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ABSTRACT

We report on the detection of hot CO, in the O-rich asymptotic giant branch star R Leo based on high spectral resolution obser-
vations in the range 12.8—14.3 um carried out with the Echelon-cross-Echelle Spectrograph (EXES) mounted on the Stratospheric
Observatory for Infrared Astronomy (SOFIA). We found =240 CO, emission lines in several vibrational bands. These detections
were possible thanks to a favorable Doppler shift that allowed us to avoid contamination from telluric CO, features. The highest
excitation lines involve levels at an energy of ~7000 K. The detected lines are narrow (average deconvolved width ~2.5kms™!) and
weak (usually <10% the continuum). A ro-vibrational diagram shows that there are three different populations, warm, hot, and very
hot, with rotational temperatures of ~550, 1150, and 1600 K, respectively. From this diagram, we derived a lower limit for the column
density of ~2.2 x 10' cm™2. Further calculations based on a model of the R Leo envelope suggest that the total column density can
be as large as 7.0 x 10'” cm~2 and the abundance with respect to H, ~2.5 X 1075, The detected lines are probably formed due to the
de-excitation of CO, molecules from high energy vibrational states, which are essentially populated by the strong R Leo continuum
at2.7 and 4.2 ym.
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1. Introduction

Extensive work has been done in recent decades to characterize
the molecular content of the circumstellar envelopes (CSEs) of
asymptotic giant branch (AGB) stars. This huge effort has been
fruitful, having found more than 90 different molecular species,
not counting isotopologues (McGuire 2018), most of which were
detected for the first time in the carbon-rich star IRC+10216
(e.g., Ridgway et al. 1976; Betz 1981; Goldhaber & Betz 1984;
Bernath et al. 1989; Cernicharo et al. 2000; Agtndez et al. 2008,
2014). Oxygen-rich (O-rich) stars are less chemically active than
carbon stars, but many molecules have also been observed in
their envelopes. Among them, we can find ubiquitous species
such as CO, HCN, SiS, SiO, or CS as well as other molecules
typically formed in O-rich environments such as H,O, SO, SO,,
H,CO, or NO (e.g., Velilla Prieto et al. 2017).

Most of these molecules have been found in the millime-
ter range, where molecules without a permanent dipole moment
cannot be observed due to their lack of a pure rotational
spectrum. One of them is CO,, which is predicted to be an
abundant parent species by chemical models (e.g., Cherchneff
2006; Agundez et al. 2020) with abundances related to H, of
1078-107*. The detections in AGB stars carried out to date have
only been done from space with the Infrared Space Observa-
tory (ISO) and the Spitzer Space Telescope (e.g., Justtanont et al.
1996, 1998; Ryde et al. 1997; Tsuji et al. 1997; Yamamura et al.
1999; Cami et al. 2000; Markwick & Millar 2000; Sloan et al.
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2010; Smolders et al. 2012; Reiter et al. 2015; Baylis-Aguirre
et al. 2020) as a consequence of the extremely high atmospheric
opacity.

Chemical models indicate that a large fraction of the initially
available oxygen atoms are locked into CO,, either through the
two-body chemical reactions of CO with H,O and OH, or the
three-body reaction of CO and atomic oxygen assisted by a cat-
alyst, which is efficient in high density environments. Conse-
quently, the formation efficiency of other O-bearing species is
hampered by the formation of CO;. Despite this, CO, emission
has been poorly analyzed in detail.

R Leo is one of the closest O-rich stars, with a distance of
70-85 pc, and it has a low mass-loss rate of ~1.0x 1077 Mg yr~!.
The terminal velocity of its expanding gas is ~6—9kms~! (De
Beck et al. 2010; Ramstedt & Olofsson 2014). The central star
pulsates with a period of ~310days, its effective temperature
is ~2500-3000 K, and its angular diameter is ~077025-07030
(e.g., Perrin et al. 1999; Fedele et al. 2005; Wittkowski et al.
2016). The molecular observations carried out in the millimeter,
submillimeter, and infrared ranges (e.g., Hinkle & Barnes 1979;
Bujarrabal et al. 1994; Etoka & Le Squeren 1997; Bieging et al.
2000; Gonzdlez-Delgado et al. 2003; Ohnaka 2004; Schéier et al.
2013) indicate that CO, H,0, OH, SiO, SO, SO,, and HCN exist
with significant abundances, but CO, has not yet been detected
toward R Leo.

In this Letter, we report on the detection of hot CO, toward
the O-rich star R Leo that was performed from the Stratospheric
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Observatory for Infrared Astronomy (SOFIA; Temi et al. 2018)
with the high spectral resolution Echelon-cross-Echelle Spectro-
graph (EXES; Richter et al. 2018).

2. Observations

Observations of R Leo were carried out with SOFTA/EXES on
November 1, 2018 (UT). Two settings in the high-low instru-
ment configuration were taken, which yield a full range of
701.0-782.6 cm™! (12.77 to 14.27 um). These observations were
conducted while SOFIA flew at an altitude of 13.1 km. For both
settings, the slit length was ~2"" long and we chose the 2”74 wide
slit. An additional high-low setting centered around 1335 cm™!
(7.5 um) will be discussed elsewhere.

All EXES data were reduced using the Redux pipeline
(Clarke et al. 2015). The median spectral resolving power, R =
A/AA, was empirically determined from telluric ozone (O3) lines
to be about 70 000 for both settings. The resulting spectral reso-
lution is thus ~4.3kms~'. We calculated the radial velocity of
R Leo with respect to Earth during the observing flight to be
—22.4kms~!, which imparts a blue-shift to the stellar features
by ~0.055cm™" (~0.001 um) at 740 cm™" (~13.514 ym).

These observations were complemented with photometric
data from the Infrared Astronomical Satellite Point Source Cata-
log (IRASPSC), Wide-field Infrared Survey Explorer (WISE),
Cosmic Background Explorer Diffuse Infrared Background
Experiment Point Source Catalog (DIRBEPSC), Two Micron
All-Sky Survey (2MASS), Gaia Data Release 2 (Gaia DR2),
and HIPPARCOS catalogs. Additional measures acquired with
Johnson filters were also used. All measures were taken from
VizieR!.

3. Results

The thinness of the atmosphere at 13km along with the
high excitation of these lines significantly reduced the opac-
ity of the telluric CO, features and highly increased the
atmospheric transmission in the observed spectral range.
Lines from seven ro-vibrational bands of the main isotopo-
logue were detected (01'0;-00°0;, 10°0,-01'0,, 0220,-01'0,,
11'0,-10°,;, 11'0,-02%0,, 20°0,-11'0;, 20°0,~11'0,, and
11'0,—10°0,; Figs. 1 and B.1 — see a brief description of
CO, in Appendix A). Lines of the hot bands 10°0,-01'0,
and 11'0,-02%0, of '3CO, were also detected (not included
in Figs. 1 and B.1 for the sake of clarity). No lines of
170CO or '*OCO were found, as expected given the low abun-
dance of the oxygen isotopes ('>C/'3C ~ 10, '°0/'70 ~ 450, and
160/180 =~ 550; Hinkle et al. 2016).

The observed lines are only seen in emission with a max-
imum intensity of 10% above the continuum. They are found
in the blue-shifted wings of the telluric CO, features, which
are usually much stronger and always in absorption. The same
settings were used during the observation of other sources in
the same observing campaign, and no similar feature stood out.
Hence, they are not instrumental artifacts but real lines that
were separated from their telluric counterparts thanks to a high
Doppler shift during the observing run.

The low-J lines of the fundamental band are blocked by the
atmosphere, but a few lines with J > 70 can be identified in
the spectrum. The detected lines of the hot and combination
bands, for which the Earth’s atmosphere is more transparent,
involve ro-vibrational levels with J > 5. The highest excitation

1 https://vizier.u-strasbg.fr/index.gml
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ro-vibrational level involved in the detected lines is at ~7000 K.
Additional emission lines were detected in the spectrum but not
identified. They are probably produced by even higher excitation
bands of CO, (e.g., 03°0;-02%0;, 1220,-03%0;, 31'0,-22%0,,
31'0,-2220,, or 20°1,—11"1,) or 13CO, that cannot be unmis-
takably identified.

The CO, emission lines are not systematically accompanied
by noticeable blue-shifted absorption features above the detec-
tion limit. It probably occurs because the population of the upper
vibrational states of each detected band is very high and the
emission covers the absorption component. This effect could be
a consequence of the strong radiation field emitted by R Leo and
the dusty component of the envelope (see Sect. 4).

The comparison of different lines of bands 11'0,-10°,,
10°0,-01'0;, and 01'0,-00°0, (Fig. 2) suggests that there is not
a significant velocity difference between them. They are roughly
single-peaked lines that are approximately centered at the sys-
temic velocity and totally delimited by the terminal gas expan-
sion velocity. The average full width at half maximum (FWHM)
of the emission lines is ~5kms~!. Considering that the spec-
tral resolution of our observations is ~4.3kms™!, the average
deconvolved FWHM is ~2.5 kms™', but the broadest lines show
a deconvolved FWHM of ~5kms~!. Therefore, the lines are
formed at the beginning of the acceleration region, where the gas
expands at velocities up to ~2.5kms~!. The low-J lines of band
11'0;-10°0, seem to comprise two components: a very narrow
peak centered at the systemic velocity and a flat-topped contri-
bution, which probably comes from already accelerated gas.

We analyzed the strongest CO, bands with a ro-vibrational
diagram (Fig. 3; Appendix C). The continuum intensity was
estimated by fitting the photometric data beyond 0.7 um
(Fig. 4a). The mass-loss rate of R Leo is relatively low (~1.0 x
1077 Mg, yr‘l; e.g., Ramstedt & Olofsson 2014), hence the dust
grain density is also low. Nevertheless, they contribute signif-
icantly to the continuum emission, which can be described to
the first approximation as two black-bodies: a compact one at
~2400 K mainly associated with the central star and a more
extended black-body at a temperature of ~850K. The warm
black-body seems to represent the bulk of dust emission, which
comes from a region with a diameter of ~0709. This value is a
lower limit since dust emission would be better described by a
more extended gray-body in a more detailed model.

The CO, lines can be grouped into three different popula-
tions, namely warm, hot, and very hot, with approximate tem-
perature populations of 550, 1150, and 1600 K, respectively. The
dispersion of the data set related to the 11'0;—02%0; band is
high, and the uncertainty of the rotational temperature derived
from the fit could be underestimated. Assuming only a warm
population is the most conservative approach. Interestingly, the
bands involving higher energy vibrational states (11'0,—10°0,
and 11'0,-0220,) show lower rotational temperatures (Sect. 4).

The emitting region related to each population can be
roughly determined in the envelope. The lack of a pure rota-
tional spectrum for CO, prevents an efficient radiative rota-
tional relaxation and implies that CO; is rotationally under local
thermodynamic equilibrium (LTE) throughout the entire enve-
lope. The kinetic temperature for the CSE of R Leo is not well
known but we can assume it to follow the power-law ocr~%, where
a =~ 0.7. This exponent is commonly used to analyze the emis-
sion of O-rich stars (e.g., Decin et al. 2006; Velilla Prieto et al.
2015; Sanchez Contreras et al. 2015) and is very similar to that
derived from observations of the outer envelope of the carbon-
rich star IRC+10216 (~0.68; Guélin et al. 2018), where the gas is
expected to be as rarefied as in the envelope of R Leo. Therefore,
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Fig. 1. Spectrum of R Leo in the spectral range 701—-742 cm™" in the rest frequency (i.e., we have corrected for R Leo’s radial velocity with respect

to Earth at the time of observation). The detected CO, lines are plotted in different colors depending on the band. The red synthetic spectrum is
a model to the CO, emission (Sect. 4). The gray spectrum is the atmospheric transmission calculated with the ATRAN code (Lord 1992). Only
the lines that were clearly detected are marked with arrows. The branches are not indicated for the sake of clarity. An additional spectral range is
shown in Fig. B.1.

L15, page 3 of 8


https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202039547&pdf_id=1

A&A 643, L15 (2020)

\H\‘HH‘HH‘HH——HH‘HH‘HH‘\H\——HH‘HH&HH‘HH:

1.3 - 11'0,-10°0,R.(48) 7~ 10°0,-01'0,R.(71) —01'0;-00"0,R,(110)7
1.2 = (®) £ (%) :
11 E = = -
¥ - f
:\ L ‘ Ll ‘ Ll ‘ [ \::\ |1 ‘ \\\‘\\\\‘\\\\::\ [ ‘ Ll ‘ Ll ‘ [ \:
:\ T ‘ T ‘ T ‘ T \::\ T ‘ T ‘ T ‘ T \::\ T ‘ T ‘ T ‘ T \:
1.3 F 11'0,-10,R,(24) == 10°0,-01"0,R,(45) —F 010 0,R(86) —|
e - E E
N LE -+ -+ —
=3 = + + =
1 + + =
T B TeTE S Ee
1.3 F 11'0,-10°0,R,(18) == 10°0,~01'0,R (33) =~ 010 0;R,(78) |
12 b () & ES E
1L1E -+ -+ -
i bt ! i
:\ L1l ‘ L1l ‘ Ll ‘ L1l \::\ L1l ‘ L1l ‘ Ll ‘ L1l \:: rf:

-10 0 10 -10 0 10

v (km Sfl)

Fig. 2. Lines of the R, branches of bands 11'0;-10°0,, 10°0,-01'0,,
and 01'0,-00°0,. The baseline has been removed. The thick verti-
cal gray lines represent the terminal gas velocity ranging from 6 to
9kms~'. The spectral resolution is ~4.3 kms™'. The red fits were done
with Gaussians. The blue fits consider a Gaussian and a rectangular
function.
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Fig. 3. Ro-vibrational diagram of the strongest observed CO, bands.
The chosen stellar effective temperature is 2750 K. We defined Njol =
Neolvib (egm /Hfom) [(6’% + Gfom) / (9% + egm)], where Nl ip is the column
density of molecules in the upper vibrational state under study.

the CO, populations at 1600, 1150, and 550 K are located at 2.2,
3.5, and 10 R, from the center of R Leo, respectively. Consider-
ing that the gas in these three regions is being accelerated, kine-
matic effects such as line broadening are expected as the bulk
of the line emission comes from higher radii. The dual compo-
nent detected in the low-J lines of band 11'0,-10°0, could be
evidence of these effects (Fig. 2).

Considering an angular stellar diameter of 07028, the angu-
lar sizes of the emitting regions are ~0706, 0”710, and 0728.
The corresponding ratios of beam filling factors are 0.5, 1.4,
and 10.5, respectively. Hence, the resulting column densities for
the populations in the vibrational states 01 10,, 10°0;, and 1110,
described by the ro-vibrational diagram are (1.3 + 0.5) x 10'°,
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(8.6+2.4)x 10", and (4.4+0.7)x 10'* cm~2, respectively. These
partial results only allow us to establish a lower limit for the total
column density in the envelope: N.o = (2.2 + 0.8) X 10 cm™2.
A larger continuum source would increase this lower limit.

4. Discussion and final remarks

The continuum emission peaks around 2.5 ym (Fig. 4a), and it is
capable of exciting a significant fraction of the CO, molecules
up to high energy vibrational states thanks to the strong CO,
bands 10°1,-00°0; and 10°1,-00°0,, which are at ~2.7 ym
and 00°1,-00°0, at ~4.2um (Fig. 4b). The stellar radiation
field dominates the excitation of CO, up to a few stellar radii
beyond the photosphere. States 10°1; and 10°1, serve as a
bridge to efficiently populate states 10°0; and 10°0, from the
ground, strengthening the emission of bands 10°0,-01'0; and
10°0,—01'0, (Fig. 4c). On the contrary, states 11'0; and 11'0,
are less efficiently populated from the vibrational ground state,
but they are efficiently populated from 01'0; via 11'1; and
11'1,. States 11'0; and 11'0, are thus expected to become sig-
nificantly and preferentially populated at several stellar radii
from the star due to the increase in the continuum flux at
14 ym that comes from dust as the stellar emission weakens.
This scenario could explain why the rotational temperatures of
bands 11'0;—0220; and 11'0,—10°0, are lower than that of
10°0,-01'0y, as the bulk emission of each band comes from dif-
ferent regions of the envelope, where the upper states are more
efficiently excited.

Many AGB and semi-regular (SR) stars have shown CO,
features in ISO and Spitzer observations (Sect. 1), but only the
CO, column densities and abundances of a handful of them
have been estimated. The derived column densities are between
2.0 x 10'°cm™2 for R Cas (Markwick & Millar 2000) and
1.0 x 10" cm~2 for EP Agr (Cami et al. 2000). Hence, a column
density of =5 x 10'7 cm™ can be adopted as typical for AGB
and SR stars with a high dispersion of a factor of 20. The col-
umn density for the vibrationally excited CO, that we derived
for RLeo (=2 x 10'®cm™) indicates that the amount of CO,
molecules distributed among other vibrational states could be as
high as 80%.

We created a simple model of RLeo to estimate the total
column density of CO, with the code developed by Fonfria
et al. (2008) to model the molecular emission of AGB stars. We
adopted a stellar temperature of 2750 K, a mass-loss rate of 1.0x
1077 M, yr’l, a solar He abundance with respect to H, (~0.17;
Asplund et al. 2009), a kinetic temperature of 2750(1 R, /r)*7 K,
CO; under rotational LTE, gas accelerated from the photosphere
until it reaches 8 kms~! at 3 R,, after which point it expands at
a constant rate, and a thin dusty component outward from 3 R,.
A vibrational temperature profile of ~2750(1 R,/ %9 K, which
is steeper than the kinetic temperature, is needed to produce
lines of the 01'0;-00°0; band with no absorption component
in the observed range. The maximum vibrational temperatures
for higher energy states can be as high as 5000 K. The adoption
of temperatures similar to that derived from the 01'0,-00°0,
band results in lines of bands 10°0,—01'0,, 11!0,-10°0,, and
11'0,-0220, that are incompatible with the observations. With
these parameters, a good agreement between the observations
and the model is achieved by choosing an abundance with
respect to Hy of 2.5 x 1073. The resulting total CO, column den-
sity is ~7.0 x 10'7 cm™2, with a conservative uncertainty of a
factor of three. It should be noted that these results involve all
the vibrational states, which explains the different values derived
from the ro-vibrational diagram. Most of the CO, molecules
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Fig. 4. Effect of the continuum emission of R Leo on the vibrational excitation of CO,. a: continuum emission of R Leo based on photometric
observations available in several databases. This data set has been fitted with two black-bodies between 0.8 and 100 um (solid black curve) to
represent the star (“eff”’) and the dusty component of the envelope (“dust”). The dashed black curve is an extrapolation of this fit below 0.8 um.
The Tx and 6y are the temperature and the angular diameter of the X emitting region. The vertical gray bands indicate the spectral ranges covered
by the strongest CO, bands. Neither dust opacity nor scattering were considered in our fits. b: low spectral resolution absorption spectrum of CO,
calculated under LTE at a temperature of 1500 K and with a column density of 5 x 10'® cm™2. The strongest bands are highlighted in gray. c:
vibrational energy diagram of CO, with the most important vibrational states involved in the observed bands. The possible vibrational transitions
are plotted as red lines, with thickness increasing as their A-Einstein coefficient grows (dashed lines for the lowest coeflicients).

are in unobserved vibrational states. In particular, about 10% of MIR and EXES observations are supported by NASA cooperative agreement
them are in the ground state and thus impossible to observe with- 80ONSSC19K1701. Based on observations made with the NASA/DLR Strato-

_ i . . spheric Observatory for Infrared Astronomy (SOFIA). SOFIA is jointly operated
out a space based faClhty' The Synthetlc spectrum can be seen in by the Universities Space Research Association, Inc. (USRA), under NASA con-

Flgs- 1. and B. 1-' o . . tract NAS2-97001, and the Deutsches SOFIA Institut (DSI) under DLR contract
This result is similar to the column density found for R Tri 50 OK 0901 to the University of Stuttgart.

(=5.2 % 1017 cm™2; Baylis-Aguirre et al. 2020), which has the

same mass-loss rate (~1.1 X 1077 Mg yr~!) as R Leo. The CO,

column density for o Cet, which has a mass-loss rate twice as References

high as R Leo, is ~2 x 10" em™, and it is 1.0 X 10" em™ for  Aggndez, M., Fonfrfa, J. P., Cernicharo, J.. Pardo, J. R., & Guélin, M. 2008,
EP Agr, which has a mass-loss rate of 2.3-3.1 X 1077 Mg yr! A&A, 479, 493

(Knapp et al. 1998; De Beck et al. 2010). This discrepancy Agindez, M., Cernicharo, J., Decin, L., Encrenaz, P., & Teyssier, D. 2014, Apl,

. . 790, L27
suggests that either the C02 column denSIty does not dep end Agindez, M., Martinez, J. 1., de Andrés, P. L., Cernicharo, J., & Martin-Gago,

strongly on the mass-loss rate, or that it has not been accurately 1. A 2020, A&A. 637. A59

estimated. Thus, a systematic study of the CO, emission in O-  Asplund, M., Grevesse, N., Sauval, A. I., & Scott, P. 2009, ARA&A, 47, 481

rich stars is needed to understand how this molecule forms. Baylis-Aguirre, D. K., Creech-Eakman, M. J., & Giith, T. 2020, MNRAS, 493,
807

F:je detection Ofl the CO, sznlds g.rl‘?sentfg Sglﬁ%gﬁem Bernath, P. F., Hinkle, K. H., & Keady, J. J. 1989, Science, 244, 562

work demonstrates the incomparable ability o / 0 Betz, A L. 1981, ApJ, 244, 1103

observe the infrared spectrum of molecules in space, even when  Bieging, I. H., Shaked, S., & Gensheimer, P. D. 2000, ApJ, 543, 897

they are highly perturbed by the Earth’s atmosphere, due to the  Brown, J. M., Hougen, J. T., Huber, K.-P,, et al. 1975, J. Mol. Spectr., 55, 500

combination of (1) high spectral resolution, (2) the very thin Bujarrabal, V., Fuente, A., & Omont, A. 1994, A&A, 285, 247
atmosphere that exists above the stratosphere, and (3) a favor- Cami, I, Yamamura, L, de Jong, T., et al. 2000, A&A, 360, 562
p phere, Cernicharo, J., Guélin, M., & Kahane, C. 2000, A&AS, 142, 181

able observation date to have the best Doppler shift with respect  cperchnefr, 1. 2006, A&A. 456, 1001
to the telluric absorption, which is crucial for getting reliable line  Clarke, M., Vacca, W. D., & Shuping, R. Y. 2015, in Astronomical Data
profiles after the removal of the baseline. Despite the fact that Analysis Software an Systems XXIV (ADASS XXIV), eds. A. R. Taylor, &

: . : . B E. Rosolowsky (San Francisco: Astronomical Society of the Pacific), 355
the CO, column density presented in this work was derived sim De Beck, E., Decin, L. de Koter. A.. et al. 2010, AGA, 523, A18

plistically with substantial uncertainties, a careful analysis that o7 Hony, S.. de Koter, A., et al. 2006, A&A, 436, 549
considers CO, under rotational LTE can improve the accuracy — Eioka, S., & Le Squeren, A. M. 1997, A&A, 321, 877
of the results. Fedele, D., Wittkowski, M., Paresce, F., et al. 2005, A&A, 431, 1019
Fonfria, J. P., Cernicharo, J., Richter, M. J., & Lacy, J. H. 2008, ApJ, 673, 445
Goldhaber, D. M., & Betz, A. L. 1984, ApJ, 279, L55
Acknowledgements. We thank the anonymous referee for his/her valuable com- ~ Goldsmith, P. F., & Langer, W. D. 1999, ApJ, 517, 209
ments about the manuscript. The research leading to these results has received  Gonzalez-Delgado, D., Olofsson, H., Kerschbaum, F., et al. 2003, A&A, 411,
funding support from the European Research Council under the European 123
Union’s Seventh Framework Program (FP/2007-2013)/ERC Grant Agreement  Gordon, L. E., Rothman, L. S., Hill, C., et al. 2017, J. Quant. Spectr. Rad. Transf.,
n. 610256 NANOCOSMOS. EJM acknowledges financial support for this work 203, 3
through award #06_0144 which was issued by USRA and provided by NASA.  Guélin, M., Patel, N., Bremer, M., et al. 2018, A&A, 610, A4

L15, page 5 of 8


https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202039547&pdf_id=4
http://linker.aanda.org/10.1051/0004-6361/202039547/1
http://linker.aanda.org/10.1051/0004-6361/202039547/2
http://linker.aanda.org/10.1051/0004-6361/202039547/2
http://linker.aanda.org/10.1051/0004-6361/202039547/3
http://linker.aanda.org/10.1051/0004-6361/202039547/4
http://linker.aanda.org/10.1051/0004-6361/202039547/5
http://linker.aanda.org/10.1051/0004-6361/202039547/5
http://linker.aanda.org/10.1051/0004-6361/202039547/6
http://linker.aanda.org/10.1051/0004-6361/202039547/7
http://linker.aanda.org/10.1051/0004-6361/202039547/8
http://linker.aanda.org/10.1051/0004-6361/202039547/9
http://linker.aanda.org/10.1051/0004-6361/202039547/10
http://linker.aanda.org/10.1051/0004-6361/202039547/11
http://linker.aanda.org/10.1051/0004-6361/202039547/12
http://linker.aanda.org/10.1051/0004-6361/202039547/13
http://linker.aanda.org/10.1051/0004-6361/202039547/14
http://linker.aanda.org/10.1051/0004-6361/202039547/14
http://linker.aanda.org/10.1051/0004-6361/202039547/15
http://linker.aanda.org/10.1051/0004-6361/202039547/16
http://linker.aanda.org/10.1051/0004-6361/202039547/17
http://linker.aanda.org/10.1051/0004-6361/202039547/18
http://linker.aanda.org/10.1051/0004-6361/202039547/19
http://linker.aanda.org/10.1051/0004-6361/202039547/20
http://linker.aanda.org/10.1051/0004-6361/202039547/21
http://linker.aanda.org/10.1051/0004-6361/202039547/22
http://linker.aanda.org/10.1051/0004-6361/202039547/22
http://linker.aanda.org/10.1051/0004-6361/202039547/23
http://linker.aanda.org/10.1051/0004-6361/202039547/23
http://linker.aanda.org/10.1051/0004-6361/202039547/24

A&A 643, L15 (2020)

Hinkle, K. H., & Barnes, T. G. 1979, ApJ, 227, 923

Hinkle, K. H., Lebzelter, T., & Strainero, O. 2016, ApJ, 825, 38

Justtanont, K., de Jong, T., Helmich, F. P, et al. 1996, A&A, 315, L217

Justtanont, K., Feuchtgruber, H., de Jong, T., et al. 1998, A&A, 330, L17

Knapp, G. R., Young, K., Lee, E., et al. 1998, ApJS, 117, 209

Lord, S. D. 1992, NASA Technical Memorandum, 103957

Markwick, A. J., & Millar, T. J. 2000, A&A, 359, 1162

McGuire, B. A. 2018, ApJS, 239, 17

Ohnaka, K. 2004, A&A, 424, 1011

Perrin, G., Coudé du Foresto, V., Ridgway, S. T., et al. 1999, A&A, 345, 221

Ramstedt, S., & Olofsson, H. 2014, A&A, 556, A145

Reiter, M., Marengo, M., Hora, J. L., & Fazio, G. G. 2015, MNRAS, 447, 3909

Richter, M. J., Dewitt, C. N., McKelvey, M., et al. 2018, J. Astron. Instrum., 7,
1840013

Ridgway, S. T., Hall, D. N. B., Kleinmann, S. G., Weinberger, D. A., & Wojslaw,
R. S. 1976, Nature, 264, 345

L15, page 6 of 8

Rothman, L. S., & Young, L. D. G. 1981, J. Quant. Spectr. Rad. Transf., 25, 505

Ryde, N., Eriksson, K., Gustafsson, B., Lindqvist, M., & Olofsson, H. 1997,
Ap&SS, 255, 301

Sanchez Contreras, C., Velilla Prieto, L., Agindez, M., et al. 2015, A&A, 577,
52

Schoier, F. L., Ramstedt, S., Olofsson, H., et al. 2013, A&A, 550, A78

Sloan, G. C., Matsunaga, N., Matsuura, M., et al. 2010, ApJ, 719, 1274

Smolders, K., Neyskens, P., Blommaert, J. A. D. L., et al. 2012, A&A, 540, A72

Temi, P., Hoffman, D., Ennico, K., & Le, J. 2018, J. Astron. Instrum., 7, 1840011

Tsuji, T., Ohnaka, K., Aoki, W., & Yamamura, I. 1997, A&A, 320, L1

Velilla Prieto, L., Sanchez Contreras, C., Cernicharo, J., et al. 2015, A&A, 575,
A84

Velilla Prieto, L., Sdnchez Contreras, C., Cernicharo, J., et al. 2017, A&A, 597,
A25

Wittkowski, M., Chiavassa, A., Freytag, B., et al. 2016, A&A, 587, A12

Yamamura, I., de Jong, T., & Cami, J. 1999, A&A, 348, L55


http://linker.aanda.org/10.1051/0004-6361/202039547/25
http://linker.aanda.org/10.1051/0004-6361/202039547/26
http://linker.aanda.org/10.1051/0004-6361/202039547/27
http://linker.aanda.org/10.1051/0004-6361/202039547/28
http://linker.aanda.org/10.1051/0004-6361/202039547/29
http://linker.aanda.org/10.1051/0004-6361/202039547/30
http://linker.aanda.org/10.1051/0004-6361/202039547/31
http://linker.aanda.org/10.1051/0004-6361/202039547/32
http://linker.aanda.org/10.1051/0004-6361/202039547/33
http://linker.aanda.org/10.1051/0004-6361/202039547/34
http://linker.aanda.org/10.1051/0004-6361/202039547/35
http://linker.aanda.org/10.1051/0004-6361/202039547/36
http://linker.aanda.org/10.1051/0004-6361/202039547/37
http://linker.aanda.org/10.1051/0004-6361/202039547/37
http://linker.aanda.org/10.1051/0004-6361/202039547/38
http://linker.aanda.org/10.1051/0004-6361/202039547/39
http://linker.aanda.org/10.1051/0004-6361/202039547/40
http://linker.aanda.org/10.1051/0004-6361/202039547/41
http://linker.aanda.org/10.1051/0004-6361/202039547/41
http://linker.aanda.org/10.1051/0004-6361/202039547/42
http://linker.aanda.org/10.1051/0004-6361/202039547/43
http://linker.aanda.org/10.1051/0004-6361/202039547/44
http://linker.aanda.org/10.1051/0004-6361/202039547/45
http://linker.aanda.org/10.1051/0004-6361/202039547/46
http://linker.aanda.org/10.1051/0004-6361/202039547/47
http://linker.aanda.org/10.1051/0004-6361/202039547/47
http://linker.aanda.org/10.1051/0004-6361/202039547/48
http://linker.aanda.org/10.1051/0004-6361/202039547/48
http://linker.aanda.org/10.1051/0004-6361/202039547/49
http://linker.aanda.org/10.1051/0004-6361/202039547/50

J. P. Fonfria et al.: Infrared fluorescence of CO, in R Leo

Appendix A: Brief description of CO,

Carbon dioxide is a linear triatomic molecule that belongs to the
D, group and, hence, displays no permanent dipole moment.
Its atoms vibrate according to four normal modes, two of which
are degenerate. The other two modes, vl((r;') and v3(o7}), are
stretching modes. The two degenerate modes are combined into
the bending mode v,(mr,), which induces a vibrational angular
splitting in the ro-vibrational levels with different e — f parity
(Brown et al. 1975). The fundamental band associated with the
vi(o;) mode is infrared inactive due to the g — u symmetry with
respect to the molecular middle plane. The absence of nonzero
nuclear spins forbids the rotational levels with even or odd J,
depending on the symmetry of the vibrational state.

The similarity between the energies of the vibrational states
Vl(O';') and 21/2(0';;) and other overtones produces a Fermi reso-
nance that results in groups of significantly perturbed states. For
simplicity, we have adopted in this work the notation v, 01203,,. for
the vibrational states, where v; is the ith vibrational number, [ is
the vibrational angular momentum number related to the bend-
ing mode v, and the index r = 1,2, ... orders the vibrational lev-
els of each Fermi resonant group in decreasing order of energy
(Rothman & Young 1981). The frequencies of the lines have
been taken from the HITRAN Database (Gordon et al. 2017).

Appendix B: Additional observations

The observations covered a total spectral range from 701.0 to
782.6cm™!. Figure 1 shows the range 701.0-741.8 cm™!, which
includes most of the strongest detected lines. The rest of the total
spectral range 741.8~782.6cm™!, contains a lower number of
strong features, but there is still a significant amount of weaker
CO; lines (Fig. B.1).

Appendix C: The ro-vibrational diagram

We made a ro-vibrational diagram for the strongest observed
emission lines by using the well-known formula from Goldsmith
& Langer (1999), which we adapted to a normalized infrared
spectrum:

[ Wanl, cont ]
In| e |,
AulguhVNcol,O

where W is the integral of the observed line over the frequency
(cm™), v is the rest frequency (cm™"), Eyouyp is the rotational
energy of the upper level involved in the transition, Ty is the
rotational temperature of the upper vibrational state, and I, con
is the continuum emission measured from Earth. The N
is a column density set arbitrarily to 1.0 x 10" cm™ to get
dimensionless arguments for the logarithms. We define the quan-
tity yo as:

he Erot,up

9 C . 1
kB Trot ( )

Neotvib
N, col,OZrot

2 2.2
Oont O + Oem

y0=111[

where N¢olvib 1S the column density of the upper vibrational state
involved in the band, Z, is the rotational partition function, and
(6020/602000) [(62 + 6200) / (62 + 62,,)] is the ratio of the beam fill-
ing factors for the line emission and continuum sources. The
Oem and O.on; represent the diameters of the line and the contin-
uum emitting regions, respectively. The 6, represents the angu-
lar size of the convolution of the point spread function (PSF),
the atmospheric seeing, and any possible instrumental effects. In
this work, we have assumed that 6, ~ 3.
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Fig. B.1. Spectrum of R Leo in the spectral range 742—782 cm™'. See the caption of Fig. 1.
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