
assuming LTE conditions with the radiative transfer code MADEX.

In the case lines with hyperfine structures (CN, NO, and NS), we used the LTE approach
instead of the rotational diagram analysis in MADEX to reproduce the observed profiles.
Since MADEX computes the line opacity, we were able to estimate whether the column
densities obtained are a lower limit to the value of N.

We also confirmed that the results obtained for the column density and 7, using the
rotational diagrams were compatible with the results derived adopting the LTE
approximation within the MADEX code. In the particular case of HCO*, although only one
line was detected, we could estimate a lower limit to the column density and an upper limit
to the rotational temperature thanks to an upper limit to the intensity of the J=3-2
transition, lying at 267.557 GHz.

The rotational diagrams are presented in Fig.A.3 for those species for which we estimated
the opacity and in Fig.A.4 for those molecules for which we assumed an optically thin
regime. The Mand 7o results obtained are presented in Table 2. In this table, the error of
the column density is only presented for those species with more that two transitions
detected and for which the opacity has not been imposed by a certain value. For the species
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with only two transitions detected, the error derived is unrealistically low, as the only source
of error in the fitting of the two points by a line is the error in the intensity of the line, which
in general was very low. The species, as SiS or SO, for which a larger number of species
were observed, present more realistic errors and therefore they are prompted in the table. We
used MADEX to generate synthetic spectra with the parameters presented in table 2 to
produce a global estimate of the error in the abundance determination for the rest of the
species. The uncertainty in the determination of the abundance was found to be on average
~15%.

5 Results

The results obtained for the column density in the previous section allow us to understand
the characteristics of the chemical processes occurring in the CSE around the massive
evolved star IRC +10420 in greater detail. To obtain the fractional abundance of each
molecule relative to Hy, X; we adopted the density profile presented by Castro-Carrizo et al.
(2007). This density profile allows us to calculate the column density of H, at each region of
the shell and, therefore, to determine the fractional abundance of each molecule as Xy =
Niol/ M- These fractional abundances are also shown in Table 2.

We discuss the results for the species detected separately.

5.1 12coand 13co

In their work, Castro-Carrizo et al. (2007) assumed that to derive the H, density profile of
the envelope around IRC +10420 , the fractional abundance of 12CO in IRC +10420 was the
standard abundance found for AGB stars, i.e., 3 x 10~4. From this assumption, these authors
derived the amount of mass ejected by the star. Since we used the density profiles obtained
by these authors, we expected to find similar values for the fractional abundance of 12CO to
those assumed by Castro-Carrizo et al. (2007). In fact, the ratio between both 12CO
abundances is ~ 1.8, which is higher than that derived in this work. The L\VG modeling
approach carried out by Castro-Carrizo et al. (2007) estimates the excitation more accurately
than the LTE approach. This factor provides an estimate of the error expected by the method
used in this work, compared with more accurate radiative transfer models.

The 12CO abundance derived here is similar to that obtained toward the RSG VY CMa by
Ziurys et al. (2009) for the red flow, while those abundances obtained by these authors for
the spherical flow and blue flow are lower.

Even though the 12CO abundance is somehow fixed, and since the opacity effects do not
critically affect the density fitting of both 12CO and 13CO, we can estimate the 12C/13C ratio.
It is found to be ~7, which is slightly below the range found by Milam et al. (2009) for O-
rich evolved stars (2C/13C = 10-35). This was expected in any case, as the hot bottom
burning process transforms 12C in 14N in massive stars as IRC +10420 .

5.2 CN, HCN, and HNC

The fractional abundance obtained for CN in this object is 1.3 x 1078, This abundance is
high compared with O-rich evolved stars (6.6 x 1078), as already noticed by Bachiller et al.
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(1997). This value is 3.4 times higher than that derived in Quintana-Lacaci et al. (2007). In
that work we used an approximation to simplify the hyperfine structure of CN to a simple
structure of two Hund rotational levels without hyperfine structure. This approximation is
only reasonable for optically thin emissions, however, the approach presented in the current
work reveals that the hyperfine transitions present moderate opacities. Therefore, in this
particular case, the most accurate approach to estimate the abundance and rotational
temperature of CN is that presented in this work, i.e., generating a synthetic spectra to fit the
different hyperfine lines.

Since the formation of CN is mainly produced by the photodissociation of HCN and HNC
due to UV radiation, a high CN value is expected for those objects presenting a hot central
star surrounded by very diluted material, as in the proto-PN phase. While this could be the
case for the yellow hypergiant IRC +10420, the ratio Xon/XHen, Which traces the UV field,
is remarkably low (~ 0.12). In addition, Alcolea et al. (2013) found a weak emission of HCN
J=13-12, which reveals that HCN is not highly excited in this CSE.

The photodissociation of HCN in IRC +10420 might not be very effective because of the
high density of the ejected material (77~ 2 x 104 cm™3, Castro-Carrizo et al. 2007). The
reason for the high abundance of CN, as well as for that of HCN, is most probable an
enhanced nitrogen abundance in the photosphere of the star (see below).

In contrast, the fractional abundance obtained for HNC is 9.7 x 1078, The opacities obtained
for the HNC lines are relatively low (0.2 for HNC J=1 - 0and 0.5 for HNC J= 3 - 2) and,
therefore, the abundance obtained is probably a good approximation to reality. This value is
slightly higher than the mean values obtained for the O-rich AGB stars (Bujarrabal et al.
1994, { Xync) = 8.2 x 1078).

The 12C/13C ratio derived from the abundances obtained for HNC and its 13C isotopologue
is ~ 3.6. As mentioned in Sect. 5.1., this ratio is remarkably low compared with the standard
value found for the AGB stars, which is consistent with the low value deduced from CO
(Sect. 5.1).

It is also particularly relevant to compare these abundances with those of the RSG VY CMa,
as IRC +10420 is expected to be a post-RSG object. The lower limit for the HCN abundance
found for IRC +10420 is similar to the lowest value found for VY CMa (Ziurys et al. 2009).
Also, the HNC abundances found are similar for both objects. On the contrary, the
abundance found for CN by these authors is ~72 times lower in VY CMa than in IRC
+10420. This is most probably a sign of the nitrogen enrichment of the photosphere of the
star along its RSG - post-RSG evolution.

ng species

The presence of SiO in most of the evolved stars (AGBs, RSGs, and YHGS) is believed to be
restricted to the inner layers of the circumstellar envelopes where the dust is being formed
(see, e.g., Lucas et al. 1992). The refractory materials, such as silicon, are rapidly attached to
the grains that are formed and removed from the gas.
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Castro-Carrizo et al. (2007) showed that the amount of molecular gas in the inner regions of
the circumstellar envelope around IRC +10420 , where the SiO emission would be expected
to arise, is negligible. Because of this, in principle, the anticipated intensity of the Si-rich
lines would be low. Despite this, theses species are particularly abundant in IRC +10420.

In IRC +10420 the SiO emission was found to come from a shell located at ~ 1017cm
(Castro-Carrizo et al. 2001). Because of the large distance from the star where SiO emission
is located, these authors suggested that SiO emission is actually tracing a shocked region,
where the dust grains have been heated, evaporating part of the silicon attached to them.

In their study of the molecular emission of IK Tau Gobrecht et al. (2016) found that while
both SiS and SiO are destroyed by the shock, SiS molecules are reformed in the postshocked
regions with the same abundance as before it is destroyed. This might indicate that both Si-
bearing species can be located in different regions of the ejecta of the evolved stars.

The lines observed of SiO and its isotopologues are optically thick, as shown by Quintana-
Lacaci et al. (2007). Therefore, the values obtained for the column densities are lower limits.
The LTE approximation is not an accurate option for SiO to determine the physical
conditions of the region where this molecule is located. Solving the radiative transfer
equations using an LVVG approximation would be a better option (see Sect. 6.1). On the
contrary, the SiS emission is only affected by small opacity effects.

While, as already mentioned, the origin of both SiO and SiS emission is different in the
AGB stars and in IRC +10420 a comparison of the abundance ratio between both Si-bearing
molecules from an O-rich evolved star and IRC +10420 gives a similar result of Xgjo/
Xsis210. At the distances from the star at which Castro-Carrizo et al. (2001) found the SiO
shell, the reaccretion of the SiO in the grains would be extremely slow because of the dust
dilution lasting hundreds of years. Therefore, once these molecules evaporated from the
grains, the SiO/SiS abundance ratio would be expected to be similar to that found in the
innermost layers of the star.

5.4 Cations: NoH* and HCO*

The formation of these two cations is strongly coupled to the cosmic-ray ionization rate of

Hy (¢) via the cation 1. Chemical modeling calculations similar to those carried out by
Quintana-Lacaci et al. (2013) and Sanchez Contreras et al. (2015) indicate that at the low
edge of the range of values of ¢ in the Galaxy (10~1-10~1° s71; Dalgarno 2006), the
formation of HCO™ in O-rich envelopes is dominated by the reactions

CO*™ + H, — HCOT+H, (5)

C"+H,O — HCO" +H, (6)
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where CO* is formed by the reaction between C* and OH. At high values of ¢, HCO™* is
mainly formed by the reaction

Hf +CO — HCO™ + H,, (7)

where f7, is formed in the reaction between Hy and 77,7, where the latter is produced by the
cosmic-ray ionization of Hy. In contrast, the main formation route to NoH*, independent of
the value of ¢, is the reaction

Hf + Ny — NoH' + Hy. (8)

These chemical calculations indicate that in IRC +10420, where there is an important
nitrogen enhancement (Quintana-Lacaci et al. 2013), HCO* should be much more abundant
than NoH* if is on the order of 10717 s71, while if it is approximately 1071% s~1 both
cations could reach comparable abundances. A high ionization rate could be driven by
cosmic rays but also by soft X-rays emitted by the central stars. In fact, Zhang et al. (2008)
found that the abundance of NoH* in the planetary nebulae NGC 7027 was abnormally high
compared with the rest of evolved stars, and this abundance was related to its particularly
strong X-ray field. In addition to this, HCO™* can also be formed in the presence of an
ionizing shock front by reactions (5) and (6), as found by Rawlings et al. (2004).

In the case of IRC +10420 we find a lower limit for the abundance of HCO* of 6.7 x 107°.
This lower limit for the abundance corresponds to the upper limit obtained for the HCO* J=
3 - 2 transition. In contrast, the abundance derived for NoH* is 1.5 x 1078, The abundance
ratio Xn,H+/Xnco+ is S 2.2. This value is very high compared with NGC 7027, where
XNoHH XHco* = 0.07 (Zhang et al. 2008). In fact, the NoH* abundance derived in IRC
+10420 is the second highest value found in an evolved star. The highest fractional
abundance has been found for the extreme massive star Eta Carinae (Xn,H+ = 2 X 1077,
Loinard et al. 2012).

The high NoH*/HCO™ abundance ratio found in IRC +10420 points to a high ionization rate
driven by cosmic rays or X-rays, although shocks could also be at the origin of these two
molecules. In the first hypothesis, the formation of both cations would be chemically

coupled, as A5 would participate in both cases, and we could expect a similar emission
distribution for HCO* and NoH*. Whether the main ionization mechanism is cosmic rays or
X-rays is difficult to say. Recently, De Becker et al. (2014) did not detect X-rays in IRC
+10420 using the XMM-Newton Space telescope. This does not necessarily imply that X-
rays are not an important ionizing source in this object as they could be obscured to a large
extent by the massive envelope. In the second hypothesis, the emission of these two cations
would tend to follow that of other molecules such as SiO, whose emission in IRC +10420
probably related to a shock front (Castro-Carrizo et al. 2001). Additional single-dish
observations of NoH*, in particular J= 2 — 1 and J= 3 - 2, would allow us to determine the
temperature of gas traced by NoH* and, therefore,,accurately disentangle its origin. If the
N,H* emission is a consequence of the interaction of X-rays on the innermost regions of the
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ejected material the kinetic temperature of the gas traced by this molecule should be high,
while the temperature should be low if its origin were the interaction of the cosmic rays with
gas at the outer regions of the envelope.

In any case, the particularly high abundance of NoH* found for IRC +10420 corresponds
directly to a high abundance of N».

5.5 CHzOH

We have identified two lines of CH30H. The number of molecular transitions of this
molecule that fall within the observed ranges is relatively large (35 lines with excitation
temperatures above 500 K in the 3 mm and 47 in the 1 mm band).

In order to confirm that the two lines actually correspond to CH3OH, we used the column
density and rotational temperature derived from the rotational diagrams to produce a
synthetic spectra with the MADEX code, assuming LTE conditions, to reproduce the
intensity of the rest of the nondetected CH3OH lines from the column density and
temperature obtained from the rotational diagram.

We found that all the remaining lines either present an intensity that prevented their
detection or are blended with other more intense lines. Furthermore, the model fits a feature
at 241.8 GHz, which was not identified and was found to be related to the presence of
several CH3OH lines in these region of the spectra (see Fig. 2). The identification of these
lines confirm the presence of CH30H in this object and the abundance and temperature
derived for this molecule.

It has been suggested that the formation of CH30H might take place in warm environments
(Hartquist et al. 1995), such as the environment found in the CSE around IRC +10420.

5.6 N-rich chemistry

The most remarkable result of this survey is the detection of a wide number of N-bearing
molecules. These molecules are HCN, HNC, PN, NS, NO, CN, and NoH™* plus some
isotopologues. In addition to these molecules, Menten & Alcolea (1995) detected NHs.

Our abundance estimates revealed high abundances found for CN, HCN, HNC, and NoH*
when compared with O-rich evolved stars (see, e.g., Bujarrabal et al. 1994). In particular,
IRC +10420 presents one of the highest NoH* abundance found for an evolved star.

These facts could be explained by an enrichment in nitrogen due to the hot bottom burning

process (HBB; Boothroyd et al. 1993) which, as mentioned, is present for stars with masses
above ~3 M. For the most massive and evolved stars, the nitrogen enrichment is expected

to lead to a N-rich chemistry. In addition, the 12C/13C isotopic ratio is therefore expected to
be low, as has been found for IRC +10420 (see Sect. 5.1&5.2).

Recently, Quintana-Lacaci et al. (2013) has shown that to reproduce the NO profiles, the
initial abundance of nitrogen in the photosphere of the star has to be significantly enhanced
with respect to the standard values expected for the O-rich evolved stars, i.e., the
enhancement expected as a result of the HBB is confirmed.
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We obtained a lower limit to the column density of P1°N to compare the 14N/15N isotopic
ratio with that found for N-rich Nova CK Vul by Kaminski et al. (2015). The lower limit of
the integrated intensity was calculated following Quintana-Lacaci et al. (2007). We choose
this molecule as it does not present hyperfine transitions and since the PN emissions
detected are optically thin. We found an upper limit for the integrated intensity /< 4 x 1073
K km s71, which results in a column density of A< 4 x 1013 cm=2, The upper limit of the
isotopic ratio so derived is 14N/2®N > 3. This low value is similar to the range found by
Kamiriski et al. (2015) for CK Vul (4-26). Deeper integrations toward selected 1°N-bearing
molecules would allow us to confirm this ratio.

A paper devoted to a detailed study of the N-rich chemistry in IRC +10420 is under
preparation.

6 Time variations of the SiO lines

The abundances we found for SiO and 29SiO are ~9 and ~4 times lower that those found by
Quintana-Lacaci et al. (2007), respectively.

A careful comparison between the line profiles obtained by Quintana-Lacaci et al. (2007)
and those presented here reveal that while the intensities of most of the molecular lines do
not present significant changes, the /=5—4 lines of SiO and 29SiO are much weaker (see Fig.
3).

The yellow hypergiants are known to present large variations in their effective temperatures
(Nieuwenhuijzen & de Jager 2000). These changes in their effective temperatures would
result in a remarkable variations in the emission of certain lines due to the IR pumping. SiO
lines are particularly affected by this effect. A decrease in the 7¢f of IRC +10420 would
result in a decrease of the SiO emission, especially for the high-Jlines.

A second possible explanation for the variation in the SiO line emission is that the silicon
evaporated from the dust grains during the shock is reattached to the grains. However, as
mentioned above, at the large distances where Castro-Carrizo et al. (2001) located the SiO
emission, the re-absorption of SiO would last hundreds of years.

Nieuwenhuijzen & de Jager (2000) found that the 7g¢ of IRC +10420 showed an increase of
~ 3000 K in the last 20 years, reaching a value of 8500 in 1997. These authors predicted the
effective temperature of IRC +10420 to grow continuously in its evolution toward blue
regions of the HR diagram. The decrease in the intensity of the high-Jlines can confirm this
scenario, as the dust ejected during the last encounter with the yellow void dilutes into the
ISM.

In order to obtain an accurate view of the properties of the SiO emission, we used an LVG
approximation to model the lines observed. We adopted the extent of the SiO shell from
Castro-Carrizo et al. (2001), the density profile from Castro-Carrizo et al. (2007), and the
SED model from Dinh-V.-Trung et al. (2009). We found that we are unable to reproduce the
SiO emission from IRC +10420 assuming the mass distribution derived by Castro-Carrizo et
al. (2007).
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Wong (2013) found a similar difficulty with the observed SiO J=1 -0 VLA maps. This
author suggested that the emission of SiO is located in clumps, which were ejected from
localized regions of the photosphere of the star. Wong (2013) argue therefore that the
properties of these clumps are not tied with the global mass ejection traced by CO. This
author suggested a two-shell model to reproduce the SiO J=1-0and J=2 - 1 emission
maps. These maps consisted of a radial density law, 7, = 2.3 x 104 cm™3 x(//101 cm)~0-7,
and an abundance profile, which present two different regions with a constant SiO
abundance: Xsjo = 1.25 x 1076 between 5 x 1016 cm and 2.35 x 1017 cm, and Xsjo = 6 %
1078 between 2.35 x 1017 cm and 4.2 x 1017 cm. As already mentioned, the IR emission
from the star has an important impact on the intensities of the SiO lines via the infrared
pumping. The emission from the star is obscured by the optically thick dust layers. To
reproduce the infrared emission from the star, Wong (2013) assumed that the continuum
source consisted in an optically thick shell of dust at 400 K and at a radius of 8 1015cm. This
assumption was based on the flux observed at 8u/m by Jones et al. (1993) in March 1992,
However, the IR flux from this object is known to vary and the low-JSiO lines are less
sensitive to this variation. Therefore, while Wong (2013) fitted the observations with a dust
temperature of 400 K, a higher temperature could have also fitted the observations.

While the flux observed by Jones et al. (1993) at 8 um is ~1000 Jy, the flux observed with
ISO in 2001 at this same wavelength is only ~ 350 Jy5. In fact, Egan et al. (2003) showed
that in 1997 the flux at 8.28 pmwas 148.7 Jy. This confirms the large flux variations that
this object has undergone. Therefore, Wong (2013) probably overestimated the 8 wm flux in
their calculations of the abundance and temperature.

Taking into account these variations, we used the 1SO observations from year 2001 to fit the
SiO lines presented by Quintana-Lacaci et al. (2007) observed in year 2000. The flux of 350
Jy can be simulated, following Wong (2013), by a blackbody with a radius of 8 101°cm, and
a temperature of 331 K. We also assumed the gas distribution of Wong (2013).
Simultaneously we fitted the observations presented in the current work. We left as free
parameter the IR flux from the star for the 2012 observations, and allowed minor
modifications to the SiO fractional abundance of both regions suggested by Wong (2013).

We found that in order to fit the two sets of data, we needed to decrease the SiO fractional
abundance in the inner region to 10~°. The temperature of the dust shell obtained for the new
set of data is 200 K, which corresponds to a 8 um flux of ~8 Jy.

This reveals that an accurate knowledge on the variations of the IR flux of these objects is
crucial to obtain realistic abundance estimates of species, such as SiO, whose emission is
strongly correlated with the IR emission.

The YHGs are known to present two main pulsation periods (de Jager 1998). These consist
of a short period of several hundred of days corresponding to a quiescent pulsation (Percy &
Kim 2014; Le Coroller et al. 2003), and a larger period of tens of years in which these
objects present a quasi-explosive mass ejection (de Jager 1998)

SData obtained from the 1SO data archive http://iso.esac.esa.int/ida/
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A detailed study on the flux variation of this object, as well as high angular resolution
observations of the SiO distribution, are essential to understand the SiO emission observed
in IRC +10420. Also, future SiO observations are fundamental to confirm whether the
source of the IR variation is related to the expansion of the dust shell, which would result in
a constant decrease of this flux, or to the quiescent pulsation or a new explosive mass
ejection period, in case future observations present an increase of the SiO lines. The first
scenario would support the idea that IRC +10420 is finally crossing the yellow void, while
the latter would suggest that this object is undergoing a new encounter with the yellow void.

Future observations of the SiO emission lines, in addition to bolometric observations at 8 um
would allow us track this decrease in the IR flux from the dust and to better constrain the
properties of the SiO emitting region. A new increase in the intensity of high-JSiO emission
lines could also be related to new mass ejections.

7 Conclusions

We have performed a full line survey in the atmospheric windows at 1 and 3 mm for the
yellow hypergiant IRC +10420. We detected a total of 22 species. We have obtained LTE
abundances for these species. These abundances showed a particularly high value of all N-
bearing species compared with standard O-rich evolved stars. In particular, the abundance of
N,H™ is found to be the second highest found for an evolved star. These results seem to
confirm the nitrogen enrichment found by Quintana-Lacaci et al. (2013).

In addition to this, the isotopic 12C/13C ratio is particularly low (~7-3.6, see Sects. 5.1&5.2).
This difference cannot be explained by the errors in the fitting of the abundance (see Sect.
4.1), therefore this variation in the isotopic ration seems to be genuine. Both effects are
expected for massive stars in which hot bottom burning process takes place,

transforming 12C into 14N.

Also, the nitrogen enrichment and the 13C/12C ratio increase with time as the hot bottom
burning is active (Marigo 2007). The outer regions of the envelope, where only CO was
detected, trace gas ejected between 1200 and 3000 years before the ejection of the innermost
shell (Castro-Carrizo et al. 2007). Therefore we might expect a highest 12C/13C. The
differences in the ratios derived from CO and HNC might be caused by opacity effects.
However, for high opacities we might expect higher abundances of 12C0O, and therefore a
lower 12C/13C ratio. Most probably, the difference in the ratios found for both regions are
due to the continuous effect of the HBB along the last 3800 years. High angular resolution
maps of optically thin emission lines of 12C and 13C species could confirm this result.

High-JSiO line intensities observed in this paper are remarkably low compared with the
same transitions observed by Quintana-Lacaci et al. (2007), while the variation of the low-J
SiO lines observed is low. This variation was also observed in HCN and CS, while HNC,
CN, SiS, and HCO™ line intensity have remained constant. The effective temperature of the
star has a direct effect on the SiO emission via infrared pumping (see, e.g., Cernicharo et al.
2014). The SiO line intensity variation probably corresponds to a recent decrease in the IR
flux emitted from the dust, which has a direct effect on the intensity of the SiO lines via
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infrared pumping. IRC +10420 has been claimed to be evolving blueward in the HR diagram
crossing the yellow void, i.e., to present a constant increase in its 7. The changes in the
intensity of the SiO lines revealed a decrease in IR flux from the dust around the star.
Tracking the evolution of the IR flux of this object is important to determine its evolutionary
status, i.e., if the source is actually crossing the yellow void or if it is undergoing a new mass
ejection. Future SiO observations in combination with IR 8 um observations would allow us
to trace the temperature of the dust around evolved stars in particular around massive
evolved stars, which will allow us to disentangle their evolutionary status and to constrain
the properties of the SiO emitting region.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Rotational diagram for SO. Empty squares represent the values for the SO transitions
assuming a negligible opacity. Filled squares show the values for A{/g, corrected for opacity
effects.
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Fig. 2.
Spectral feature that corresponds to CH30OH emission lines in the range 241.8 GHz.
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Comparison between the spectra observed by Quintana-Lacaci et al. (2007) (black lines) and
that are presented in this work (red lines). The temperatures are in mean beam temperature
scale.
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Fig. 4.

SiO line fitting for the observations presented in Quintana-Lacaci et al. (2007). The
temperature derived for the dust shell is 750K. The line fitting is depicted by a red line. In
the upper left corner we present the calibration factor applied to the observed spectra.
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SiO line fitting for the observations presented in this work. The temperature derived for the
dust shell is 550K. The line fitting is depicted by a red line. In the upper left corner we
present the calibration factor applied to the observed spectra.
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Table 1

Molecular species detected

Molecule Isotopologues Molecule isotopologues
co 1co HCN H13CN
Sio 250, ¥sij0,Si80 HNC HN3C
Sis CH30H

SO 3450 CN

SO, PN

CSs NO

HCO* NS

N H*
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Table 2
Column densities and rotational temperatures.

Molecule N (cm2) Trot (K) (x) N.Obs. Line  Comment
co 2.6 x 10%7 24943 5.3x 1074 2

Bco 3.7 x 1016 56.4 +8.9 75x% 1075 2

SiO > 4.8 x 1015 10.0+2.2 >1.3x10°° 3 *
2950 >8.3x 10 97+29 >28x1077 3 *
%sio >8.1x10% 9.1+£0.3 >2.7x107 3 *
Sit80 1.7 x 1014 9.1+0.3 5.7x1078 1

HCN > 3.4 x 101 >24+01 >1.1x10°° 2 *
H13CN >4.2 %101 >6.0+0.3 >1.4x 1077 2 *
HNC 2.9 x 10 11.3+0.9 9.7 %1078 2

HN®C 8.0 x 1013 11.3+0.9 2.7x107°8 1

CN 4.0 x 101° 5005 1.3x 1076 2

CS 3.7 x 101 7904 1.2x1077 2

PN 1.1 x 1014 7904 3.7x1078 2

NO 3.0 x 1016 9.0+0.1 6.7 x 1076 1

NS 50+05x10% 8.0+05 1.7+0.2x10°® 4

SiS 21+01x10% 205+20 7.0+05x108 5

SO 33+12x101% 114+12 11+04x10° 9

3450 9.0 x 10%4 11.4+12 2.4 %1077 1

SO, 1.0+04x10% 221+52 34+1.0x1077 14

HCO* >2x 1018 <92+05 >6.7%x107° 2

NoH* 4.4 x 1013 11.7+5.7 15x 1078 1

CH3OH 2.1x 1014 8605 7.0x 1078 2

*
- tau fixed to a value of 1073,
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