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ABSTRACT

Context. We previously explored the circumstellar effects on the Rb and Zr abundances in massive Galactic O-rich AGB stars. Here
we are interested in clarifying the role of the extended atmosphere in the case of Li and Ca. Li is an important indicator of hot bottom
burning (HBB) while the total Ca abundances in these stars could be affected by neutron captures.
Aims. We report new Li and Ca abundances in massive Galactic O-rich AGB stars by using extended model atmospheres. The Li
abundances were previously studied with hydrostatic models, while the Ca abundances have been determined here for the first time.
Methods. We use a modified version of Turbospectrum and consider the presence of a gaseous circumstellar envelope and radial wind.
The Li and Ca abundances are obtained from the 6708 Å Li I and 6463 Å Ca I resonance lines, respectively. In addition, we study the
sensitivity of the pseudo-dynamical models to variations of the stellar and wind parameters.
Results. The Li abundances derived with the pseudo-dynamical models are very similar to those obtained from hydrostatic models
(the average difference is 0.18 dex, σ2 = 0.02), with no difference for Ca. The Li and Ca content in these stars is only slightly affected
by the presence of a circumstellar envelope. We also found that the Li I and Ca I line profiles are not very sensitive to variations of
the model wind parameters.
Conclusions. The new Li abundances confirm the Li-rich (and super Li-rich) nature of the sample stars, supporting the activation of
HBB in massive Galactic AGB stars. This is in good agreement with the theoretical predictions for solar metallicity AGB models
from ATON, Monash, and NuGrid/MESA but is at odds with the FRUITY database, which predicts no hot bottom burning leading
to the production of Li. Most sample stars display nearly solar (within the estimated errors and considering possible NLTE) Ca
abundances that are consistent with the available s-process nucleosynthesis models for solar metallicity massive AGB stars, which
predict overproduction of 46Ca relatively to the other Ca isotope and the creation of the radiactive isotope 41Ca but no change in the
total Ca abundance. A minority of the sample stars seem to show a significant Ca depletion (by up to 1.0 dex). Possible explanations
are offered to explain their apparent and unexpected Ca depletion.

Key words. stars: AGB and post-AGB – stars: abundances – stars: evolution – nuclear reactions, nucleosynthesis, abundances – stars:
atmospheres – stars: late-type

1. Introduction

Stars with initial masses in the range between 0.8 and 8 M� end
their lives with a phase of strong mass loss and thermal pulses
(TP) on the asymptotic giant branch (AGB; e.g. Herwig 2005;
Karakas & Lattanzio 2014). AGB stars are one of the main con-
tributors to the chemical enrichment of the interstellar medium
(ISM) of light elements (e.g. Li, C, N, F) and heavy (slow neu-
tron capture, s-process; e.g. Busso et al., 2001) elements (e.g.
Rb, Zr, Tc, etc.) and so to the chemical evolution of complex
stellar systems such as galaxies and globular clusters.

AGB stars are also an important source of dust in galaxies
and the site of origin of the vast majority of meteoritic stardust
grains (e.g. Hoppe & Ott, 1997; Nittler et al., 1997; Lugaro et

al., 2017). The low-mass AGB stars (M < 3−4 M�) are C-rich
stars (C/O > 1) because 12C is produced during the TP-AGB
phase and carried to the stellar surface via the third dredge-
up (TDU), transforming O-rich stars into C-rich ones (Herwig,
2005; Karakas & Lattanzio, 2007; Lugaro & Chieffi, 2011). On
the other hand, the more massive AGB stars (M > 4-5 M�) are O-
rich (C/O < 1) due to the activation of the so-called ”hot bottom
burning” (hereafter, HBB) process. HBB converts 12C into 13C
and 14N through the CN cycle via proton captures at the base
of the convective envelope, preventing the formation of a car-
bon star (e.g. Sackmann & Boothroyd, 1992; Mazzitelli et al.,
1999). The HBB models (e.g. Sackmann & Boothroyd, 1992;
Mazzitelli et al., 1999) predict also the production of 7Li via the
”7Be transport mechanism” (Cameron & Fowler, 1971), where
Li should be detectable at the stellar surface regions (at least for
a short time; see below).
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Regarding the s-process, the 13C(α,n)16O reaction operates
during the interpulse period and is the preferred neutron source
in low-mass AGB stars (e.g. Lambert et al., 1995; Abia et al.,
2001). The neutrons are captured by iron nuclei and other heavy
elements forming s-elements that can later be dredged to the
stellar surface (e.g. Busso et al., 2001; Karakas & Lattanzio,
2014). Another neutron source, 22Ne(α,n)25Mg, requires higher
temperatures and produces higher neutron densities (up to 1013

n/cm3) than the 13C(α,n)16O reaction (see e.g. van Raai et al.,
2012; Fishlock et al., 2014). The 22Ne(α,n)25Mg reaction op-
erates during the convective TP and dominates the production
of s-process elements in the more massive (M > 4-5 M�) AGB
stars (e.g. Garcı́a-Hernández et al., 2006, 2009, 2013). A differ-
ent s-elements pattern is expected depending on the dominant
neutron source; in particular a higher amount of Rb compared
with neighboring elements like Zr and Sr. Interestingly, the free
neutrons can drive neutron captures also on the light elements in-
cluding the Ca isotopes. While the total abundance of Ca is pre-
dicted not to vary in AGB stars by more than roughly 10% (e.g.
Karakas & Lugaro, 2016), the isotopic composition of Ca can
be affected, mostly resulting in an overproduction of 46Ca rela-
tively to the other Ca isotopes (see also Wasserburg et al., 2015).
Furthermore, the models predict the production of the radionu-
clide 41Ca (half life 0.1 Myr), which can also be carried up to the
stellar surface from the intershell region via the TDU, with max-
imum 41Ca/40Ca ratios at the stellar surface of the order of 10−4

(see e.g. Trigo-Rodrı́guez et al., 2009; Lugaro et al., 2012, 2014).
This isotope decays via electron captures and is also destroyed
by neutron captures via 41Ca(n,α)38Ar and 41Ca(n,p)41K. All of
these interaction channels are uncertain (see Lugaro et al., 2018,
for a discussion), so the production of 41Ca could in principle
lead to a decrease in the total Ca abundance. However, the cross
section of the production channel of 41Ca, the 40Ca(n,γ)41Ca re-
action is well determined (Dillmann et al., 2009) and we do not
expect major changes in the model predictions if any of the input
physics related to 41Ca will be modified.

The first photometric identification of massive O-rich AGB
stars was done in the Magellanic Clouds (MCs) about 30 years
ago (Wood et al., 1983). These stars were found to be long-
period variables (∼500-800 days) of Mira type and enriched in
heavy neutron-rich s-process elements (see Wood et al., 1983,
for more details). Subsequent high-resolution optical spectro-
scopic observations of AGB stars in both MCs (LMC and SMC)
discovered that these stars are Li-rich, confirming the activa-
tion of HBB (see e.g. Smith & Lambert, 1989, 1990; Plez et
al., 1993; Smith et al., 1995). More detailed chemical analy-
sis show that the Li-rich HBB stars in the SMC display low C
isotopic ratios, near to the equilibrium values, as expected from
HBB models; these stars, however, are not rich in Rb but rich
in other s-process elements like Zr and Nd (Plez et al., 1993).
This observation suggests that these low-metallicity HBB stars
mainly produce s-process elements via the 13C neutron source
(e.g. Abia et al., 2001; Garcı́a-Hernández et al., 2009; Karakas
et al., 2018). More recently, candidate HBB stars have been iden-
tified in the very low metallicity ([Fe/H] ∼ −1.6) dwarf galaxy
IC 1613, but they are likely younger and more metal-rich than
the average IC 1613 metallicity; one of these stars displays a
strong Li I 6708Å line and it is probably Li-rich (Menzies et
al., 2015). In our own Galaxy, high-resolution optical spectro-
scopic surveys of very luminous OH/IR stars show that most
of the stars with long periods and high OH expansion veloci-
ties are Li-rich, which confirm them as truly massive HBB-AGB
stars. The strong Rb overabundaces coupled with mild Zr en-
hancements (Garcı́a-Hernández et al., 2006, 2007a) confirm the

activation of the 22Ne neutron source in the more massive O-
rich AGB stars. More recently, observations of a few massive
Galactic AGB stars at the beginning of the TP phase have con-
firmed that HBB is strongly activated at the early AGB stages
and that the s-process is dominated by the 22Ne neutron source
(Garcı́a-Hernández et al., 2013). The latter stars are super Li-
rich (logε(Li) up to ∼4 dex) together with the lack of s-process
elements (Rb, Zr and Tc), as predicted by the theoretical models
(e.g. van Raai et al., 2012; Karakas et al., 2012). On the other
hand, the Ca abundances have never been previously measured
in massive Galactic AGB stars; here we report for the first time
the Ca abundances in a complete sample of such stars.

The chemical abundance analyses of the massive AGB stars
of our Galaxy and the MCs (generally OH/IR stars; Garcı́a-
Hernández et al., 2006, 2007a, 2009) were made by using classi-
cal MARCS hydrostatic atmospheres (Gustafsson et al., 2008).
The analysis confirm that the 22Ne neutron source dominates the
production of s-elements in these stars but the theoretical models
cannot explain the extremely high Rb abundances and [Rb/Zr]
ratios observed (especially in the lower metallicity MC-AGB
stars). Zamora et al. (2014) constructed new pseudo-dynamical
MARCS model atmospheres in which the presence of a gaseous
circumstellar envelope and radial wind are considered and ap-
plied them to a small sample of O-rich AGB stars. The Rb abun-
dances and [Rb/Zr] ratios obtained by Zamora et al. (2014) are
much lower; in better agreement with the AGB nucleosynthe-
sis models. More recently, Pérez-Mesa et al. (2017) reported
the pseudo-dynamical Rb and Zr abundances in a larger sam-
ple of massive Galactic AGB stars, previoulsy studied with hy-
drostatic models (see Garcı́a-Hernández et al., 2006, 2007a), by
using the more realistic Zamora et al. (2014) extended model
atmospheres. The new Rb abundances and [Rb/Zr] ratios ob-
tained by Pérez-Mesa et al. (2017) are much lower and in much
better agreement with the AGB theoretical predictions, signifi-
cantly resolving the mismatch between the observations and the
nucleosynthesis models, and confirming the earlier Zamora et al.
(2014) preliminary results on a smaller sample of massive O-rich
AGBs (see Pérez-Mesa et al., 2017, for more details). In this pa-
per, we explore the circumstellar effects on the Li and Ca abun-
dances by applying the Zamora et al. (2014) pseudo-dynamical
model atmospheres to the sample of massive Galactic AGB
stars of Garcı́a-Hernández et al. (2007a) and the super Li-rich
AGBs of Garcı́a-Hernández et al. (2013). These new Li and Ca
abundances are then compared with several AGB nucleosynthe-
sis theoretical predictions: ATON (Ventura & D’Antona, 2009),
Monash (Karakas & Lugaro, 2016), NuGrid/MESA (Ritter et al.,
2018) and FRUITY (Cristallo et al., 2015) models.

2. Observational data

We have used the high S/N (at least ∼30−50 around Li I
6708 Å; see below) and high-resolution (R∼50,000) optical
(∼4000−9000 Å) echelle spectra for the Garcı́a-Hernández et
al. (2006) sample (15 stars) of massive Galactic AGB stars,
for which Rb and Zr abundances could be derived by Pérez-
Mesa et al. (2017) as well as for the Garcı́a-Hernández et al.
(2007a) subsample (12 stars) of Li-detected stars not analysed by
Pérez-Mesa et al. (2017). In addition, we have analysed the high-
quality optical echelle spectra of the three (RU Cug, SV Cas and
R Cen) massive Galactic AGB stars, two of them (SV Cas and R
Cen) super Li-rich, reported by Garcı́a-Hernández et al. (2013).
The high-resolution spectra were obtained using the Utrecht
Echelle Spectrograph (UES) at the 4.2 m William Herschel
Telescope, the CAsegrain Echelle SPECtrograph (CASPEC) at
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the ESO 3.6 m telescope, the Tull spectrograph at the 2.7 m
Harlan J. Smith (HJS) Telescope and the UVES spectrograph
at the ESO-VLT (see Garcı́a-Hernández et al., 2007a, 2013, for
more observational details). Our final sample is thus composed
by 30 stars; all of them with previous hydrostatic Li abundance
determinations. It is to be noted here that our subsample of
stars with previous Rb abundance determinations slightly differs
from the Pérez-Mesa et al. (2017) sample mentioned above be-
cause the observed spectra are extremely red and the S/N ratios
achieved for a given star can strongly vary from the blue to the
red spectral regions (e.g. 10−20 at Ca I 6463 Å while >50−100
at Rb I 7800 Å; see also below); i.e. six stars from Pérez-Mesa et
al. (2017) display a too low S/N at Li I 6708Å to estimate their
Li abundances and were removed from the present sample.

We first carried out an exhaustive study of the Li and Ca ab-
sorption spectral lines that can be useful for the extraction of
the Li and Ca abundances in these stars. As previouly found by
Garcı́a-Hernández et al. (2007a), we find the Li I 6708 Å line to
be the best one for the abundance analysis; e.g. we discarded the
subordinate and weaker Li I 8216 Å line because the synthetic
spectra do not properly reproduce the observed stellar pseudo-
continuum in this spectral region. Regarding the Ca absorption
lines, we checked the strongest Ca I lines like those at 6122,
6162, 6439, 6463 and 6573 Å as well as the Ca II triplet at longer
wavelengths (∼ 8500 Å). The Ca I 6463 Å line turned out to be
the best Ca abundance indicator. This is because the synthetic fits
around the Ca I 6463 Å line (i.e. the stellar pseudo-continuum)
are much better than for the rest of Ca I lines; the stronger Ca
I 6573 Å line also displays saturation effects. As we have men-
tioned in the Introduction, the isotopic Ca composition is theo-
retically expected to be affected by neutron captures. The Ca iso-
tope ratios cannot be measured from the atomic Ca absorption
lines (the atomic lines are intrinsically too broad; even at very
high-resolution). To comfort our Ca measurement from atomic
lines, we additionally explored the possibility of detecting the
most intense CaH Shayesteh, Ram & Bernath (2013); Alavi &
Shayesteh (2018) and CaO Yurchenko et al. (2016) bandheads
(around ∼6850-6950 and 8650-8850 Å, respectively) in the op-
tical spectra of our sample stars. Unfortunately, spectral synthe-
sis show that no CaH and CaO molecular lines are detectable in
these spectral regions, which are completely dominated by TiO.

Thus, the Li and Ca abundances were determined from the
Li I 6708 Å and Ca I 6463 Å lines, respectively, by using ex-
tended model atmospheres developed by us (see Zamora et al.,
2014; Pérez-Mesa et al., 2017, for further information). The at-
mospheric parameters (Te f f and logg), additional observational
information (variability period and OH expansion velocity) and
the Li abundance derived from hydrostatic models are listed in
Table 1 for our sample stars (see Garcı́a-Hernández et al., 2007a,
2013, for more details).

3. Pseudo-dynamical models

In the chemical abundance analysis, we have followed the pre-
vious work by Pérez-Mesa et al. (2017). In short, we have
used the v12.2 modified version of the spectral synthesis code
Turbospectrum (Alvarez & Plez, 1998; Plez, 2012), in which
the presence of a circumstellar gas envelope and a radial wind
are considered. In the analysis of the stars in our sample, we
have assumed the atmosphere parameters (e.g. Te f f , logg, C/O,
[Fe/H], macroturbulence) from Garcı́a-Hernández et al. (2007a,
2013) and the solar abundances from Grevesse et al. (2007).
Hydrodynamical wind models for AGB stars have been devel-

oped through the years (see the review by Höfner, & Olofsson,
2018, and references therein). Recent pulsation-enhanced dust-
driven outflow type models include time-dependent gas dynam-
ics and dust formation, with polychromatic radiative transfer
(e.g. Eriksson et al., 2014; Höfner et al., 2016). Their predictive
power for a particular star is however limited by the use of free
parameters, e.g. the piston velocity and amplitude driving the
pulsations. We therefore chose to use generic empirical mod-
els, based on observational determinations of the velocity-law
and simple physical hypotheses. The pseudo-dynamical models
were constructed from the original MARCS hydrostatic model
structure and the atmosphere radius was extended by a wind out
to ∼5 stellar radii and a radial velocity field. We have computed
the stellar wind following mass conservation, radiative thermal
equilibrium and a classical β-velocity law (see Zamora et al.,
2014; Pérez-Mesa et al., 2017, for more details).

By adopting the atmospheric parameters from Garcı́a-
Hernández et al. (2006, 2007a, 2013), we genereted a mini-grid
of synthetic spectra for each sample star. Some parameters are
fixed: stellar mass M = 2 M�1, gravity log g = −0.5, microtur-
bulent velocity ξ = 3 km/s, metallicity [Fe/H] = 0.0 and C/O =
0.5 dex (see Garcı́a-Hernández et al., 2007a, for more details).
However, for the mass-loss rate Ṁ and β parameters, we use val-
ues between Ṁ ∼ 10−9 − 10−6M�yr−1 2 in steps of 0.5 × 10−1

M�yr−1 and β ∼ 0.2 − 1.6 in steps of 0.2, respectively. Finally,
for the Li and Ca abundances we used values between log ε(Li)
∼ 0.0 to +2.8 dex and log ε(Ca) ∼ +5.0 to +7.0 dex, in steps
of 0.1 dex. The parameters of the synthetic spectra that best fit
the 6708 Å Li I and the 6463 Å Ca I profiles and their adjacent
pseudocontinua are listed in Table 2.

For the subsample of stars (15) from Pérez-Mesa et al. (2017)
we have used the stellar and wind parameters obtained from the
Rb I 7800 Å spectral region fits for consistency and because
the synthetic spectra are much less sensitive to variations of the
model parameters in the Li I 6708 Å and Ca I 6463 Å spectral
regions (see Section 3.1 below).

3.1. Sensitivity of the synthetic spectra to variations of the
model parameters

We have analyzed the influence of variations in the stellar (Te f f )
and wind (Ṁ, β and vexp(OH)) parameters in the output synthetic
spectra. Figures 1 and 2 show, respectively, synthetic spectra in
the spectral regions around the 6708 Å Li I and 6463 Å Ca I lines
for different stellar and wind parameters.

The Li I profile is not very sensitive to the wind parameters
(Ṁ, β and vexp(OH)). The Li I line is only slightly stronger with
increasing Ṁ (Figure 1; top-left panel) and β (Figure 1; bottom-
left panel), while it is slightly weaker with increasing vexp(OH)
(Figure 1; bottom-right panel). In addition, the Li I absorption
line is stronger with decreasing Te f f (Figure 1; top-right panel),
with the pseudo-continuum (e.g. the TiO molecular bands) be-
ing also affected, as expected (see e.g. Garcı́a-Hernández et al.,
2007a). In the Ca case, the sensitivity of the synthetic spectra to

1 The stellar mass was in all cases selected to be 2 M� because the
temperature and pressure structure of the model atmosphere is prati-
cally identical for a 1 M� and 10 M� model atmosphere and the output
synthetic spectra are not sensitive to the mass of the star (see Fig. 1 in
Plez, 1990).

2 Massive AGB stars with mass-loss rates higher than 10−6 M�yr−1

are completely obscured in the optical, while our sample stars, still vis-
ible in the optical, should have lower mass-loss rates (see Zamora et al.,
2014; Pérez-Mesa et al., 2017, for more details).
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Table 1. Atmosphere parameters and Li abundances (derived using hydrostatic models) and other selected observational informa-
tion.

IRAS name Te f f (K) log g vexp(OH) (km s−1) Ref. Period (days) Ref. log ε(Li)static

01085+3022 3300 −0.5 13 1 560 1 2.4
02095−2355 3300 −0.5 12† ... 659 2 1.6
05027−2158 2800 −0.5 8 2 368 1 1.1
05098−6422 3000 −0.5 6 3 394 3 ≤ −1.0
05151+6312 3000 −0.5 15 3 628 4 < 0.0
05559+3825 2900 −0.5 12† 6 590 5 0.6
06300+6058 3000 −0.5 12 3 440 6 0.7
07304−2032 2700 −0.5 7 4 509 1 0.9
09429−2148 3300 −0.5 12 3 650 1 2.2
10261−5055 3000 −0.5 4 2 317 1 ≤ −1.0
11081−4203 3000 −0.5 8† 2 332 8 1.3
14266−4211 2900 −0.5 9 2 389 8 ≤ 0.0
14337−6215 3300 −0.5 20 5 ... ... 2.41

15193+3132 2800 −0.5 3 3 360 1 ≤ 0.0
15211−4254 3300 −0.5 11 2 ... ... 2.3
15255+1944 2900 −0.5 7 3 425 1 1.0
15576−1212 3000 −0.5 10 3 415 1 1.1
16030−5156 3000 −0.5 10† 2 579 9 1.5
16037+4218 2900 −0.5 4 2 360 10 ≤ −1.0
16260+3454 3300 −0.5 12 3 475 1 2.7
17034−1024 3300 −0.5 8† 2 346 1 ≤ 0.0
18413+1354 3300 −0.5 15 6 590 5 1.8
18429−1721 3000 −0.5 7 2 481 8 1.2
19129+2803 3300 −0.5 11† 2 420 10 3.11

19361−1658 3000 −0.5 8 2 ... ... 1.9
20052+0554 3300 −0.5 16 7 450 5 2.6
20343−3020 3000 −0.5 8 2 349 1 ≤ −1.0

RU Cyg 3000 −0.5 12† ... 442 11 2.0
SV Cas 3000 −0.5 12† ... 456 11 3.5
R Cen 3000 −0.5 5† ... 251 11 4.3

†These stars only display a single peak in the 1612 MHz OH maser. Thus, in the abundance analysis, we adopted the average OH expansion
velocities from the velocity values displayed by the other sample stars with similar variability periods.
1The line is resolved in two components (circumstellar and photospheric) and the abundance obtained corresponds to the photospheric one.
References for the OH expansion velocities:
1) Chengalur et al. (1993); 2) te Lintel Hekkert et al. (1991); 3) te Lintel Hekkert et al. (1989); 4) Sivagnanam et al. (1989); 5) Sevenster et al.
(1997); 6) Slootmaker et al. (1985); 7) Lewis (1994).
References for the periods:
1) Combined General Catalogue of Variable Stars (GCVS), Kholopov et al. (1998); 2) Richards et al. (2012); 3) Whitelock et al. (1994); 4)
Woźniak et al. (2004); 5) Jones et al. (1990); 6) Lockwood (1985); 7) Groenewegen & de Jong (1998); 8) AAVSO International Variable Star
Index, Watson et al. (2006); 9) General Catalogue of Variable Stars (GCVS), Samus’ et al. (2017); 10) Jiménez-Esteban et al. (2006), 11)
Garcı́a-Hernández et al. (2013).

variations in Ṁ, β and vexp(OH) (Figure 2; top-left, bottom-left
and bottom-right panel, respectively) is even smaller than the Li
case. The Ca I 6463 Å spectral region displays TiO molecular
bands weaker than the Li I 6708 Å spectral region and, conse-
quently, the Ca I line and the pseudo-continuum are less affected
by Te f f variations (Figure 2; top-right panel) than in the Li I
region.

4. Abundance results

The parameters of the best fits of Garcı́a-Hernández et al. (2006,
2007a, 2013) to the observations and the hydrostatic Li abun-

dances are listed in Table 1. In these fits, the static models have
used the solar abundances from Grevesse & Sauval (1998) for
computing the Li abundances, while the new pseudo-dynamical
models and the hydrostatic values shown in Table 2 use the more
recent solar abundances from Grevesse et al. (2007). The Li
hydrostatic abundances obtained by using Grevesse & Sauval
(1998) and Grevesse et al. (2007) are practically the same.

In Figure 3 we display the hydrostatic and pseudo-dynamical
fits in the 6708 Å Li I and 6463 Å Ca I regions in four sample
stars. The pseudo-dynamical models are similar to the hydro-
static ones, and reproduce properly the Li and Ca regions. The
Li and Ca line profiles are not strongly affected by the presence

4
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Fig. 1. Illustrative examples of synthetic spectra for different stellar (Te f f ) and wind (Ṁ, β, and vexp(OH)) parameters in the spectral
region around the 6708 Å Li I line. The gravity log g = −0.5 is the same in all the spectra. The black vertical line indicates the
position of the 6708 Å Li I line.

of a circumstellar envelope and a radial wind. The rest of spectral
fits are shown in Figure A.1 and A.2 in Appendix A. In addition,
Figure 4 displays in more detail the Li and Ca regions for some
sample stars, showing that the Ca I line is less sensitive (but still
useful) to abundance variations than the Li one. In seven stars
(IRAS 02095−2355, IRAS 09429−2148, IRAS 15211−4254,
IRAS 16260+3454, IRAS 17034−1024, IRAS 18413+1354 and
IRAS 19129+2803) the best spectral fit is different in the Li and
Ca regions. In all cases, around the 6708 Å Li I line the best
spectral fits give Te f f = 3300 K, while around the 6463 Å Ca I
line the best spectral fits provide cooler Te f f of 3000 K. A sim-
ilar finding, this time when comparing the Li I 6708Å and Rb I
7800Å regions was previously found by Garcı́a-Hernández et al.
(2006, 2007a).

In addition, for some sample stars in which the OH
expansion velocity is unknown (IRAS 02095−2355, IRAS
05559+3825, IRAS 11081−4203, IRAS 16030−5156, IRAS
17034−1024, IRAS 19129+2803, RU Cyg, SV Cas and R Cen),
we explored the OH expansion velocity range displayed by other
sample stars with similar variability periods. Due to the similar
spectral fits that are obtained for slightly different OH expansion
velocities, for these stars we thus adopted the average OH ex-

pansion velocities from the values displayed by the sample stars
with similar periods (see Table 1).

The atmospheric and wind parameters as well as the Li and
Ca abundances (or upper limits) from the best fits to the ob-
served spectra are shown in Table 2. The new Li abundances
determined from the extended models are very similar to those
obtained with the hydrostatic models (see Table 2). A maxi-
mum difference, between the hydrostatic and dynamical abun-
dances (∆(logε(Li))static−dynamic ), of +0.3 dex is found for IRAS
20052+0554 and R Cen, while an average difference of +0.18
dex is found in our entire AGB sample. This indicates that the
Li content in these stars is not strongly affected by the presence
of a circumstellar envelope. It is to be noted here that the lat-
ter number does not consider the four stars (IRAS 05098−6422,
IRAS 10261−5055, IRAS 16037+4218 and IRAS 20343−3020)
for which we get more conservative pseudo-dynamic Li upper
limits (≤0.0 dex) than from the hydrostatic models (≤-1.0 dex).
In addition, the Ca abundances from the hydrostatic and pseudo-
dynamical models are practically identical and the presence of a
circumstellar envelope does not affect at all the derived Ca abun-
dances.

We have estimated the uncertainties in the derived Li and Ca
abundances for the sample stars. For this, we have made small
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Fig. 2. Illustrative examples of synthetic spectra for different stellar (Te f f ) and wind (Ṁ, β, and vexp(OH)) parameters in the spectral
region around the 6462.6 Å Ca I line. The gravity log g = −0.5 is the same in all the spectra. The black vertical line indicates the
position of the 6462.6 Å Li I line.

changes in the atmosphere parameters ∆Te f f = ±100 K, ∆log g
= ±0.5, ∆Z = ±0.2, ∆t = ±0.5 km s−1 and ∆FWHM = ±50 mÅ
for the hydrostatic models, and also in the wind parameters ∆β
= ±0.2, ∆log(Ṁ/M�yr−1) = ±0.5 and ∆vexp(OH) = ±5 km s−1

for the pseudo-dynamic models. These small changes result in
Li formal errors of ±0.3 and ±0.2 dex for the hydrostatic and
pseudo-dynamic abundances, respectively, while the estimated
Ca formal uncertainties are ±0.5 dex for both the hydrostatic
and pseudo-dynamic abundances.

5. Non-LTE effects on the Li I and Ca I lines

Due to the fact that the classical hydrostatic and our pseudo-
dynamical synthetic spectra are constructed by considering a
local thermodynamic equilibrium (LTE) treatment in the (ex-
tended) stellar atmosphere, we have explored the possible non-
LTE (NLTE) effects on the 6708 Å Li I and 6463 Å Ca I res-
onance lines in order to clarify the sign and magnitude of the
corrections to be applied to the hydrostatic and pseudo-dynamic
Li and Ca abundances.

The NLTE radiative transfer calculations for the 6708 Å Li
I line were performed using the MULTI code (Carlsson, 1986,
1992) with the same Li atom model as in Osorio et al. (2011).

This Li atom model includes quantum mechanical calculations
of electron and hydrogen collisional excitation as well as charge
exchange with hydrogen (see more details in Osorio et al., 2011).
The calculations were performed in the same grid of MARCS
models used in Osorio & Barklem (2016) and the models are
hydrostatic. For this study we focused on atmospheric mod-
els with log g = −0.5, [Fe/H] = 0.0 and five different effec-
tive temperatures, Te f f = 2500, 2600, 2700, 3300 and 3400
K. For the three coolest models, the NLTE abundance correc-
tions ∆(logε(Li))NLT E−LT E are ' +0.2 dex, reaching +0.3 dex at
logε(Li)=0.0. The warmer model atmospheres display smaller
NLTE abundance corrections of ∆(logε(Li))NLT E−LT E ∼ 0.0 dex
at logε(Li) ∼ +2.0 and ∆(logε(Li))NLT E−LT E ∼ +0.1 dex around
logε(Li) ≥ 3.0 and logε(Li) ≤ 0.5. Our updated NLTE Li cal-
culations thus confirm the Li-rich character of our massive O-
rich AGB sample stars and that the adoption of LTE in Li-rich
AGB stars is likely to result in an underestimation of the Li abun-
dances (e.g. Kiselman & Plez, 1995; Abia et al., 1999).

For the NLTE calculations of the 6463 Å Ca I line, the
MULTI code was used with the same Ca atom model as in
Osorio et al. (2018). This Ca atom model includes also updated
data for electron and hydrogen collisional excitation and charge
exchange with hydrogen. The calculations were performed in
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Fig. 3. The Li I 6708 Å (left panel) and Ca I 6463 Å (right panel) spectral regions in four massive Galactic AGB stars. The
hydrostatic models (blue lines) and the pseudo-dynamical models (red lines) that best fit the observations (black dots) are shown.
The location of the Li I and the Ca I lines are indicated by black vertical lines.

Fig. 4. A zoom in the Li I 6708 Å (left panel) and Ca I 6463 Å (right panel) spectral regions. The pseudo-dynamic models (red lines)
that best fits the observations (black dots) are shown together with the corresponding synthetic spectra for Li and Ca abundances
0.5 dex higher (green lines).

two atmospheric hydrostatic models with Te f f /logg/[Fe/H] =
3000/−0.5/0.0 and 3300/−0.5/0.0 for which we found positive
NLTE abundance corrections of ∼ +0.06 and +0.02 dex, respec-
tively. In short, our NLTE Ca calculations show that the use of
LTE in massive O-rich AGB stars would translate into a slight
underestimation of the real Ca abundances (see Subsection 6.2).

6. Discussion

6.1. Lithium

Our Li results in massive Galactic AGB stars, including a cir-
cumstellar component in the analysis, do not reflect a dramatic
change in the derived abundances, contrary to our previous find-
ings on the Rb abundances in these stars (Zamora et al., 2014;
Pérez-Mesa et al., 2017). The Rb abundances obtained with
pseudo-dynamical models are much lower (sometimes even by
1-2 dex) than the hydrostatic ones, being strongly affected by
the presence of a circumstellar envelope. We have made sev-

eral tests by changing the wind parameters (mass loss rate Ṁ,
parameter β and the terminal velocity vexp(OH)) in the models;
e.g. not fixing Ṁ and β or by assuming the wind model param-
eters from the best fits of the Rb I 7800 Å line (Pérez-Mesa et
al., 2017) but the Li abundances remain very similar (within 0.1
dex). As we have mentioned before, for consistency, we have
fixed Ṁ and β to those values obtained by Pérez-Mesa et al.
(2017) from the Rb spectral fits (when available) because the
synthetic spectra around 7800 Å are more sensitive to variations
in the model wind parameters than the Li I 6708Å spectral re-
gion. Our finding of the circumstellar effects being not so im-
portant for the Li I 6708Å line could be somehow surprising
because the atomic parameters (e.g. excitation potential) of the
Li I 6708 Å and Rb I 7800 Å resonance lines are quite simi-
lar. The lower Li abundance as compared with Rb, and therefore
lower Li I column-density in the circumstellar envelope, how-
ever, likely explains the small abundance differences obtained
between the pseudo-dynamical and hydrostatic models. In addi-
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Table 2. Atmosphere parameters and best-fit Li and Ca pseudo-dynamical abundances for the sample of massive AGB stars.

IRAS name Te f f (K) log g β Ṁ (M� yr−1) vexp(OH) (km s−1) log ε(Li)static log ε(Li)dyn log ε(Ca)static log ε(Ca)dyn

01085+3022* 3300 −0.5 0.2 1.0×10−7 13 2.4 2.2 ... ...
02095−2355 3300** −0.5 0.8 1.0×10−9 12† 1.6 1.6 6.3 6.3
05027−2158 2800 −0.5 0.4 1.0×10−7 8 1.1 1.1 5.8 5.8
05098−6422 3000 −0.5 1.4 1.0×10−8 6 ≤ −1.0 ≤ 0.0 6.1 6.1
05151+6312 3000 −0.5 1.0 1.0×10−8 15 ≤ 0.0 ≤ 0.2 6.0 6.0
05559+3825 2900 −0.5 1.6 1.0×10−7 12† 0.6 0.5 5.8 5.8
06300+6058 3000 −0.5 0.2 1.0×10−7 12 0.7 0.8 ≤ 5.8 ≤ 5.8
07304−2032 2700 −0.5 0.4 1.0×10−7 7 0.9 1.0 ≤ 5.8 ≤ 5.8
09429−2148 3300** −0.5 1.6 1.0×10−8 12 2.2 2.2 5.3 5.3
10261−5055 3000 −0.5 0.2 1.0×10−9 4 ≤ −1.0 ≤ 0.0 5.8 5.8
11081−4203 3000 −0.5 1.6 5.0×10−8 8† 1.3 1.1 5.8 5.8
14266−4211 2900 −0.5 0.2 5.0×10−8 9 ≤ 0.0 0.2 ≤ 5.3 ≤ 5.3
14337−6215* 3300 −0.5 0.2 5.0×10−8 20 2.41 2.41 ... ...
15193+3132 2800 −0.5 1.6 1.0×10−9 3 ≤ 0.0 ≤ 0.0 ≤ 5.8 ≤ 5.8
15211−4254 3300** −0.5 1.6 1.0×10−9 11 2.3 2.3 5.8 5.8
15255+1944 2900 −0.5 0.2 5.0×10−7 7 1.0 0.9 6.0 6.0
15576−1212 3000 −0.5 0.2 1.0×10−8 10 1.1 1.2 5.7 5.7
16030−5156* 3000 −0.5 0.2 1.0×10−8 10† 1.5 1.5 ... ...
16037+4218 2900 −0.5 1.2 1.0×10−8 4 ≤ −1.0 ≤ 0.0 6.3 6.3
16260+3454 3300** −0.5 0.2 1.0×10−9 12 2.7 2.6 5.4 5.4
17034−1024 3300** −0.5 0.8 1.0×10−8 8† ≤ 0.0 ≤ 0.0 6.2 6.2
18413+1354 3300** −0.5 1.2 1.0×10−8 15 1.8 1.7 ≤ 5.3 ≤ 5.3
18429−1721 3000 −0.5 0.2 1.0×10−8 7 1.2 1.1 5.8 5.8
19129+2803 3300** −0.5 0.2 1.0×10−8 11† 3.11 3.11 5.5 5.5
19361−1658 3000 −0.5 0.2 1.0×10−9 8 1.9 2.0 5.8 5.8
20052+0554* 3300 −0.5 0.2 1.0×10−7 16 2.6 2.3 ... ...
20343−3020 3000 −0.5 1.2 1.0×10−9 8 ≤ −1.0 ≤ 0.0 6.0 6.0

RU Cyg 3000 −0.5 1.6 1.0×10−7 12† 2.0 1.7 6.2 6.2
SV Cas 3000 −0.5 1.6 1.0×10−7 12† 3.5 3.3 6.3 6.3
R Cen2 3000 −0.5 1.6 1.0×10−7 5† 4.3 4.0 ... ...

†These stars only display a single peak in the 1612 MHz OH maser, so we adopt an average velocity in the abundance analysis exploring OH
expansion velocities of other stars with similar variability periods.
*The S/N at Ca I 6463 Å is very low to derive any Ca abundance estimate.
**The best fitting Te f f in the Ca I 6463 Å spectral region is cooler (3000 K) than the one around the Li I 6708 Å line.
1The line is resolved in two components (circumstellar and photospheric) and the abundance obtained corresponds to the photospheric one.
2R Cen was not observed in the Ca I line region.

tion, other factors such as the molecular blends in each wave-
length range and the line depth formation could influence the
different sensitivity to the circumstellar effects between Rb and
Li. In particular, the line depth formation is extremely important
because the velocity field could change the τ-scale of the lines
(see Nowotny, Höfner & Aringer, 2010).

We have compared our new Li abundances with up-to-date
solar metallicity massive AGB nucleosynthesis models with very
different prescriptions for mass loss and convection: (i) ATON
models (Ventura et al., 2018) with the Blöecker (1995) recipe for
mass loss and the full spectrum of turbulence convective mixing
(FST; e.g. Mazzitelli et al., 1999); (ii) Monash models (Karakas
& Lugaro, 2016) with the Vassiliadis & Wood (1993) mass-loss
prescription and the mixing length theory of convection (MLT;
Böhm-Vitense, 1958); (iii) FRUITY3 models (Cristallo et al.,

3 FUll-Network Repository of Updated Isotopic Tables and Yields:
http://fruity.oa-abruzzo.inaf.it/.

2015) with a pulsationally-driven mass-loss rate (see Straniero
et al., 2006) and the MLT of convection but under the formu-
lae from Straniero et al. (2006); and (iv) NUGrid/MESA models
(Ritter et al., 2018) with the mass-loss formula from Blöecker
(1995) and assuming convective boundary mixing (CBM; e.g.
Ritter et al., 2018).

The evolution of Li in massive HBB-AGB stars is strongly
affected by several stellar parameters such as progenitor mass,
metallicity, mass loss and convection model (see e.g. Mazzitelli
et al., 1999; van Raai et al., 2012). During the AGB phase, the
mass loss and the treatment of the convection are the most im-
portant factors in the determination of the duration of HBB and
the variation of the surface chemistry during the AGB phase.
For example, i) the massive AGB nucleosynthesis ATON mod-
els show strong Li abundance oscillations (by orders of magni-
tude) on timescales as short as ∼104 years (see e.g. Mazzitelli
et al., 1999) and there may be negligible Li in the envelope for
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a significant (at least 20%) period of time; and ii) the Li min-
ima and the duration of the Li-rich phase in the Monash models
are less deep and longer, respectively, than in the ATON models
(see Garcı́a-Hernández et al., 2013, for more details). This com-
plex theoretical evolution of the Li abundance implies that the Li
abundances distribution derived from the spectroscopic observa-
tions (e.g. the exact progenitor mass and evolutionary status are
not known) can only be analyzed in a statistical way (Garcı́a-
Hernández et al., 2007a).

Regarding the peak surface Li abundances during the AGB,
the ATON models predict that it goes from logε(Li) = 3.8 dex
for M = 3.5 M� to 4.3 dex for M = 6.0 and 7.5 M�, while in the
Monash models it changes from logε(Li) = 3.8 dex for M = 4.25
M� to logε(Li) = 4.4 dex for M = 8 M�. In the NuGrid/MESA
models, Li production at Z = 0.02 is only predicted for M =
6 and 7 M� with a peak surface Li abundance of 2.9 and 3.7
dex, respectively. However, the FRUITY models do not pre-
dict production of Li at all, which is at odds with the Li over-
abundances observed in massive AGB stars in the Galaxy (e.g.
Garcı́a-Hernández et al., 2007a, 2013), the Magellanic Clouds
(e.g. Plez et al., 1993; Smith et al., 1995; Garcı́a-Hernández
et al., 2009) and the Li-detected O-rich AGB star in the dwarf
galaxy IC 1613 (e.g. Menzies et al., 2015).

The pseudo-dynamic Li abundances obtained from our spec-
tra are between ∼0.0 and 4.0 dex; with eight non Li-rich
(logε(Li) < 0.5 dex), twenty Li-rich (0.5 ≤ logε(Li) ≤ 3.2 dex)
and two super Li-rich (logε(Li) > 3.2 dex) stars. Their great
similarity with the hydrostatic Li abundances (and the relatively
small positive NLTE corrections; Subsect. 5) means that the con-
clusions reached by Garcı́a-Hernández et al. (2007a, 2013) are
unchanged and will not be repeated here. In short, the Li-rich and
super Li-rich character of the massive AGB stars in our sample
confirm that they experience strong HBB (Garcı́a-Hernández et
al., 2007a, 2013). This is in good agreement with the predictions
from AGB nucleosynthesis models like the ATON, Monash and
NuGrid/MESA, but in strong contrast with the FRUITY AGB
models, which do not predict strong HBB and Li production in
solar metallicity massive AGB stars.

6.2. Calcium

This is the first work in which the Ca abundances have been
obtained for a sample of massive AGB stars. Figure 2 shows
that the 6463 Å Ca I line is not sensitive to changes in the stel-
lar (Te f f ) and wind (Ṁ, β and vexp(OH)) parameters. Thus, we
adopted the wind parameters from the Rb fits (when possible)
or the Li fits, which are more sensitive to variations of the wind
parameters. The hydrostatic and pseudo-dynamic abundances of
Ca obtained from our spectra are identical; so the Ca abundances
are not affected at all by the presence of a circumstellar envelope.
The Ca abundances obtained are in the range log ε(Ca) = 5.3
- 6.3 dex. The theoretical AGB nucleosynthesis models predict
an important production of some Ca isotopes like the radioac-
tive 41Ca but no significant change in the total Ca abundance
(see Section 1). Note that here we consider log ε(Ca) = 6.31
dex as the solar abundance in the photosphere (Grevesse et al.,
2007). While ATON models (Ventura et al., 2018) do not include
Ca, the Monash models predict Ca abundances in the range log
ε(Ca) = 6.31 - 6.35 dex for solar metallicity; i.e. a 12% increase
at most relatively to the initial value used in these models of
6.29 dex. In the same way, the FRUITY models predict solar Ca
abundances for Z = 0.014. In the NuGrid/MESA models, Ca at
Z = 0.01 is predicted to vary from log ε(Ca) = 6.11 to 6.18 dex

Fig. 5. Evolution of Li, Ca and 41Ca versus time for the 6 M�
model of solar metallicity from Karakas & Lugaro (2016).

in the range of M = 3 -7 solar masses, while for Z = 0.02 the Ca
abundances are between 6.44 and 6.48 dex.

In Figure 5 we show the evolution of Li, Ca and the radioac-
tive isotope 41Ca as a function of time for the 6 M� model of so-
lar metallicity from Karakas & Lugaro (2016). This figure shows
that the 41Ca abundance increases as a consequence of nucle-
osynthesis and mixing during the TP-AGB phase although the
first increase of the 41Ca occurred during the second dredge-up,
after core helium burning. We can also see that the total elemen-
tal Ca abundance is, however, unchanged. The 6 M� model has
TDU and HBB as described in Karakas & Lugaro (2016), re-
mains oxygen rich as a consequence of HBB, and as shown by
Figure 5 the model becomes Li-rich, where the log ε(Li) exceeds
3 for ∼ 80,000 years.

We find that most (20) sample stars display Ca abundance
values ∼ 0.5 - 0.6 dex lower than the adopted Ca solar abun-
dance of log ε(Ca) = 6.31 dex. In spite of the fact that we can-
not completely discard that some of our sample stars could be
indeed slightly metal poor4, their Ca abundances can be con-
sidered as nearly solar when taking into account our estimated
Ca abundance errors (∼ 0.5 dex) and the possible NLTE effects
(see Subsect. 5). This is consistent with the predictions from the
available s-process nucleosynthesis models for solar metallicity
massive AGB stars, as mentioned above.

However, a minority (5) of the sample stars seem to show a
significant Ca depletion (−0.8 to −1.0 dex). We explored if the
derived Ca abundances are correlated with the Li content, the
wind parameters (mass loss Ṁ, beta parameter β and terminal
velocity vexp(OH)) or other observational information such as
variability periods, near-IR colors and IR excess but our search
proved to be negative with the possible exception of the near-IR
colors and the IR excess (see below). We have identified three
possibilities (i.e. missed opacities in the stellar atmosphere mod-
els, Ca depletion into dust and line weakening phenomena) in or-
der to understand their apparent (and unexpected) Ca depletion
and that are enumerated below:

i) The low Ca abundances in our sample stars could be due to
missed opacities in the stellar atmosphere models. Although the

4 It is to be noted, however, that most sample stars are expected to
be of solar metallicity (see a detailed discussion on this in Garcı́a-
Hernández et al., 2007a).
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Fig. 6. The Ca abundances derived with pseudo-dynamical models against the J-K colors (left panel) and infrared excesses R =
F(12µm)/F(2.2µm) (right panel). The 5 stars with larger Ca depletion are shown by red squares and upper limits are marked with
vertical arrows.

Ca spectral region (mainly dominated by the TiO molecule) is
generally well modelled by us, Garcı́a-Hernández et al. (2007a,
2009) have reported the presence of strong and yet unidentified
molecular bands in several spectral regions in the optical spectra
of massive Galactic and extragalactic O-rich AGB stars, which
suggest the presence of other opacity contributors not yet con-
sidered in the model atmospheres and in the construction of syn-
thetic optical spectra for O-rich AGB stars.

ii) Although the condensation of inorganic dust grains in the
winds of evolved stars is still poorly understood, the observed
Ca underabundances may be also due to the fact that Ca in our
sample of stars could be depleted into dust (see e.g. Lodders
& Fegley, 1999, for a review). Figure 6 plots the Ca pseudo-
dynamical abundaces against the 2MASS J-K colors and the
infrared excesses R = F(12µm)/F(2.2µm)5 (with fluxes at 2.2
and 12 µm from 2MASS and IRAS, respectively) in our sam-
ple stars. Curiously, the 5 stars with a significant Ca depletion
are the redder ones (they display, on average, higher J-K col-
ors) and most of them display a significant infrared excess, sug-
gesting that they could be among the more evolved and/or dusty
stars in our sample. However, the number of stars is still low
and Galactic massive AGB stars are known to display a large
photometric variability in the near-IR and mid-IR ranges (see
e.g. Garcı́a-Hernández et al., 2007b). Dell’Agli et al. (2014)
studied the alumina dust (the amorphous state of Al2O3) pro-
duction in O-rich circumstellar shells, which is expected to be
fairly abundant in the winds of the more massive and O-rich
AGB stars. By coupling AGB stellar nucleosynthesis and dust
formation, the predicted production of alumina dust implies an
important decrease (see below) in the abundance of gaseous Al
in the AGB wind. The high fraction of gaseous Al condensed
in Al2O3 (especially in their more massive AGB models) im-
plies that the gaseous Al is expected to be underabundant in
the more massive HBB-AGB stars; something that is in good
agreement with the only estimate of the Al content in mas-
sive HBB-AGB stars to date6; i.e. the Al content measured in

5 The infrared excess R probes the presence of circumstellar material
emitting at 12 µm with respect to the stellar continuum at 2.2 µm (see
e.g. Jorissen et al., 1993).

6 McSaveney et al. (2007) measured log ε(Al) = 5.5 dex in the truly
massive HBB-AGB star HV 2576 in the LMC (Z = -0.3 dex), while the

a confirmed massive HBB-AGB in the Large Magellanic Cloud
(see Dell’Agli et al., 2014, for more details). Thus, similarly to
the Al case, the gaseous Ca in massive Galactic O-rich AGB
stars could be depleted into dust. For example, Tielens (1990)
proposed a dust condensation sequence in O-rich circumstel-
lar regions, in which the formation of calcium-rich silicates
such as augite (Ca2Al2SiO7), diopside (CaMgSi2O6) and anoth-
ite (CaAl2Si2O6) would be expected (see also Lodders & Fegley,
1999, and references therein). However, Speck et al. (2000) sug-
gested that the dust evolutionary path is different for the AGB
and red supergiant (RSG) stars; although both condensation se-
quences eventually would lead to similar dust types. Basically,
the main difference between the RSG and AGB dust condensa-
tion sequences is that the RSG stars experience an evolutionary
phase in which aluminium- and calcium-rich silicates condensa-
tion takes place, while this evolutionary phase is apparently not
seen in the AGB stars. Speck et al. (2000) classified the spectra
of a sample of AGB and RSG stars into several groups according
to the observed appearance of the amorphous silicates infrared
(IR) features around 10 µm. They found that the RSG IR spec-
tra are better reproduced when calcium-rich silicates are consid-
ered, while the AGB stars are well reproduced with amorphous
silicates only. Unfortunately, we have only three stars (RU Cyg,
IRAS 07304−2032 and IRAS 15193+3139) in common with
Speck et al. (2000) and they are not among the most Ca-poor
stars in our sample. Speck et al. (2000) classified their spec-
tra as silicate A (RU Cyg) and silicate B (IRAS 07304−2032
and IRAS 15193+3139) AGB types; all of them with no clear
signs for calcium-rich silicates. Additional N-band IR spectro-
scopic observations of confirmed Galactic AGB O-rich stars (es-
pecially for those stars with significant Ca depletion) would be
desirable in order to clarify if their 10 µm amorphous silicates
dust features could be better fitted by the inclusion of Ca-rich
silicates. Ca-rich stardust grains from AGB stars have been re-
covered from meteorites, also belonging to the Group II popu-
lation that probably originated from HBB-AGB stars (Lugaro et
al., 2017). Both hibonite grains (e.g. Nittler et al., 2008), as well

Al solar abundance is 6.4 dex (Grevesse et al., 2007). The amount of
gaseous Al depleted into dust is 0.6 dex, in good agreement with the
Dell’Agli et al. (2014) AGB models that include dust formation.
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V. Pérez-Mesa et al.: Exploring circumstellar effects on the Li and Ca abundances in massive Galactic O-rich AGB stars

as Ca-rich silicates (e.g. Nguyen & Zinner, 2004; Vollmer et al.,
2009) have been reported.

iii) Finally, line weakening phenomena could be another
possibility to explain the lack of Ca in these sample stars.
Humphreys (1974) studied some high-luminosity M-type super-
giants that show veiling of the absorption metallic lines; the veil-
ing effect was found to be most pronounced in the near-IR than
in the blue spectral regions. Humphreys (1974) proposed that
the peculiar energy distributions of these stars and the veiling
of the absorption lines may be explained by a combination of
free-bound emission (λ < 1.6 µm) and free-free emission (λ >
1.6 µm) from electron-neutral H interactions arising in the ex-
tended atmosphere around the star plus the surrounding circum-
stellar shell of dust grains. Such line weakening phenomenon, as
observed in these peculiar M-supergiants, could be also present
in similar M-type long-period variables (more than 260 days)
dusty stars such as our sample stars. We have looked for addi-
tional absorption metallic lines in our Li and Ca spectral regions
(e.g. the 6469 Å Fe I and 6484 Å Ni I lines) in order to check
if line weakening phenomena are affecting other metallic lines.
Unfortunately, our optical spectra are severely dominated by the
TiO molecule and no metallic lines are detected. We thus can-
not confirm or discard if the lack of Ca in our minority stars
is because of possible line weakening phenomena affecting the
optical spectra of massive Galactic O-rich AGB stars.

7. Conclusions

We have reported new hydrostatic and pseudo-dynamical abun-
dances of Li and Ca from the 6708 Å Li I and 6573 Å Ca I lines,
respectively, in a complete sample of massive Galactic O-rich
AGB stars by using a modified version of the spectral synthesis
code Turbospectrum, which considers the presence of a circum-
stellar envelope with a radial wind.

The new Li abundances from pseudo-dynamical models are
very similar to those obtained from the hydrostatic models (the
average difference is 0.18 dex), while they are identical for Ca.
This indicates that the determination of the Li and Ca abun-
dances in massive O-rich AGB stars is not strongly affected by
the presence of a circumstellar envelope. Indeed, we found that
the the Li I and Ca I line profiles are not very sensitive to varia-
tions of the wind (Ṁ, β and vexp(OH)) parameters.

The new pseudo-dynamic abundances of Li (30 stars) con-
firm the Li-rich (and super Li-rich in some stars) character of
our sample stars and the strong activation of the HBB process in
massive Galactic AGB stars. This is in good agreement with the
theoretical predictions from the most recent AGB nucleosynthe-
sis models such as ATON, Monash and NuGrid/MESA, but at
odds with the FRUITY database, which predicts no Li produc-
tion by HBB in massive AGB stars at solar metallicity.

For the first time we have obtained Ca abundances in a sam-
ple of massive Galactic AGB stars. Most of them (20) display
nearly solar Ca abundances; within the estimated errors and/or
considering possible NLTE effects. Their abundances are thus
consistent with the predictions from the s-process nucleosynthe-
sis models for massive AGB stars at solar metallicity. For exam-
ple, such models predict some production of the radioactive 41Ca
isotope but no change in the total Ca abundance. A minority of
stars (5) show a significant Ca depletion (by ∼ -0.8 − -1.0 dex).
Possible explanations to explain their apparent and unexpected
Ca depletion could be missed opacities in the stellar atmosphere
models and/or Ca depletion into dust as well as line weakening
phenomena.
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Appendix A: Complete sample

The best fits of the 6708 Å Li I and 6463 Å Ca I spectral regions
of our sample of massive AGB stars are displayed in Figure A.1
and A.2 respectevely. The pseudo-dynamical models are similar
to the hydrostatic ones, and reproduce properly the Li and Ca
regions, which means that the Li and Ca line profiles are not
strongly affected by the presence of a circumstellar envelope and
a radial wind.
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displayed in increasing R.A. order.

Karakas, A. I., Garcı́a-Hernández, D. A., & Lugaro, M. 2012, ApJ, 751, 8
Karakas, A., & Lattanzio, J. C. 2007, PASA, 24, 103
Karakas, A. I., & Lattanzio, J. C. 2014, PASA, 31, e030
Karakas, A. I., & Lugaro, M. 2016, ApJ, 825, 26
Karakas, A. I., Lugaro, M., Carlos, M., et al. 2018, MNRAS, 477, 421
Kholopov, P. N., Samus, N. N., Frolov, M. S., et al. 1998, Combined General

Catalogue of Variable Stars, 4.1 Ed (II/214A). (1998),
Kiselman, D., & Plez, B. 1995, Mem. Soc. Astron. Italiana, 66, 429

Lambert, D. L., Smith, V. V., Busso, M., Gallino, R., & Straniero, O. 1995, ApJ,
450, 302

Lewis, B. M. 1994, ApJS, 93, 549
Lockwood, G. W. 1985, ApJS, 58, 167
Lodders, K., & Fegley, B., Jr. 1999, Asymptotic Giant Branch Stars, 191, 279
Lugaro, M., Doherty, C. L., Karakas, A. I., et al. 2012, Meteoritics and Planetary

Science, 47, 1998
Lugaro, M., & Chieffi, A. 2011, Lecture Notes in Physics, Berlin Springer

Verlag, 812, 83

13
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