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Resumen

Esta tesis trata varios temas relacionados con el estudio de las estrellas pertene-
cientes a la rama asintética de gigantes (AGB, de sus siglas en inglés asymptotic
giant branch) mds masivas y ricas en oxigeno en nuestra galaxia. En partic-
ular, los principales objetivos son la exploracién de los efectos circunestelares
en la determinacién de las abundancias quimicas en estrellas AGB masivas a
metalicidad solar usando modelos de atmédsfera pseudo-dindmicos més realistas
y la obtencién, por primera vez, de las abundancias elementales e isotépicas de
CNO en estrellas AGB galdcticas verdaderamente masivas.

En primer lugar, hemos determinado las abundancias de Rb y Zr en una
muestra de estrellas AGB galdcticas y masivas, previamente estudiadas con
modelos hidrostéticos, usando modelos de atmédsfera extensos que consideran
la presencia de una envoltura circunestelar con un viento radial. Las nuevas
abundancias de Rb son mucho méas bajas que las obtenidas a partir de mod-
elos hidrostaticos, mientras que las abundancias de Zr son parecidas a las
hidrostaticas porque la cabeza de banda 6474 A ZrO usada para derivar las
abundancias de Zr se forma en capas més internas de la atmdsfera y estd menos
afectada por efectos circunestelares que la linea 7800 A Rb 1. Las nuevas abun-
dancias de [Rb/Fe] y cocientes de [Rb/Zr| se comparan mucho mejor con las
predicciones tedricas, resolviendo significativamente el problema previo de la
discordancia entre las observaciones y los modelos de nucleosintesis en las es-
trellas AGB més masivas y confirmando que la reaccién 2*Ne(a, n)?*Mg es la
principal fuente de neutrones en estas estrellas.

En segundo lugar, presentamos nuevas abundancias hidrostaticas y pseudo-
dindmicas de Li y Ca en una muestra de estrellas AGB masivas y ricas en
oxigeno de nuestra galaxia usando los nuevos modelos de atmdsfera extensos
(pseudo-dindmicos). Las abundancias de Li a partir de modelos de atmdésfera
extensos son muy similares a las obtenidas con modelos hidrostéticos, confir-
mando el cardcter rico en litio (incluso stiper rico en litio en algunas estrellas) de
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nuestra muestra de estrellas y la fuerte activacién del proceso HBB (de sus siglas
en inglés hot bottom burning) en estrellas AGB masivas. Esto estd de acuerdo
con la mayoria de modelos de nucleosintesis de estrellas AGB. Las abundancias
de Ca, las cuales han sido derivadas aqui por primera vez en estrellas AGB
masivas de nuestra galaxia, son consistentes con las predicciones de modelos de
nucleosintesis de procesos ‘s’ para estrellas AGB masivas a metalicidad solar.
Una minoria de estrellas muestra una cantidad significativa de Ca depletado y
damos posibles explicaciones a esta aparente e inesperada deplecién de Ca.

Por tltimo, hemos obtenido, por primera vez mediante sintesis espectral, las
abundancias y cocientes isotépicos de CNO en una muestra de estrellas AGB
masivas y ricas en oxigeno de nuestra galaxia al principio de la fase de pulsos
térmicos (TP, de sus siglas en inglés thermally pulsing). Ademés, hemos encon-
trado que la presencia de una envoltura circunestelar y viento radial no afecta
a la determinacién de las abundancias elementales/isotépicas de CNO en el
infrarrojo cercano. Las abundancias elementales/isotépicas de CNO derivadas
estdn generalmente de acuerdo con las predicciones tedricas para estrellas AGB
muy masivas (~7-8 Mg) a metalicidad solar que experimentan HBB en los
primeros pulsos térmicos. En particular, las grandes sobre-abundancias de N
y los bajos cocientes 2C/!3C confirman la activacién del HBB independien-
temente de las sobreabundancias de Li. Ademads, dos estrellas de la muestra
parecen ser descendientes de estrellas progenitoras de ~8 Mg con HBB pero
que no han experimentado ningin pulso térmico. Por lo tanto, estas estrellas
son muy buenas candidatas a ser verdaderas estrellas stiper-AGB. También,
hemos comparado nuestros cocientes isotépicos de O con medidas hechas en
granos presolares. La composicién isotépica de O en dos estrellas refuerza la
idea de que las estrellas AGB mds masivas podrian ser el lugar de formacién
de los granos del Grupo II. Sin embargo, las grandes incertidumbres y nuestros
limites inferiores conservativos para los cocientes de O en el resto de estrellas de
la muestra, no nos permiten obtener una respuesta definitiva acerca del origen
de los granos del Grupo II.
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Abstract

This thesis addresses several topics in the study of the more massive and O-
rich asymptotic giant branch (AGB) stars in our Galaxy. In particular, the
main goals are the exploration of the circumstellar effects on the abundance
determination in solar metallicity massive AGB stars by using more realistic
pseudo-dynamical model atmospheres and the obtention, for the first time, of
the CNO elemental abundances and isotopic ratios in truly massive Galactic
AGB stars.

First, we have determined the Rb and Zr abundances in a sample of mas-
sive Galactic AGB stars, previously studied with hydrostatic models, by using
extended model atmospheres that consider the presence of a circumstellar en-
velope with a radial wind. The new Rb abundances are much lower than
those obtained from hydrostatic models, while the Zr abundances are close to
the hydrostatic ones because the 6474 A ZrO bandhead used to derive the Zr
abundance is formed deeper in the atmosphere and is less affected, by the cir-
cumstellar effects, than the 7800 A Rb I line. The new [Rb/Fe] abundances and
[Rb/Zr] ratios are in much better agreement with the theoretical predictions,
significantly resolving the previous mismatch between the observations and the
nucleosynthesis models in the more massive AGB stars and confirming that the
22Ne(a, n)25Mg reaction is the main neutron source in these stars.

Second, we have reported new hydrostatic and pseudo-dynamic abundances
of Li and Ca in a sample of massive Galactic O-rich AGB stars by using the new
extended (pseudo-dynamical) model atmospheres. The Li abundances from ex-
tended atmosphere models are very similar to those obtained from hydrostatic
models, confirming the Li-rich (and super Li-rich in some stars) character of
our sample stars and the strong activation of the hot bottom burning (HBB)
process in massive AGB stars. This is in good agreement with most of the
AGB nucleosynthesis models. The Ca abundances, which have been derived
here for the first time in massive Galactic AGB stars, are consistent with the
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predictions from the s-process nucleosynthesis models for massive AGB stars
at solar metallicity. A minority of stars show a significant Ca depletion and
possible explanations are offered to explain their apparent and unexpected Ca
depletion.

Finally, we have obtained, for the first time by spectral synthesis, the CNO
abundances and isotopic ratios in a small sample of truly massive Galactic O-
rich AGB stars at the beginning of the thermally pulsing (TP) phase. Moreover,
we have found that the presence of a circumstellar envelope and radial wind
is not affecting the determination of the CNO elemental/isotopic abundances
in the near-infrared wavelength range. The derived CNO elemental/isotopic
abundances are in general good agreement with the theoretical predictions for
very massive AGB stars (~7-8 Mg) at solar metallicity that experience HBB
in the early TPs. In particular, the large N enhancements and the low 12C/13C
ratios confirm the HBB activation independently of the Li overabundances. In
addition, two sample stars seem to be descendants of ~8 Mg HBB progenitors
that have not experienced any TP and they thus represent very good candidates
for truly super-AGB stars. We have also compared our O isotopic ratios with
the measurements made on presolar grains. The O isotopic composition in two
sample stars reinforce the idea that the more massive AGB stars could be the
formation site of the Group II grains. However, the large uncertainties and our
conservative lower limits for the O isotopic ratios in the rest of sample stars
do not permit us to reach a definitive answer about the origin of the Group II
grains.
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Introduction

1.1 Stellar evolution of low- to intermediate-mass stars

Low- to intermediate-mass stars (0.8 < M < 8 Mg) are the great majority
of stars in the Universe. These stars evolve from the main sequence (MS)
to the asymptotic giant branch (AGB; see Karakas & Lattanzio 2014, for a
review) phase after the exhaustion of H and He in their cores. The evolution
of the low- to intermediate-mass stars from the MS to the AGB follows well
defined evolutionary paths in the Hertzsprung-Russell (HR) diagram. Then,
the stars pass through the Planetary Nebulae (PNe) stage before ending their
lives as white dwarfs. Figure 1.1 shows the main evolutionary phases in the
HR diagram.

During the MS stage, nuclear energy is provided by the different H burning
mechanisms in the core of low- and intermediate-mass stars. Low-mass stars
(0.8 <M < 2.5 Mg) burn H into He through proton-proton reactions (the pp
chain) while in intermediate-mass stars (2.5 < M < 8 Mg) the H burning to
He in the core is a combination of the pp chain and the CNO cycle. The mass
limit at which the pp chain is the dominant reaction is about 2 Mg, while for
stars with masses larger than 2 Mg the CNO cycle is the preferred H burning
mechanism (see Karakas & Lattanzio 2014).

After H exhaustion in the core, the stars leave the MS, but nuclear reactions
still occur in external shells. In low-mass stars (M < 2.5 Mg), the structure
consists of a degenerate gas of electrons and He core becoming hotter and
denser, surrounded by a H-burning shell and a H-rich envelope. The envelope
expands due to the radiation pressure by the nuclear reactions in the H-burning
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Figure 1.1: HR diagram displaying the main evolutionary phases in the life of
low- to intermediate-mass stars. Illustration: Robert Hollow, Commonwealth
Science and Industrial Research Organisation (CSIRO), Australia, adapted by
Carin Cain.
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1.1 Stellar evolution of low- to intermediate-mass stars 3

shell and the stars ascends to the so-called Red Giant Branch (RGB) phase until
a maximum luminosity of ~2500 Lg, is reached, while the core is contracting.
During this phase, the 15! dredge-up (FDU) takes place when H and some H-
burning products, such as *He, 14N and !3C, are brought from the top of the H-
burning shell to the stellar surface (e.g. Lambert 1981). At this point, the core
is hot enough to break the degenerancy of the electron gas and the He-burning
is activated with a violent and explosive event, the so-called He-flash. The limit
mass for the He-flash activation vary in the theoretical models depending on
the implemented physics. In theoretical calculations that consider overshooting
into the H-burning core during the MS, the mass limit is around 1.6 Mg at Z =
0.02 (Bertelli et al. 1986), while when the overshooting in the core is not taken
into account the predicted limit mass is about 2.1 Mg at Z = 0.02 (Karakas &
Lattanzio 2014). The He-flash marks the beginning of the Horizontal Branch
(HB), another evolutionary stage. Following the core He ignition, the structure
of the star consists in a central He burning, where He burns in a convective core
and H in shell, which provides most of the luminosity. Due to the Coulomb
repulsion! is larger for He than for H, more energy is needed to active the
triple-alpha (3a) process and also the temperature is higher for He burning.
The energy produced by the 3a process is about a factor of 10 minor than during
H burning, decreasing the luminosity of the star. During the He burning the
abundance of 12C increases (3 “He — 2C) and also the 60O content from the
12C(a,y)'80 reaction. Then, the star developes a new core composed by C and
O (C-O) and an initially not degenerated gas. Finally, the density increases
inside the core and the conditions for an electron gas to become degenerated
are reached. Then, while the C-O core contracts and increases the luminosity
(>10* L), the star ascends the so-called Asymptotic Giant Branch (AGB).
In the intermediate-mass stars (2.5 < M < 8 Mg) higher temperatures are
reached when the stellar core contracts at the end of the MS. Therefore, the
He ignition is more softly in this case because it is produced before the needed
physics conditions to the electron gas turns degenerate. In addition, these stars
begin the HB without experiencing the He-flash after the H is exhausted in their
cores. Then, the intermediate-mass stars ascend to the AGB phase following
the same path that the low-mass stars, but the so-called 2"¢ dredge-up (SDU)
takes place during the early AGB (EAGB) phase, in which nuclear reactions
occur only in the surrounding He-burning shell, expanding again the stellar
envelope. During the SDU, that is experienced by stars with initial masses
higher than ~4 Mg at solar metallicity (this value depends on the theoretical

'The Coulomb repulsion is the repulsive force between two positive, or two negative
charges, as described by Coulomb’s law.
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Figure 1.2: Figure taken from Karakas & Lattanzio (2014), showing the stellar
structure of an AGB star. The electron-degenerate C-O core is surrounded
by a He-burning shell, a intershell region, a H-burning region and the deep
convective envelope. Note that the figure is not showed at scale.

model), the H shell is reached by the massive convective envelope, driving large
amounts of He and isotopes, such as N, to the stellar surface (Becker & Iben
1980). Later, while the energy from the He shell is decreasing, the star begins to
contract increasing the temperature and pressure of the plasma at the bottom
of the envelope and causing the ignition of the H shell (Becker & Iben 1979).
When the H shell losses fuel, the EAGB phase ends and the thermal pulse
(TP-AGB) phase starts.

The stellar structure in the AGB phase is shown in Figure 1.2. The star
is formed by an inert core of C-O and degenerate gas of electrons surrounded
by a He-burning shell and another H-burning shell. The burning shells are
separated by a He-rich intershell, and in turn, surrounded by an extended
convective envelope of H. Moreover, while the star is ascending the AGB a
stellar wind develops in the envelope, which produces strong mass loss that
can reach 10~* Myr~'. Due to this strong mass loss, in some cases the stars
at the end of the AGB phase are highly obscured in the optical by thick dust
envelopes, and those stars are only observed in the infrared (IR). The reason
is that the optical light is absorved by the circumstellar dust of the envelopes
and re-emitted at IR wavelenghts.

At the end of the AGB phase the stars experience also thermal pulses (TPs).
The TP-AGB phase is characterised by relatively long periods of quiescent
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1.2 Nuleosynthesis during the AGB 5

H-burning shell, known as interpulse phase, occasionally interrupted by He
ignition due to instabilities of the He-burning shell (the thermal pulse). The He-
burning is ignited at the base of the He-rich intershell region (Schwarzschild &
Hérm 1965), which is composed of material exposed to previous He-shell flashes
and the remains of H-burning shell that have been produced in the previous
interpulse phase. The huge amount of energy produced by the He-flash powers
a convective region from the He-burning shell to almost all the way to the H-
burning shell, homogenising abundances in this region. Once convection in the
intershell retreats, the energy from the He-shell flash is converted to mechanical
energy and all the outer layers expand and cool down. During the expansion,
the H-burning shell moves away from the core, cools down and nuclear reactions
cease (decay of the pulse). In between two consecutive TPs, the processed
material in the H-burning shell increases the mass of the He-rich intershell
until the new He-rich material reaches the pressure and temperature needed
to activate the triple-«v cycle in the inner He-shell, and a new TP is produced.
During the interpulse phase the convective envelope penetrates up to the limit
of the H-burning shell without important changes in the luminosity; however,
during the TP-phase the star experiences changes in the stellar luminosity and
radius after each TP. As a consequence of the energy excess generated by the
TP, it is produced convective transport of nuclear processed material from the
H-burning shell to the stellar surface while the envelope expands. This process
is the so-called 3¢ dredge-up (TDU). As a result of this penetration of the
convective envelope to zones rich in nuclear processed material, the chemical
composition of the stellar surface suffers important changes due to the dregde-
up of C, heavy elements and s-process elements. Following the TDU, the star
contracts, the H-burning shell is again ignited and begins a new interpulse
phase. The number of TPs and TDU episodes depend on the initial mass,
composition and mass-loss rate of the AGB star (see e.g. Iben & Renzini 1983;
Busso et al. 1999; Mowlavi 1999, 2002; Karakas & Lattanzio 2014).

1.2 Nuleosynthesis during the AGB

At the beginning of the life of the stars, they display the original C/O ratio
(C/0O < 1) composition of the interstellar medium (ISM), but during the TP-
AGB phase many TPs and dredge-up episodes mix '2C from the He intershell
into the envelope increasing the C/O ratio. For this reason, originally O-rich
AGB stars can turn into C-rich AGB stars (C/O > 1) and would explain the
observed spectral sequence from M- to C-type stars:

M-—MS—S—SC—C, (1.1)
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6 Chapter 1. Introduction

where M-type stars have C/O ~ 0.5, similar to the Sun, the MS-stars have M-
type C/O ratio and small s-elements overabundances ([s/Fe] ~ 0.3) in the stel-
lar surface, S-stars display C/O ~ 1 and strong overabundances of s-elements
([s/Fe] ~ 0.5), the SC-stars are C-rich stars, but their C/O ratio is still ~ 1,
with strong overabundances of s-elements ([s/Fe] ~ 0.5), and finally, the C-type
stars have C/O > 1 by definition (Wallerstein & Knapp 1998; Mowlavi 1999).

In addition, the AGB stars display slow-neutron elements (s-elements) in
their surface from the intershell region, which is composed of the material
processed in the H-burning shell (=98% “He and 2% 4N Karakas & Lattanzio
2014). These neutron-rich species (e.g. Zr, Y, Sr, Ba, Tc), heavier than Fe, are
formed by slow-neutron captures (compared with the 8-decay) in the interpulse
phase. During the TPs, some *He in the shell is converted into 2C throught
the triple-a process: 3%He — 12C, which is the main source of energy during
TPs, while the 12C(a, 7)1%0 reaction needs a reservoir of '2C for efficient
activation and is not important during the TPs. This process changes the
chemical composition of the intershell region, resulting in ‘He- and '2C-rich,
and a few percent of 160 (Karakas & Lattanzio 2014). Then, the inclusion of
overshooting into the C-O core enriches the 2C and 0 abundances in the
intershell (Herwig 2000), and the 2C can react with H to form '*C in the
interpulse phase. The 13C(a,n)160 reaction is an important neutron source,
and those neutrons can be captured by Fe nuclei and other heavy elements to
form s-elements that later are dregde-up to the stellar surface in the next TP
(Lambert et al. 1995; Abia et al. 2001; Busso et al. 2001; Karakas & Lattanzio
2014). Another neutron source is the 22Ne, which can be formed from N
throught the CNO cycle in the H-burning shell. The ?2Ne(a, n)?*Mg reaction
requires higher temperatures and produces higher neutron densities than the
13C(a,n)1%0 reaction, forming also very different isotopes (van Raai et al. 2012;
Fishlock et al. 2014).

1.2.1 Nucleosynthesis from hot bottom burning

The low-mass AGB stars in the range 1.5 < M < 4 Mg are C-rich stars?
(C/O > 1) because 12C is produced during the TP-AGB phase and carried to
the stellar surface via the TDU, turning 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 (HBB) process (e.g. Sackmann &
Boothroyd 1992; Mazzitelli et al. 1999). The mass limit to activate the HBB is

2In stars with M < 1.5 Mg the TDU is not activated and the stars remain O-rich. Note
that the range of masses is strongly dependent on the metallicity and theoretical model.
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Figure 1.3: Figure taken from Karakas & Lattanzio (2014), showing the "Li
surface enhancement during the TP-AGB phase for a M = 6 Mg at Z = 0.02
Monash model.

strongly model dependent. In the ATON models (Di Criscienzo et al. 2016) the
stellar mass needed to the HBB activation is M > 3-4 M at Z = 0.014, while
the Monash models (Karakas & Lugaro 2016), which use the mixing lenght
theory of convection (MLT; Bohm-Vitense 1958), predict a limit mass of M
> 4-5 Mg at Z = 0.014. On the other hand, the FRUITY? models (Cristallo
et al. 2015), that also use the MLT of convection but under the formulae from
Straniero et al. (2006), do not obtain the HBB activation at solar metallicity.

The characteristic temperature to activate the HBB at the base of the
convective envelope is extremely high, reaching values of the order or even
higher than 100 MK in massive AGB stars at subsolar metallicity (Karakas

3FUI-Network Repository of Updated Isotopic Tables and Yields: http://fruity.oa-
abruzzo.inaf.it/.
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8 Chapter 1. Introduction

& Lattanzio 2014). Once the temperature is high enough, the CN cycle is
activated and '2C is converted into >C and N via proton captures at the
base of the convective envelope, preventing the formation of a C-rich star
(Sackmann & Boothroyd 1992; Magzzitelli et al. 1999). First, '2C and °N
are destroyed by the CN cycle, and later, the isotopes %0 and 80 are also
destroyed to form N (Karakas & Lattanzio 2014). The HBB models also
predict the production of 7Li via the "Be transport mechanism (Cameron &
Fowler 1971). One of the chains in the Cameron-Fowler "Be transport mecha-
nism, *He(a,7)"Be(e™,v)"Li, predicts that Li should be detectable at the stellar
surface regions, at least for a short period of time, together with s-elements
(e.g. Rb, Zr, Ba, Tc, Nd, etc.) produced during the TP phase. Once the 3He
is depleted in the envelope, the “Li production stops. In Figure 1.3 the "Li evo-
lution at the stellar surface for a M = 6 Mg Monash model at Z = 0.02 during
the TP-AGB phase is shown. The effect of the HBB activation is that C/O < 1
during the TP-AGB phase and only increases when the HBB is shutting down
during the last TPs. The evolution of the 2C/13C ratio and N abundance are
clear signatures of the HBB. While the 2C/!3C ratio decreases at the beginning
of the TP-AGB phase and shows low values (12C/'3C ~ 3 for the M = 6 Mg
Monash model, at Z = 0.02) for most of the TPs, the N enhancement strongly
increases because primary 12C is mixed from the intershell by the TDU into the
envelope, producing N. The N/N ratio during the evolution reaches high
values (N/!°N > 10,000), near to the CN cycle equilibrium value. Finally,
the %0/'70 ratio increases during the TP-phase, and also the 60 /180, due
to the fact that almost all O is destroyed. However, the total O elemental
abundance does not experience a strong decay (Karakas & Lattanzio 2014).

The activation of the HBB is supported by spectroscopic observations of
massive O-rich AGB stars. First, the high Li enhancements observed in mas-
sive AGB stars at different metallicities demonstate the HBB activation in the
Galaxy (Fe/H = 0.0; e.g. Garcia-Herndndez et al. 2007a, 2013; Pérez-Mesa
et al. 2019), the Magellanic Clouds (Fe/H = —0.7-—0.3; e.g. Plez et al. 1993;
Smith et al. 1995; Garcia-Herndndez et al. 2009a) and the dwarf galaxy IC 1613
(Fe/H = —1.6; e.g. Menzies et al. 2015). Secondly, the high N abundances and
low 12C/13C ratios in massive Li-rich AGB stars in the Magellanic Clouds are
clear signatures of the HBB (e.g. Plez et al. 1993; McSaveney et al. 2007). In
addition, observations of type-1 planetary nebulae, at different metallicities in
different galaxies, which are expected to be the descendants of the HBB massive
AGB stars based on their strong N and He overabundances, support the HBB
activation in massive AGB stars (see e.g. Leisy & Dennefeld 1996; Stanghellini
et al. 2006; Karakas et al. 2009; Garcia-Rojas et al. 2016).

Este documento incorpora firma electrénica, y es copia auténtica de un documento electrénico archivado por la ULL segun la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente direccion https://sede.ull.es/validacion/

I dentificador del docunento: 2287186 Codigo de verificaci 6n: sPPqOWP

Firmado por: VICTOR PEREZ MESA Fecha: 18/11/2019 13:15:40
UNIVERSIDAD DE LA LAGUNA

Olga Maria Zamora Sanchez 20/11/2019 10:21:21
UNIVERSIDAD DE LA LAGUNA
DOMINGO ANIBAL GARCIA HERNANDEZ 20/11/2019 12:33:08

UNIVERSIDAD DE LA LAGUNA

241170



Universidad de La Laguna
Oficina de Sede Electréonica

Entrada

N° registro: 2019/105730
N° reg. oficina: OF002/2019/102241

Fecha:

18/11/2019 13:18:36

1.3 The slow neutron-capture process 9

1.3 The slow neutron-capture process

Most of the heavy nuclei with atomic masses larger than A > 56 in the universe
are formed by neutron capture onto abundant Fe-peak elements. There are two
main neutron capture processes: the slow neutron capture process (s-process)
and the rapid neutron capture process (r-process). The r-process occurs under
conditions of very high neutron densities (N,, > 10?° n cm™3); so the timescales
for neutron captures are much faster than the 5-decay rate of unstable isotopes
(Karakas & Lattanzio 2014). The extreme conditions for r-process can only
occur during supernovae explosions (e.g. Winteler et al. 2012), colliding neutron
stars (e.g. Korobkin et al. 2012) and black hole/neutron star mergers (Surman
et al. 2008). In contrast, the s-procees, which is responsable of the formation
of about half of elements heavier than Fe, occurs under relatively low neutron
densities (N, < 10'® n cm~3) and the timescale for neutron captures is generally
slower than the S-decay rates (Karakas & Lattanzio 2014). The AGB stars are
one of the sites of the s-process, so the rest of this section will be focused in
the s-process.

There are two neutron sources during the TP-AGB phase that produce the
free neutrons to form the s-elements:

N (a, v)BF(870)80(a, v)2Ne(a, n) Mg (1.2)

2C(p, 1) PN(0)*Cla, n)'°0 (1.3)

Historically, the 22Ne(a,n)?*Mg reaction was identified as a source of neu-
trons for AGB stars by Cameron (1960). From the CNO cycling, the intershell
region is rich in "N, which can experience o captures and forms ?’Ne during
a TP. Then, if the temperature reachs 3x10°% K, the 22Ne suffers « captures to
produce Mg and 2°Mg. During a convective TP, the 22Ne(a,n)? Mg reaction
releases free neutrons. This reaction operates more efficiently in massive (M >
4 Mg) AGB stars.

However, all the observations were historically compatible with low-mass
(M < 4 M) AGB stars, where the 3C(a,n)'%0 reaction should be the dom-
inant neutron source. For the efficient activation of the 3C(a,n)%0 reaction,
some '3C is needed in the intershell. Although some 3C is provided by the
CNO cycling during the previous interpulse phase, the amount of 13C is small
to account for the s-process enhancements observed in AGB stars (Gallino et al.
1998; Karakas et al. 2007). The extra !3C comes from the so-called 13C pocket
(Iben & Renzini 1982a), which is a thin layer rich in C and 'N. In order
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to reach the necessary amount of C to explain the s-element AGB abun-
dances, proton and « capture reactions are required in the He intershell, which
is blank of protons, so some protons are mixed from the convective envelope
into the top layers of the He intershell. Then, these protons react with 2C
that is abundant in the He intershell, to form 2C via the CN cycle reactions:
12C(p,v)BN(BTv)13C (Iben & Renzini 1982b). Finally, the *C(a,n)'0 reac-
tion is produced in radiative conditions before the beginning of the next TP
(Straniero et al. 1995). Therefore, the s-process ocurrs in the same layer than
the C pocket during the interpulse phase, turning this layer into s-clement
rich and in the next convective TP the material will be mixed in the intershell.

In short, the 22Ne(a,n)?*Mg reaction is the dominant neutron source in mas-
sive AGB stars and operates during the convective TPs, while in the low-mass
AGB stars the temperature is not high enough to active the ?>Ne(a,n)?’Mg
reaction and, as a consequence, the 13C(oz7n)160 reaction is the main source of
free neutrons in those stars, operating during the interpulse phase. The mass
limit for which the neutron source swicthes is ~ 4 Mg at Z = 0.02 (Goriely &
Siess 2004).

A different s-element pattern is expected depending on the dominant neu-
tron source. The 3C source, which operates on long timescales (103 years)
and lower neutron densities (< 107 n/cm?®), is responsible of the s-process reach-
ing isotopes (like Ba and Pb) beyond the first s-peak at Sr-Y-Zr. In contrast,
the 22Ne reaction, which operates on short timescales (=10 years) and higher
neutron densities (up to 1018 n/c1rn3)7 does not produce isotopes beyond the
first s-process peak (Gallino et al. 1998). In addition, the 22Ne neutron source
activates some key branching points that are not efficiently activated during
the operation of the C source. In particular, the produced Rb depends on the
probability of 85Kr and 8Rb capturing a neutron before decaying and acting
as branching points (see van Raai et al. 2012, for more details). The proba-
bility of this to happen depends on the local neutron density (Beer & Macklin
1989). Once the 35Kr and 8Rb branching points are open, the isotope 3’Rb
is strongly produced and the 8Rb/®Rb ratio is a direct indicator of the neu-
tron density at the production site. However, it is not possible to distinguish
individual 8"Rb and 8°Rb atomic lines from stellar spectra (Garcia-Herndndez
et al. 2006). In contrast, the relative abundance of Rb to other nearby s-
element, such as Zr (or Sr or Y) is very sensitive to the neutron density, and so
a good discriminant of the stellar mass and the neutron source at the s-process
site in AGB stars (Lambert et al. 1995; Abia et al. 2001; Garcia-Herndndez
et al. 2006; van Raai et al. 2012). For example, in low-mass AGB stars, where
the 13C(a,n)'%0 reaction is the dominant neutron source, [Rb/Zr] < 1 (Plez
et al. 1993; Lambert et al. 1995; Abia et al. 2001), while in more massive AGB
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1.4 The Rb problem in massive AGB stars 11

stars, where the 22Ne(a,n)? Mg reaction releases the free neutrons, [Rb/Zr] >
1 (Garcfa-Herndndez et al. 2006, 2007a, 2009a).

Moreover, the free neutrons from the 2>Ne reaction can also drive neutron
captures on the light elements, including the Ca isotopes. The total abun-
dance of Ca is predicted not to vary so much in AGB stars, roughly 10% (e.g.
Karakas & Lugaro 2016), but the isotopic composition of Ca can be affected,
mostly resulting in an overproduction of *6Ca relatively to the other Ca iso-
topes (see also Wasserburg et al. 2015). In addition, the radionuclide 4!Ca
(half-life of 0.1 Myr) can be produced and also carried up to the stellar surface
from the intershell region via the TDU, with maximum *Ca/4°Ca ratios at
the stellar surface of the order of 107 (see e.g. Trigo-Rodriguez et al. 2009;
Lugaro et al. 2012, 2014). The 4!Ca isotope is destroyed by neutron captures
via 41Ca(n,a)®Ar and #'Ca(n,p)*' K, but all of these interaction channels are
uncertain (see Lugaro et al. 2018, for a discussion), so the production of HCa
could in principle lead to a decrease in the total Ca abundance. In any case,
the cross section of the main production channel of 4!Ca, the 4°Ca(n,y)*!Ca
reaction is well determined (Dillmann et al. 2009), so we do not expect major
changes in the predictions from the models if any of the input physics related
to 41Ca is modified.

1.4 The Rb problem in massive AGB stars

As we mentioned above, the 2?Ne(a,n)?*Mg reaction favors the production of
8TRb because of the operation of branching points at 3Kr and 86Rb. At high
neutron density, other radioisotopes such as %Fe and 4! Ca are also efficiently
overproduced as well as other isotopes like %Zr. The [Rb/Zr] ratio is a powerful
indicator of the neutron density and, as such, is a good indicator of the stellar
mass in AGB stars. Observationally, [Rb/Zr] < 0 is found in low-mass AGB
stars (Plez et al. 1993; Lambert et al. 1995; Abia et al. 2001), while more
massive AGB stars display [Rb/Zr] > 0 (Garcia-Hernéndez et al. 2006, 2007a,
2009a).

Garcia-Herndndez et al. (2006) studied for the first time a sample of the
more massive and O-rich AGB stars of our Galaxy. These stars displayed strong
Rb overabundances and confirmed the activation of the 2?Ne neutron source in
massive AGB stars. The AGB nucleosynthesis models (e.g. van Raai et al. 2012)
can reproduce the observed correlation between the Rb abundances and the
stellar mass showed in Garcia-Herndndez et al. (2006) but they cannot explain
the extremely high Rb abundances seen in the more extreme stars. In addi-
tion, Rb-rich AGB stars were also found in other Galaxies such as the MCs and
those stars displayed extremely high Rb abundances and low Zr abundances, so
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extraordinary high [Rb/Zr] > 3-4 dex ratios were derived (Garcia-Herndndez
et al. 2009a). Thus, the Rb problem had two parts: the extremely high Rb
overabundances and the large [Rb/Zr| ratios. The standard theoretical models
qualitatively described the observations of Rb-rich AGB stars in both the MCs
and our Galaxy, in the sense that increasing Rb abundances with increasing
stellar mass and decreasing metallicity were theoretically predicted (van Raai
et al. 2012). However, the standard theoretical models were far from matching
the observational results and, in the framework of the s-process, it was not
possible to overproduce Rb without co-producing Zr at similar levels. A way
to produce more Rb was the delay of the superwind phase in the more massive
AGB stars (Karakas et al. 2012). Indeed, massive AGB stars with delayed
superwinds can produce more Rb than the standard models; however, the de-
layed superwinds co-produced more Zr. There were two possible explanations
for the Rb problem: (i) the high Rb and [Rb/Zr] ratios are real, then an un-
known nucleosynthesis process is at work in the more luminous and extreme
AGB stars; (ii) the extremely high Rb enhancements and [Rb/Zr] ratios are
artifacts of the abundance analysis; i.e. the adopted model atmospheres (with
hydrostatic equilibrium and LTE) likely fail to represent the real stars. More
realistic model atmospheres (e.g. models including a circumstellar envelope)
are needed to address the discrepancy observed.

1.4.1 New pseudo-dynamic models

Zamora et al. (2014) developed more realistic model atmospheres for extreme
AGB stars. For this, Zamora et al. (2014) considered the presence of a gaseous
circumstellar envelope with a radial wind. A modified version of the spectral
synthesis code Turbospectrum (Alvarez & Plez 1998; Plez 2012) was used to
deal with extended atmosphere models and velocity fields. In these models,
scattering is only included for the continuum, an approximation that is con-
sistent with complementary Monte Carlo simulations. In addition, the new
pseudo-dynamic models are constructed from the original MARCS hydrostatic
model, expanding the atmospheric radius by the inclusion of a wind out to
about 5 stellar radii, with a radial velocity field in spherical symmetry. More-
over, the stellar wind is computed under the assumptions of mass conservation
(Eq. 1.4) and radiative thermal equilibrium (Eq. 1.5), following a classical
B-velocity law (Eq. 1.6),

(1.4)
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1.5 The Rb problem in massive AGB stars 13
rT? = constant = 1Ty, (1.5)

R.\"’
v(r) = vo + (Voo — v0) (1 - 7) (1.6)

where R, is the radius corresponding to r(7ress = 1), r is the distance from the
centre of the star and Tgoss is the Rosseland optical depth?. In Eq. 1.4, p(r)
is the density at the envelope radius r, M is the mass-loss rate and v(r) is the
velocity of the envelope, which is calculated by means of Eq. 1.6. In Eq. 1.6, vg
is a reference velocity for the beginning of the wind and S is an arbitrary free
parameter. Zamora et al. (2014) takes vy = v(R,) for the onset of the wind and
the extension of the envelope begins from the outer radius of the hydrostatic
model. Using Eq. 1.5 the envelope is extended, layer by layer, out to the
distance 7,4, which corresponds to the maximum radius in our calculations,
with Ty = 1000 K. Turbospectrum cannot compute lower temperatures due
to numerical reasons (see Zamora et al. 2014, for more details).

By using the new extended atmosphere models, Zamora et al. (2014) prelim-
inarly determined the Rb and Zr abundances in five representative O-rich AGB
stars with different expansion velocities and metallicities. The new pseudo-
dynamical models reproduced the profiles (photospheric and circumstellar com-
ponents) of the observed resonant 7800 A Rb I line much better than the cla-
ssical hydrostatic models. In addition, the main result of that work is that
the effect of the circumstellar envelope is dramatic and the derived Rb abun-
dances are much lower (by 1-2 dex) in those O-rich AGB stars showing the
higher circumstellar expansion velocities. However, the Zr abundances remain
close to the hydrostatic values because the 6474 A ZrO bandhead is formed
deeper in the atmosphere and is less affected than the Rb I line. In summary,
the preliminary Rb abundances and [Rb/Zr| ratios derived in Zamora et al.
(2014) are in good agreement with the massive AGB nucleosynthesis models
and would resolve the problem of the mismatch between the observations of
massive Rb-rich AGB stars and the theoretical predictions (see Zamora et al.
2014, for more details). One of the goals of this thesis is to study the effect
of the circumstellar envelope on the Rb and Zr abundances in a larger sam-
ple of massive Galactic AGB stars, to explore possible circumstellar effects in
the abundance determination of other elements (e.g. Li and Ca) and also the
extension to molecular and atomic lines (CN, CO, OH) on the near-IR.

4The particularity of this optical depth is that uses a temperature derivatives of the Plack
distribution as the weighting function.
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1.5 CNO isotopic ratios and presolar grains

The CNO isotopic ratios, which are indicators of the nucleosynthesis processes
experienced by the stars during their evolution, are a complementary way to
prove the HBB effects in massive AGB stars. Moreover, the advantage of the
isotopic ratios over the elemental abundances is that they are less dependent
on variations of the stellar parameters and their determination is more robust.
In addition, the AGB stellar wind of low- and intermediate-mass stars, to-
gether with the supernovae explosions of massive stars, are the main sources
of enrichment of the ISM and also the origin of the vast majority of meteoritic
stardust grains (Hoppe & Ott 1997; Nittler et al. 1997; Lugaro et al. 2017).
The composition of the material ejected by the AGB star depends on the ini-
tial stellar composition, nuclear processing and mixing of the stellar material
over the lifetime of the star (Hinkle et al. 2016). The abundances produced in
the AGB phase are very important in the condensation of circumstellar dust
around these stars, and that dust is the origin of the majority of interstellar
grain nuclei (Gehrz 1998). The interstellar grains from the AGB stellar wind
have been conserved in meteorites, which can be analyzed at the laboratory in
order to measure the isotopic ratios of C and O in the presolar grains. This
allows a direct comparison between the isotopic ratios from the interstellar dust
and AGB stars.

The isotopic ratios measured in the atmospheres of AGB stars are modi-
fied by the CNO cycle, He-burning and mixing processes that occur in the
stellar interior over the lifetime of the star (e.g. Dearborn 1992). The material
produced by the nucleosynthesis processes can be dredged-up at the surface
due to deep mixing, resulting in important modifications of the surface isotopic
abundances of C and O. For example, in the FDU (when the stars leave the
MS and approches the RGB) and SDU (during the early-AGB phase for M >
4 M) the material previously exposed to the CNO cycle is mixed and brought
to the stellar surface (Hinkle et al. 2016). Moreover, the TPs during the TP-
AGB phase and the TDU during the late AGB phase bring fresh material to
the surface. In addition, in the more massive AGB stars (M > 4-5 Mg) the
HBB process is activated when the temperature at the base of the convective
envelope is high enough to activate the CNO cycle and the combination of this
nuclear burning and convective mixing cause important changes in the isotopic
ratios at the stellar surface.

Presolar grains show clear signatures of the nucleosynthesis and mixing
process ocurred in the parent stars (Zinner 1998). Figure 1.4 shows the O
isotopic ratios for presolar oxide and silicate grains, separated into Groups
following the Nittler et al. (1997) definitions. Among them, the majority show
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Figure 1.4: O isotopic ratios in presolar oxide (circles) and silicate (squares)
grains (see Nittler et al. 2008, for data source). The dashed lines show the solar
values for the 170 /10 and 80 /190 isotopic ratios and the ellipses indicate the
different grain Groups defined by Nittler et al. (1997).
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170 excesses and slight to strong 80 depletions, characteristic of H-burning by
the CNO cycles, and are believed to originate in the wind of AGB stars (Nittler
2009). The 7O excesses in Group I population is characteristic of the FDU
in red giant stars of M ~ 1-3 Mg and their origin is attributed to the O-rich
phases of the AGB (Lugaro et al. 2017). The relatively small 7O excesses
displayed by Group III grains can also be explained by AGB stars of low mass
(M < 1.2 Mg) and metallicity, because lower-metallicity stars are expected to
have formed with lower abundances of the 7O and 80 isotopes and the FDU
only has a minor impact on the surface O isotopic composition in such low-
mass stars (Nittler et al. 1997; Nittler & Cowsik 1997). The difference between
the O isotopic distribution of the Groups I and III is easily explained by a
combination of Galactic chemical evolution (GCE) and dredge-up models (see
Nittler 2009, for more details). In contrast, the ¥O enrichment displayed by
Group IV grains is strongly supportive of a supernova origin for the majority
of these grains, which is also the most likely origin for the grains of the Group
11T with strong 17O depletion (see e.g. Messenger et al. 2005; Nittler et al. 2008;
Vollmer et al. 2008).

The Group I grains, like the Group I ones, display excesses in 7O but also
a high depletion of O, resulting in ¥0 /160 ratios that are up to two orders
of magnitude lower than the solar value (Lugaro et al. 2017). The '70/160
ratios are mainly set by the FDU and depend strongly on the stellar mass
with only a mild dependence on the initial composition. However, the 180/60
ratios are only affected about ~ 20% by the FDU, so that the larger variations
found in the 80/!60 ratios must reflect variations in the initial composition
and/or additional processing through cool bottom processing (CBP; Nollett
et al. 2003; Palmerini et al. 2011). The CBP is a process in which extra mixing
is experienced below the bottom of the convective envelope in low-mass AGB
stars. In this scenario, material from the bottom of the convective envelope
penetrates into the thin radiative region between the base of the convective
envelope and the top of the H-burning shell, where the temperature and density
increase steeply with mass depth and proton captures can ocurrs (Lugaro et al.
2017). The main differences between the HBB and the CBP are: (i) the HBB
takes place in massive AGB stars and the CBP in low-mass AGB stars; (ii) the
material is processed at higher temperatures in the HBB (60-80 MK) than in
the CBP (40-55 MK); (iii) mixing occurs via convection in the case of HBB,
while non-convective extra mixing is needed in the CBP case (Lugaro et al.
2017).

While the origin of the Group I grains is well understood and attributed
to low-mass AGB stars, the hypothesis on the site of formation for Group II
grains are still tentative. One possible candidate could be the massive AGB
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stars, which generate large amounts of dust and are expected to have con-
tributed around half of the O-rich dust of AGB origin in the Solar System as
based on current models of Galactic dust evolution (Gail et al. 2009; Zhukovska
et al. 2015). However, although the Group II grains show the highly depleted
180 /160 ratios, qualitatively expected from HBB, no stardust grains have been
found to show the 170 /100 ratios predicted by the HBB using the available re-
action rates (Iliadis et al. 2010). Thus, it is suggested that the origin of Group
II grains are AGB stars of low mass (M < 1.5 M), which did not dredge-up
enough amounts of C to become C-rich but the star experienced CBP. How-
ever, at the temperatures typical of CBP (40-55 MK), only the higher 170 /160
ratios observed in Group II grains are usually reproduced (Lugaro et al. 2017).

Recently, Lugaro et al. (2017) showed that the increased proton-capture rate
of 170 (as reported by the Laboratory for Underground Nuclear Astrophysics,
LUNA), at typical temperatures of CBP (40-55 MK), the new rate only repro-
duces the lowest 170 /100 ratios observed in Group II grains, but at the higher
typical temperatures of HBB (60-80 MK), the new rate can reproduce most
of the observed range of 70/'0 ratios, in well agreement with the expected
signature of HBB in stardust grains. The Lugaro et al. (2017) result is ro-
bust because any AGB model experiencing HBB, and with temperatures in the
range 60-80 MK, produces 170/0 ratios in good agreement with the values
observed in most Group II grains. However, these theoretical results have not
been confronted with observations of truly massive AGB stars in our Galaxy
because the few previous works about the CNO isotopic ratios in evolved mas-
sive AGB stars had problems modelling the spectra of such extreme and dusty
stars or the studied giant stars did not show evidences for HBB. This is thus
other of the ain objectives of this thesis: to derive for the first time, by spectral
synthesis, the CNO isotopic ratios in truly massive AGB stars at the beginning
of the TP phase and compare those CNO abundances with theoretical mod-
els and the presolar grains database. This is because such stars may display
simpler spectra (less affected by circumstellar dust and should be more easy
to model) and already show the strong effects of the HBB (Garcia-Herndndez
et al. 2013).

1.6 Outline of this thesis
This thesis is mainly based on three articles, two of them already published
and the third one will be submitted soon for publication. The manuscript is

organized as follows:

e In Chapter 2, we report new Rb and Zr abundances in a sample (21) of
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18 Chapter 1. Introduction

massive Galactic AGB stars, previously studied with hydrostatic models,
by using more realistic extended model atmospheres in order to confirm
the 22Ne neutron source and try to resolve the Rb problem in massive
AGB stars.

e In Chapter 3, we extend the study of the circumstellar effects to the Li
and Ca abundances in a larger sample (30) of massive Galactic O-rich
AGB stars. The Li abundances had previously been determined with
hydrostatic models, while the Ca abundances are obtained here for the
first time. The objective is to confirm/discard if the Li-rich (and super Li-
rich, in some cases) character of the sample stars supports the activation
of the HBB process in massive Galactic AGB stars.

e In chapter 4, we obtain for the first time, by spectral synthesis, the
CNO eclemental and isotopic ratios (e.g. 2C/13C, “N/N, 160/170 and
160/180) in a small sample (5) of truly massive Galactic AGB stars at
the beginning of the TP phase. In addition, we study in the near-IR how
the CNO elemental/isotopic abundances are affected by the presence of
a circumstellar envelope with a radial wind. Moreover, we compare the
derived CNO elemental abundances and isotopic ratios with AGB nucle-
osynthesis predictions and presolar grains data in order to try to find the
site of the origin of the Group II grains.

e Finally, we give a summary of the conclusions reached in this thesis in
Chapter 5 and list directions for future work in Chapter 6.
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Rb and Zr circumstellar abundances
in massive Galactic AGB stars

Based on
V. Pérez-Mesa et al. 2017, A&A, 606, A20

ABSTRACT - Luminous Galactic OH/IR stars have been identified as mas-
sive (M > 4-5 M) AGB stars experiencing hot bottom burning (HBB) and Li
production. Their Rb abundances and [Rb/Zr| ratios, as derived from classical
hydrostatic model atmospheres, are significantly higher than predictions from
AGB nucleosynthesis models, posing a problem for our understanding of AGB
evolution and nucleosynthesis. We report new Rb and Zr abundances in a sam-
ple of massive Galactic AGB stars, previously studied with hydrostatic models,
by using more realistic extended model atmospheres. We confirm that the use
of extended atmosphere models can solve the discrepancy between the AGB
nucleosynthesis theoretical models and the observations of Galactic massive
AGB stars.

2.1 Introduction

The more massive AGB stars(Herwig 2005; Karakas & Lattanzio 2014) are
intermediate-mass (4 < M < 8 Mg) stars, and are O-rich (C/O < 1) because
the HBB process is activated. Through the CN cycle via proton captures
at the base of the convective envelope, HBB converts 2C into 3C and N,

19
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preventing the formation of a C-rich star (C/O > 1) (Sackmann & Boothroyd
1992; Mazzitelli et al. 1999).

The s-process allows the production of neutron-rich elements heavier than
iron (s-elements such as Sr, Y, Zr, Ba, La, Nd, Tc, etc.) by the s-process.
In the low-mass AGB stars (M < 4 Mg), the ¥C(a, n)'0 reaction is the
dominant neutron source (e.g. Abia et al. 2001). In the more massive AGB
stars, instead, neutrons are mainly released by the 22Ne(a, n)25Mg reaction,
resulting in a higher neutron density (up to 103 n/em?®) and temperature
environment than in lower-mass AGB stars (Garcia-Herndndez et al. 2006).
The Rb produced depends on the probability of the 3Kr and 86Rb capturing
a neutron before decaying and acting as branching points (see van Raai et al.
2012, for more details). The probability of this happening depends on the
local neutron density (Beer & Macklin 1989). The 8Rb/85Rb isotopic ratio is
a direct indicator of the neutron density at the production site but it is not
possible to distinguish individual 3’Rb and ®Rb from stellar spectra (Garcia-
Herndndez et al. 2006). However, the relative abundance of Rb to other nearby
s-process elements such as Zr is very sensitive to the neutron density, and so a
good discriminant of the stellar mass and the neutron source at the s-process
site (Lambert et al. 1995; Abia et al. 2001; Garcia-Herndndez et al. 2006; van
Raai et al. 2012). In other words, [Rb/Zr]<0 is observed in low-mass AGB
stars where the main neutron source is the *C(a, n)!%0 reaction (Plez et al.
1993; Lambert et al. 1995; Abia et al. 2001), while [Rb/Zr]>0 is observed in
more massive AGB stars, where the neutrons are mainly released through the
22Ne(a, n)?*Mg reaction (Garcfa-Herndndez et al. 2006, 2007a, 2009a).

Chemical abundance analyses using classical MARCS hydrostatic atmo-
spheres (Gustafsson et al. 2008) revealed strong Rb overabundances (~10°-
105 times solar) and high [Rb/Zr] ratios (> 3-4 dex) in massive AGB stars
(generally very luminous OH/IR stars) of our own Galaxy and the Magellanic
Clouds (MC; Garcia-Herndndez et al. 2006, 2007a, 2009a). This observation-
ally confirmed for the first time that the 22Ne neutron source dominates the
production of s-process elements in these stars. However, the extremely high
Rb abundances and [Rb/Zr] ratios observed in most the massive stars (and
especially in the lower-metallicity MC AGB stars) have posed a Rb problem;
such extreme [Rb/Fe] and [Rb/Zr] values are not predicted by the s-process
AGB models, (van Raai et al. 2012; Karakas et al. 2012), suggesting fundamen-
tal problems in our present understanding of AGB nucleosynthesis and/or of
the complex extended dynamical atmospheres of these stars (Garcia-Herndndez
et al. 2009a).

Zamora et al. (2014) constructed new pseudo-dynamical MARCS model at-
mospheres by considering the presence of a gaseous circumstellar envelope with
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2.3 Sample and observational data 21

a radial wind and applied them to a scriptsize sample of five O-rich AGB stars
with different expansion velocities and metallicities. The Rb abundances and
[Rb/Zr] ratios obtained were much lower than those obtained with classical
hydrostatic models; in better agreement with the AGB nucleosynthesis theo-
retical predictions. In this chapter, we use the Zamora et al. (2014) pseudo-
dynamical model atmospheres to obtain the abundances of Rb and Zr in the
sample of massive Galactic AGB stars previously analysed with hydrostatic
models (Garcia-Herndndez et al. 2006, 2007a). These Rb and Zr abundances
are then compared with the more recent AGB nucleosynthesis theoretical pre-
dictions available in the literature.

2.2 Sample and observational data

Our sample is composed of 21 massive Galactic AGB stars (most of them very
luminous OH/IR stars) previously analysed by Garcia-Herndndez et al. (2006,
2007a); we use their high-resolution (R ~40,000—50,000) optical echelle spec-
tra (we refer to Garcia-Herndndez et al. 2006, 2007a, for further observational
details)!. The signal-to-noise (S/N) ratios achieved in the reduced spectra vary
greatly from the blue to the red (typically ~ 10-20 at 6000 A and >100 at 8000
A. The Rb and Zr abundances were determined from the resonant 7800 A Rb
I line and the 6474 A ZrO bandhead, respectively, by using classical MARCS
hydrostatic model atmospheres (Garcia-Herndndez et al. 2006, 2007a). The
Rb abundances and [Rb/Zr] ratios obtained from this chemical analysis are
mostly in the range [Rb/Fe]~0.6—2.6 dex and [Rb/Zr|~0.1—2.1 dex. The at-
mospheric parameters and Rb abundances derived with the hydrostatic models
as well as other useful observational information like the OH expansion velocity,
variability period, and the presence of Li are listed in Table 2.1.

2.3 Chemical abundance analysis using pseudo-dynamical mod-
els

2.3.1 Modified version of the Turbospectrum spectral synthesis code

We used the v12.2 modified version of the spectral synthesis code Turbospectrum
(Alvarez & Plez 1998; Plez 2012), which considers the presence of a circum-
stellar gas envelope and a radial wind, as modified by Zamora et al. (2014).

!The high-resolution spectra were obtained using the Utrecht Echelle Spectrograph (UES)
at the 4.2 m William Herschel Telescope (La Palma, Spain) and the CAsegrain Echelle SPEC-
trograph (CASPEC) of the ESO 3.6 m telescope (La Silla, Chile) during several observing
periods in 1996-97 (see Garcia-Herndndez et al. 2007a).
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Table 2.1: Atmosphere parameters and Rb abundances (as derived using hy-
drostatic models) and other selected observational information.

i N
IRAS name 7&{{ log g ?iﬁf}?}g I;;;;(;C)l Lithium [Rb/Fe]static at jé()() i
01085+3022 3000* —0.5 13 560 yes 2.0 49
04404—7427 3000 —0.5 8 534 1.3 68
05027—2158 2800 —0.5 8 368 yes 0.4 418
05098—-6422 3000 —0.5 6 394 no 0.1 309
0515146312 3000 —0.5 15 no 2.1 161
0630046058 3000 —0.5 12 440 yes 1.6 127
07222—2005 3000 —0.5 8 1200 0.6 30
09194—4518 3000 —0.5 11 1.1 25
10261—-5055 3000 —0.5 4 317 no < -1.0 595
14266—4211 2900 —0.5 9 389 no 0.9 106
1519343132 2800 —0.5 3 360 no —-0.3 266
15576—1212 3000 —0.5 10 415 yes 1.5 91
16030—5156 3000 —0.5 7-14 579 yes 1.3 86
1603744218 2900 —0.5 4 360 no 0.6 115
17034—1024 3300 —0.5 3-9 346 no 0.2 189
18429—-1721 3000 —0.5 7 481 yes 1.2 98
19059—-2219 3000 —0.5 13 510 2.3 32
1942644342 3000 —0.5 9 1.0 19
20052+0554 3000* —0.5 16 450 yes 1.5 47
20077—-0625 3000 —0.5 12 680 1.3 19
20343—-3020 3000 —0.5 8 349 no 0.9 76

Notes. The stellar parameters, Rb abundances, OH expansion velocities, variability
periods and presence of Li are collected from Garcia-Herndndez et al. (2006, 2007a)
(and references therein). The asterisks indicate that the best fitting T.;p in the
ZrO 6474 A spectral region is warmer (3300 K) than that around the Rb I 7800 A
line (Garcia-Herndndez et al. 2006, 2007a). Two stars (IRAS 16030—5156 and IRAS
17034—1024) only display the blue-shifted 1612 MHz OH maser peak and we list the
range of OH expansion velocities shown by other stars with similar variability periods
(Garcia-Hernandez et al. 2007a).
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2.3 Chemical abundance analysis using pseudo-dynamical models 23

The main modifications are the following: (i) The Doppler effect due to the ex-
tended atmosphere and velocity field is introduced in the routines that compute
the line intensities at the stellar surface; (ii) the source function of the radiative
transfer is assumed to be the same as computed in the static case (Gustafsson
et al. 2008). The validity of this approximation was tested by comparing with
Monte Carlo simulations (see Zamora et al. 2014); (iii) The scattering term
of the source function (o o)Jy) is not shifted to save computing time and is
only incorporated for the continuum. This scattering term is computed as in
the static case using the Feautrier method (Nordlund 1984; Gustafsson et al.
2008); and (iv) the velocity field is taken into account through a shift of the
absorption coefficient k); the source function is built using the static o)Jy and
the shifted x)B). The emerging intensity is then computed in the observer
frame by a direct quadrature of the source function.

2.3.2 Extended atmosphere models

For the analysis of each star in our sample, we adopted the atmosphere pa-
rameters from Garcia-Herndndez et al. (2006, 2007a), the solar reference abun-
dances by Grevesse et al. (2007) and the pseudo-dyncamic models constructed
by Zamora et al. (2014) and described in Chapter 1. The input parameters
needed to generate the synthetic spectra are: the effective temperature T/,
surface gravity logg, stellar mass M, metallicity z, microturbulent velocity &,
and C/O ratio, while the output parameters are the chemical abundances of the
elements of our interest. In addition, the synthetic spectra are convolved with
a gaussian profile which accounts for the instrumental profile and the large-
scale motions expected in the stellar atmosphere (macroturbulence, rotation,
etc.). The best set of input parameters are selected by comparing the synthetic
spectra with the observations at different wavelenghts regions, until a good set
of stellar parameters describes the atmosphere of the star Garcia-Hernandez
et al. (2006, 2007a).

2.3.3 Resulting grids of synthetic spectra

The synthetic spectra are generated with the modified version of Turbospec-
trum by using the extended pseudo-dynamical model atmospheres as input.
We constructed a mini-grid of synthetic spectra for each sample star by adopt-
ing the atmospheric parameters (e.g. effective temperature, macroturbulence?)

2The synthetic spectra are convolved with a Gaussian profile (with a certain FWHM

typically between 250 and 400 mA) to account for macroturbulence as well as instrumental
profile effects.
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Figure 2.1: Velocity vs. distance from the star in four of our AGB wind models.
These velocity laws present different expansion velocities vegzp(OH), mass-loss
rates M, and S exponents. The effective temperature T,y = 3000 K, gravity
log g = —0.5 and the solar chemical composition are the same in all models.

from Garcia-Herndndez et al. (2006, 2007a). Basically, the stellar mass, gravity
log g, microturbulent velocity &, metallicity [Fe/H], and C/O ratio are fixed to
2 Mg, —0.5 dex, 3 kms™!, 0.0, and 0.5 dex, respectively (we refer to Garcia-
Hernédndez et al. 2007a, for more details). On the other hand, for the mass-loss
rate M and the exponent 3, we use values in the range M ~ 10~9—10"6 Mg yr—!
in steps of 0.5 x 1071 Muyr~! and the range 8 ~ 0.2 — 1.6 in steps of 0.2. We
have not considered the case where 8 = 0.0 because the expansion velocity
would be constant at any r. We assume the OH expansion velocity (vezp(OH);
see Table 2.1) as the terminal velocity because the OH maser emission is found
at very large distances from the central star (e.g. Decin et al. 2010). Figure 2.1
shows examples of the S-velocity laws used in our pseudo-dynamical models
based on the MARCS hydrostatic models. Finally, for the Rb and Zr abun-
dances, we used [Rb/Fe]~ —2.6 to +3.0 dex, and [Zr/Fe]~ —1.0 to +1.0 in
steps of 0.1 and 0.25 dex, respectively.

The resulting mini-grid (~4400 models) is compared to the observed spec-
trum in order to find the synthetic spectrum that best fits the 7800 A RDb I line
and the 6474 A ZrO bandhead profiles and their adjacent pseudocontinua. In
order to obtain the best fits, we made use of a procedure based on the com-
parison between synthetic and observed spectra, while in Zamora et al. (2014)
the observed spectra were fitted by eye. The method is a modified version of
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2.3 Chemical abundance analysis using pseudo-dynamical models 25

the standard 2 test,

N

- 9 [Yobs; — Ysynthi(xy...xpr)]?
= = 2.1
X X° X w <;1 Yobs, X w, (2.1)

where Yobs; and Y synth; are the observed and synthetic data points, respec-
tively, with IV the number of data points, and M the number of free parameters.
On the other hand, w is a vector that gives a stronger weight to the detailed
spectral profiles of the Rb I line and the ZrO bandhead. This way, the lowest
value of x%* gives us the best fitting synthetic spectrum from the mini-grid for
each sample star.

The use of the x** test to find the best fits to the observed spectra re-
veals the presence of important degeneracies in the resulting grids of pseudo-
dynamical synthetic spectra; that is, very similar synthetic spectra are obtained
from different sets of wind parameters (more details below). Moreover, in
some cases (IRAS 04404—7427, IRAS 05027—2158, IRAS 05098—6422, IRAS
0630046058, TRAS 10261—5055, TRAS 18429—1721, IRAS 19059—2219 and
TRAS 20343—3020) the use of the x2* test is not enough for obtaining the syn-
thetic spectrum that best reproduces the observed one and the best fits have
to be found by eye. Unfortunately, the wind model parameters M and 3 are
generally not known for stars in our sample (see below), complicating the abun-
dance analysis. Thus, here we study the sensitivity of the synthetic spectra and
the abundance results to variations of the stellar and wind parameters.

2.3.4 Sensitivity of the synthetic spectra to variations of the model
parameters

Here, we analyse how the variations in stellar (T.sf) and wind (M, B and
Vezp(OH)) parameters influence the output synthetic spectra. Figures 2.2 and
2.3 show examples of synthetic spectra for different stellar and wind parameters
in the spectral regions around the 7800 A RDb I line and 6474 A ZrO bandhead,
respectively. We note that the fraction of the absortion at 7800 A due to other
species (e.g. TiO) is typically around 20%. We indicate, however, that this has
a minor effect in the Rb abundances derived as compared with the sensitivity
of the Rb abundances to variations of the stellar and wind parameters. Also,
the TiO molecule (the main contributor) is one of the best known molecules to
date (McKemmish et al. 2019), as it can be see from our excellent fits to the
numerous TiO lines present in our optical spectra.

The Rb I line profile is very sensitive to the wind mass-loss rate M (espe-
cially for M > 108 Meyr~!); the Rb I line is significantly deeper and blue-
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Figure 2.2: Illlustrative examples of synthetic spectra for different stellar (T )
and wind (M, 8, and vegp(OH)) parameters in the spectral region around the
7800 A Rb I line. The black vertical line indicates the position of the 7800
A Rb I line.

shifted with increasing M (Figure 2.2, top-left panel). However, the Rb I line
profile is much less sensitive to changes of the wind velocity-law (/5 parameter);
being only slightly deeper with increasing 8 (Figure 2.2, bottom-left panel).
In addition, for 8 values higher than ~1.2 (shallower velocity profiles), the Rb
I line profile is not sensitive to variations of the expansion velocity veq,(OH)
because the velocity profiles are very similar in our extended model atmosphere
(up to ~10' cm; see Figure 2.1). Variations in the expansion velocity ves,(OH)
mainly affect the blue-shift of the Rb I line and, in addition, for large veq,(OH)
values the core of the Rb I line is less deep (Figure 2.2, bottom-right panel).
Finally, the Rb I absorption line is stronger with decreasing effective tempera-
ture Tesy (as expected; Figure 2.2, top-right panel) but this time the wealth of
TiO molecular lines and the pseudo-continua are also affected. We note that
all these effects (variations in the Rb I profile in terms of depth and blue-shift)
are more evident for extreme mass-loss rates (M > 1077 Mgyr—!) and higher
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Figure 2.3: Tllustrative examples of synthetic spectra for different stellar (T s)
and wind (M, 3, and Vezp(OH)) parameters in the spectral region around the
6474 A ZrO bandhead. The black vertical line indicates the position of the
6474 A ZrO bandhead.

Rb abundances ([Rb/Fe|] > 0.4 dex).

On the other hand, the ZrO bandhead profile is not sensitive to the wind
parameters M, f3, and Vexp(OH) (see Figure 2.3; top-left, bottom-left, and
bottom-right panels, respectively). The ZrO bandhead profile (as well as the
adjacent TiO lines and pseudo-continuum) are, again as expected, stronger
with decreasing Tesp (Figure 2.3, top-right panel). This is because ZrO is
formed deeper than Rb I in the atmosphere, being much less affected by the
circumstellar envelope and radial wind.

2.4 Abundance results

As we have mentioned above, there are important degeneracies in the resulting
mini-grids of synthetic spectra for each star. Two synthetic spectra with the
same T,s¢, logg and veep(OH), but different 5, M, and [Rb/Fe] abundances
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could be practically identical in spite of the different wind parameters. This
complicates the abundance analysis because the wind model parameters M and
[ are generally not known for stars in our sample. In any case, we can use some
observational constraints and previous results on a few similar OH/IR stars to
limit the possible variation range of these wind parameters (in particular for
the mass-loss rates M, see below).

Just for a few stars in our sample there are available values of mass-loss
rates, M , from infrared spectra (see Table 2.2). However, these mass-loss rates
M from 60 pm flux measurements are sistematically larger than those obtained
from our fits, except for IRAS 05027—2158, where the order of magnitude of
the mass-loss rates M is the same. In addition, by using multiple rotationally
excited lines of both 2CO and '*CO, De Beck et al. (2010) provide accurate
mass-loss rates M for a large sample of Galactic AGB stars. Unfortunately,
only one star (IRAS 20077—0625) from our present sample of Rb-rich OH/IR
massive AGB stars is included in their work and we cannot fit this star with
our pseudo-dynamical models (see below). There are seven massive AGB stars
of OH/IR type (WX Psc, V669 Cas, NV Aur, OH 26.540.6, OH 44.8—2.3,
IRC —10529 and OH 104.9+2.4) previously studied in the optical by Garcia-
Herndndez et al. (2007a). Their variability periods and mass-loss rates range
from 552 to 1620 days® and from 1.8x107% Muyr~! to 9.7x1076 Mgyr~1,
respectively. Interestingly, all these stars are extremely obscured in the op-
tical, being too red or without optical counterpart?; they likely already have
entered the superwind phase. Thus, the M values in optically obscured OH/IR
AGB stars can be taken as upper limits (i.e. <1076 Mgyr~!) for our sample
of OH/IR massive AGB stars with optical counterparts; that is, with useful
spectra around the 7800 A Rb T line. Indeed, we generally find that lower
mass-loss rates (~1077—10"8 Myyr—1) give superior fits to the observed Rb
I line profiles. Mass-loss rates of ~107% Mgyr~1 (or higher) give strong Rb I
absorption lines for solar Rb abundances (see also Zamora et al. 2014) with the
consequence that all stars in our sample of OH/IR massive AGB stars would be
Rb-poor. By combining the variability periods from Table 2.1 and the mass-loss
rates estimated from the Rb I line profiles (mainly in the range ~1077—1078
Meyr~!; Table 2.3) into the AGB mass-loss formula by Vassiliadis & Wood
(1993) (their Eq. (5)), we obtain reasonable current stellar masses in the range

3The variability periods of our sample stars are also lower, from ~320 to 580 days (only
two stars display periods in excess of 580 days; Table 2.1).

“The only exception is WX Psc as already noted by Zamora et al. (2014). This star (with
a mass-loss rate of ~1.8 x 107° Mgyr~!, De Beck et al. 2010; Justtanont et al. 2013) has

an extremely faint optical counterpart. The S/N around 7800 A is too low for an abundance
analysis but a strong Rb I absorption line is clearly detected in its optical spectrum.
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Table 2.2: Mass-loss rates from 60 pym flux measurements for various sample
stars.

IRAS name M (Mgyr~) Ref.
0108543022  3.3x1076 1

04404—7427  2.9x1076
05027—2158 1.5x1077
05098—6422  5.0x1077
0630046058  5.3x1076
15193+3132 1.1x1077
19059—2219  1.0x107°
20077-0625  1.5x107°
20343—3020  8.7x1077 1

References: (1) Whitelock et al. (1994);
(2) Jura & Kleinmann (1989); (3) Jura
& Kleinmann (1992).

NN W N = =

~2.5—6 M. In Table 2.3 we show the mass-loss rates obtained from the best
spectral fits (M tit) and the current stellar masses by using the mass-loss ex-
pression from Vassiliadis & Wood (1993). In addition, we have explored the
mass loss relation for winds of pulsating O-rich AGB stars adopted by Miller
Bertolami (2016) in the range of masses 0.8 < M < 4 Mg. However, we con-
sider that our sample of O-rich AGB stars are more massive (M > 4-5 Mg)
than the range of masses used by Miller Bertolami (2016), so we have decided
not to apply those relation.

The 8 parameter in our models (only up to ~10* cm from the photosphere;
Figure 2.1) cannot be directly compared with other estimations of this param-
eter in the literature (e.g. Decin et al. 2010; Danilovich et al. 2015), which
map many outer regions in the circumstellar envelope and that usually obtain
relatively high and uncertain values (0 < 8 < 5.0). However, the effect of the
8 parameter on our synthetic spectra is minor compared to the mass-loss rate
M and we keep it as a free parameter in our abundance analysis. We note also
that the velocity profiles are very similar in our extended model atmosphere
for § > 1.2; that is, the Rb I line profile is not more sensitive to variations of
the expansion velocity and the abundance results are very similar for § > 1.2.
We generally find better fits with low (3 values (or steeper velocity profiles; see
Table 2.4).
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Table 2.3: Mass-loss rates estimated from the best spectral fits and current stel-
lar masses obtained by using the Vassiliadis & Wood (1993) mass-loss formula

(their Eq. (5)).

IRAS name Period M Meurrent
(days) (Moyr™') (Mo)
0108543022 560 1.0x1077 4.6
04404—7427 534  1.0x1077 4.3
05027—2158 368  1.0x1077 2.7
05098—6422 394  5.0x1077 2.4
05151+6312 1.0x10~8
0630046058 440  1.0x1077 3.4
07222—2005 1200
09194—4518
10261—5055 317 1.0x107° 3.8
14266—4211 389  5.0x1078 3.1
1519343132 360 1.0x107° 4.2
15576—1212 415  1.0x1078 3.9
16030—5156 579  1.0x1078 5.6
16037—1024 360  1.0x1077 2.6
17034—1024 346  1.0x1078 3.2
18429—1721 481  1.0x1078 4.6
19059—-2219 510  5.0x1078 4.3
1942644342
2005240554 450  5.0x1077 2.9
20077—0625 680
20343—3020 349  1.0x107° 4.1
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As mentioned above, the parameters of the hydrostatic models providing
the best fit to the observations and the Rb abundances derived are shown in
Table 2.1. The static models use the solar abundances from Grevesse & Sauval
(1998) for computing the Rb abundances (Garcia-Herndndez et al. 2006, 2007a),
while our pseudo-dynamical models use the more recent solar abundances from
Grevesse et al. (2007). In Zamora et al. (2014) the Rb abundances from static
models using Grevesse & Sauval (1998) and Grevesse et al. (2007) were com-
pared, and the Rb abundances obtained agree within ~0.2 dex in most cases.

Figure 2.4 shows that our pseudo-dynamical atmosphere models reproduce
the observed 7800 A Rb I line profile much better than the classical hydrostatic
models in four sample stars (we refer to Appendix A for the remainder of
the sample stars). On the other hand, the Zr abundances derived from the
extended models are similar to those obtained with the hydrostatic models
because the 6474 A ZrO bandhead is formed deeper in the atmosphere and
is less affected by the radial velocity field (Zamora et al. 2014). We could
obtain the Rb and Zr abundances (or upper limits) for 17 sample stars. The
remainder of our sample stars (IRAS 07222—2005, IRAS 09194—4518, IRAS
1942644342 and IRAS 20077—0625) seem to display different Rb I line profiles
(e.g. with more than one circumstellar contribution or anomalously broad
profiles with red-extended wings; e.g. Figure 2.5) that cannot be completely
reproduced by our present version of the spectral synthesis code. In the two
stars (IRAS 07222—2005 and IRAS 09194—4518) shown in Figure 2.5 we cannot
fit the two Rb I components (circumstellar and photospheric) at the same
time; for example, we could only partially fit the blue-shifted circumstellar
component using larger mass-loss rates (> 10-6 ]\/[®y7’*1). Curiously, these two
stars present the largest periods (see Table 2.1) and they may be the most
extreme and evolved stars in our sample, where our extended models do not
work so well (e.g. due to even more extended atmospheres). It is not completely
clear, however, if the observed profiles are real because these four sample stars
have the lowest-quality spectra (S/N < 30 at 7800 A; Table 2.1).

For the two sample stars with unknown OH expansion velocity, IRAS
16030—5156 and IRAS 17034—1024, we explore the velocity range displayed
by other stars with similar variability periods (see Table 2.1). Similar fits can
be obtained for vey,(OH) ~ 7—12 and 7—9 kms ™! (in combination with sligthly
different wind parameters) for IRAS 16030—5156 and IRAS 17034—1024, re-
spectively, and we thus adopt average velocities of 10 and 8 kms ™!, respectively,
in the abundance analysis (Table 2.4).

Table 2.4 shows the atmospheric and wind parameters as well as the Rb
and Zr abundances (or upper limits) from the best fits to the observed spectra
when the wind parameters M and [ are not fixed. In most cases, the best
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fit is obtained for both low 8 (~0.2) and M (~1079-10"7 Mg yr~!) values.
The new Rb abundances obtained from extended models are lower than those
obtained using the hydrostatic models, and the difference is larger for stars
with higher hydrostatic Rb abundances. In addition, this difference is smaller
for lower vegzp(OH) and increases with increasing ve,,(OH), as expected. On
the other hand, in the case of Zr we obtain upper limits mostly between 0.0
and 40.25 dex, as derived from the hydrostatic models. Figure 2.6 displays the
hydrostatic and pseudo-dynamical Rb abundances versus the OH expansion
velocity for the wind parameters that provide the best fits (Table 2.4). We
plot the Rb abundances versus the expansion velocity because the vegy,(OH)
can be used as a mass indicator independent of the distance in OH/IR stars
(Garcia-Herndndez et al. 2007a). In addition, in Figure 2.6 we have marked
the Li-rich stars (Garcia-Herndndez et al. 2007a) by squares. About half of
the stars with vegp(OH) > 6 km/s are Li-rich and most of these stars are
also the more Rb-rich ones. We get pseudo-dynamical abundances lower than
the hydrostatic ones and a worse correlation between® the Rb abundances and
Veap(OH); the Rb-veg,(OH) relationship is flatter (with a higher degeneration)
for the pseudo-dynamical case (see also Sect. 2.5).

5The correlation coefficients are r = 0.84 and 0.54 for the hydrostatic and pseudo-dynamic
cases, respectively.
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Figure 2.4: The Rb I 7800 A (top panel) and ZrO 6474 A (bottom panel)
spectral regions in massive Galactic AGB stars. The pseudo-dynamical models
(red lines) that best fit the observations (black dots) are shown in four sample
stars. For comparison, the hydrostatic models are also displayed (blue lines).
The location of the Rb I line and the ZrO bandhead are indicated by black
vertical lines.
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Figure 2.5: IRAS 07222—2005 (top panel) and IRAS 09194—4518 (bottom
panel) display two components (circumstellar and photospheric) in the 7800
A Rb I line (black line) and cannot be reproduced by our present version of
the spectral synthesis code. The red line shows the pseudo-dynamical synthetic
spectrum that gives a good fit to the photospheric component only.
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Figure 2.6: Rb abundances derived both with hydrostatic (blue dots) and
pseudo-dynamical model atmospheres (red triangles) with best-fit parameters
plotted against the OH expansion velocity. The Li-rich stars are indicated by
squares. A typical error bar of +0.7 dex is also displayed.
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Figure 2.7: Rb abundances derived both with hydrostatic (blue dots) and ex-
tended model atmospheres with 8 = 0.2 (magenta triangles) and 8 = 1.2 (green
squares) plotted against the OH expansion velocity.

Also, we carried out several tests with different 8 and M values in order
to check the sensitivity of the derived abundances to variations of the wind
parameters. In Table 2.5 we present the wind parameters and Rb abundances
obtained when fixing /3 to 0.2 and 1.2. Basically, the Rb abundances are lower
in the 8 = 1.2 case because a higher 5 deepens the Rb I 7800 A line for the
same Rb abundance (see Figure 2.2); in a few cases, however, the M of the
best fit also changes, further affecting the determination of the Rb abundance.
The Zr abundances (or upper limits) are similar in most cases; the upper limits
only change when the M is not the same for the 8 = 0.2 and 1.2 cases. Figure
2.7 represents the Rb abundances obtained versus ve,,(OH) for § = 0.2 and
= 1.2. By comparing the Rb abundances from Figure 2.6 and Figure 2.7, it is
clear that the Rb abundances are slightly lower in the = 1.2 case. Moreover,
the correlation between the pseudo-dynamical Rb abundances and ve,,(OH) for
different 8 values is worse (e.g. flatter) than the hydrostatic case. In addition,
the dispersion seems to be larger for the g = 1.2 case.

On the other hand, Figure 2.8 displays the Rb results when M is fixed to
1078, 107 and 1078 Mg yr~!. This could be equivalent to considering that
our AGB sample stars are at a similar evolutionary stage in terms of mass
loss; of course we have a strong degeneracy between the progenitor masses and
mass loss/evolutionary stage. In the particular case of the Li-rich AGB stars,
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statistical arguments suggest that these stars should have a narrow initial mass
range (Di Criscienzo et al. 2016); 4-5 or 5-6 Mg according to the most recent
ATON (Di Criscienzo et al. 2016) or Monash (Karakas & Lugaro 2016) AGB
nucleosynthesis models, respectively. The current stellar masses from Table
2.3 show, however, that there is a complicated interplay (degeneracy) between
Li enhancement, progenitor mass, and mass-loss rate and that the progenitor
mass range of these stars may actually be broader; for example, their current
stellar mass and Li abundance ranges are ~2.7-5.6 Mg and ~loge(Li)~0.7-2.6
dex. Figure 2.8 shows that the Rb abundances decrease with increasing M
and the dispersion of the Rb abundances is much lower when fixing M. The
slopes (and correlation coefficients) of the Rb-veg,(OH) correlations are more
similar to the ones obtained with hydrostatic models. The Rb abundances from
extended models approach the hydrostatic ones with decreasing M (both sets
of Rb abundances are identical for M < 1079 Mg, yr—') because the atmosphere
is less extended with decreasing M, as expected.

Finally, we fixed M and B, which could be equivalent to considering that our
AGB sample stars have the same mass-loss stage and velocity profile. Figure 2.9
displays the pseudo-dynamical Rb abundances versus vea,(OH) for 8 = 0.2 and
M values of 1078, 107 and 1076 Mg yr~!. The Rb results, when fixing both
M and 3, are very similar (with a slightly tighter correlation with ve,(OH)) to
those obtained when only fixing M (see Figure 2.8) because § = 0.2 is the most
common value obtained from the best spectral fits (all wind parameters free);
an exception is the AGB star IRAS 1519343132 (with the lowest veg,(OH)
and high 3) for which only an upper limit to the Rb abundance ([Rb/Fe]<0.7)
could be obtained because the pseudo-dynamical model does not converge for
such an unusual combination of wind parameters (]\./[:10’6 Mg yr— 1 8=0.2;
Veap(OH)=3 km s7!) coupled with [Rb/Fe]<0.7 dex (see Figure 2.9).

Figure 2.10 displays the [Rb/Fe] abundances from the best spectral fits ver-
sus the variability periods P. As mentioned above, our sample is composed of
AGB stars of different progenitor masses and evolutionary stages. Most stars
with P > 400 days are Li-rich and present some Rb enhancement®, which sug-
gests that, on average, these stars are more massive stars experiencing HBB
and/or more evolved stars (because of the longer periods) than the group of
non Li-rich (and generally Rb-poor) stars with P < 400 days. The stars IRAS
05027—2158 (P=368 days) and IRAS 20343—3020 (P=349 days) are excep-
tions in the latter group. IRAS 05027—2158 is slightly Li-rich and Rb-poor,

5The only exceptions are TRAS 04404—7427 and TRAS 19059—2219, whose optical coun-

terparts are too red to estimate their Li abundances (i.e. the S/N at 6708 A is too low; see
Garcia-Herndndez et al. 2007a)
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Figure 2.8: Rb abundances vs. the expansion velocity (ves;(OH)) for extended
model atmospheres with A = 1078, 1077 and 1076 Mg, yr—' (green triangles,
yellow squares and cyan diamonds, respectively) in comparison with those ob-
tained from hydrostatic models (blue dots).
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Figure 2.9: Rb abundances vs. the expansion velocity (vezp(OH)) for extended
model atmospheres with 8 = 0.2 and M = 1078, 107 and 10~° Mg yr~! (green
triangles, yellow squares and cyan diamonds, respectively) in comparison with
those obtained from hydrostatic models (blue dots).
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Figure 2.10: [Rb/Fe] pseudo-dynamical abundances versus variability period
(P). The Li-rich and Li-poor stars are marked with magenta dots and green
triangles, respectively. The two stars where Li could not be estimated are
marked with cyan dots (see text).

suggesting that it is a relatively massive AGB star (say ~3.5—4.5 My7) at
the beginning of the TP phase (e.g. in an inter-pulse period immediately be-
fore or after the super Li-rich phase) but is not evolved enough for efficient
Rb production (Garcia-Herndndez et al. 2013). On the other hand, IRAS
20343—3020 is slightly Rb-rich and Li-poor, which suggests a more advanced
evolutionary stage and a slightly higher initial mass (say ~4.0—5 Mg) than
TRAS 05027—2158 (we refer to Fig. 1 in Garcfa-Herndndez et al. 2013).

2.5 Comparison with AGB nucleosynthesis models

In Figure 2.11 we compare our new [Rb/Fe] abundances and [Rb/Zr] ratios
with solar metallicity massive (3—9 Mg) AGB predictions from several nucle-
osynthesis models: van Raai et al. (2012), Karakas et al. (2012), Karakas &
Lugaro (2016) (Monash), Pignatari et al. (2016) (NuGrid/MESA) and Cristallo
et al. (2015) (FRUITY?®). The predicted [Rb/Fe] abundances and [Rb/Zr] ratio

"The initial mass for HBB activation is model dependent; i.e. at solar metallicity HBB is
activated at ~3.5 and 4.5 Mg depending on the mass-loss and convection prescriptions used
in the models (see e.g. Garcia-Herndndez et al. 2013, for more details).

8FUl-Network Repository of Updated Isotopic Tables and Yields: http:// fruity.oa-
teramo.inaf.it/.
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ranges are 0.00—1.35 and —0.45—0.52 dex, respectively.

The Monash models (van Raai et al. 2012; Karakas et al. 2012; Karakas &
Lugaro 2016) use the stellar evolutionary sequences calculated with the Monash
version of the Mount Stromlo Stellar Structure Program (Frost & Lattanzio
1996), which uses the Vassiliadis & Wood (1993) mass-loss prescription on the
AGB. A post-processing code is used to obtain in detail the nucleosynthesis of
a large number of species, including the s-process abundances. Due to conver-
gence difficulties, the stellar evolution models used in the calculations are not
always evolved until the end of the superwind phase and synthetic models have
been used to estimate the effect of remaining TPs and to completely remove
the envelope. We refer the reader to van Raai et al. (2012), Karakas et al.
(2012) and Karakas & Lugaro (2016) for more details about the theoretical
models. Here, we only report on the main differences between these models:
i) The use of different nuclear networks; that is, the total number of nuclear
species considered and the values of some reaction rates and neutron-capture
cross-sections (see below); and ii) the use by Karakas et al. (2012) of a modified
Vassiliadis & Wood (1993) mass-loss prescription, which delays the beginning
of the superwind phase until the pulsation period reaches values of 700-800
days (instead of the value of 500 days used in the other models), resulting in a
higher Rb production.

The NuGrid/MESA and FRUITY models assume AGB mass-loss prescrip-
tions, nuclear physics inputs and treatments of convection different from the
Monash models. In particular, the Bloecker (1995) and Straniero et al. (2006)
mass-loss formulae for the AGB phase are assumed by the NuGrid/MESA
and FRUITY models, respectively. Furthermore, these models produce self-
consistently the '3C neutron source as a result of the different convective
boundary mixing scheme and treatments of the convective borders, while in
the Monash models the mixing required to produce the *C neutron source is
included in a parametrised way during the post processing and is typically not
included in massive AGB stars, following theoretical (Goriely & Siess 2004)
and observational indications (Garcia-Herndndez et al. 2013) (we refer also to
Pignatari et al. 2016; Cristallo et al. 2015; Karakas & Lugaro 2016, for more
details). In relation to the main results, i) the NuGrid/MESA solar metallicity
massive AGB models are qualitatively similar to the Monash models in that
HBB and light s-process element production (of the elements from Rb to Zr)
are seen at the stellar surface, the latter due to the activation of the 2>Ne neu-
tron source and the subsequent operation of the TDU; and ii) the FRUITY
solar metallicity massive AGB models are different to the Monash and Nu-
Grid/MESA models because these models experience very inefficient TDU,
hence the signature of the nucleosynthesis due to the 22Ne neutron source is
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not visible at the stellar surface.

Figure 2.11 shows that the FRUITY massive AGB model predicts final
[Rb/Fe] < 0.15, which does not explain the observed range of Rb abundances
and [Rb/Zr] ratios; specifically the [Rb/Zr] ratios remain negative for all masses.
Another difference between the FRUITY models and the Monash and NuGrid
models is that the FRUITY models do not predict HBB to occur in AGB
stars unless the metallicity is very low; at least ten times lower than solar.
However, spectroscopic observations of massive AGB stars demonstrate that
they experience HBB; as evidenced by i) strong Li overabundances observed
in massive AGB stars in the Galaxy (Fe/H=0.0; e.g. Garcia-Herndndez et al.
2007a, 2013), the Magellanic Clouds (Fe/H=—0.7-—0.3; e.g. Plez et al. 1993;
Smith et al. 1995; Garcia-Herndndez et al. 2009a) and the dwarf galaxy IC
1613 (Fe/H=—1.6; e.g. Menuzies et al. 2015); and ii) N enhancements and low
12¢/13C ratios in Magellanic Cloud Li-rich massive AGBs (e.g. Plez et al. 1993;
McSaveney et al. 2007). The lack of HBB in the FRUITY predictions is also
at odds with the observations of the so-called type-I planetary nebulae in very
different metallicity environments and galaxies; which are expected to be the
descendants of HBB massive AGB stars based on their strong N and He over-
abundances (see e.g. Stanghellini et al. 2006; Karakas et al. 2009; Leisy &
Dennefeld 1996; Garcia-Rojas et al. 2016, and references therein).

It is to be noted here that the several Monash AGB models (van Raai
et al. 2012; Karakas et al. 2012; Karakas & Lugaro 2016) mentioned above
notably use different rates for the 22Ne(a, n)?®Mg reaction, which drives the
production of s-process elements in massive AGB stars. In particular, Karakas
& Lugaro (2016) use the 22Ne(a,n)?*Mg reaction from Tliadis et al. (2010),
neutron-capture cross-section of the Zr isotopes (Lugaro et al. 2014), and a
more extended nuclear network of 328 species (from H to S, and then from
Fe to Bi). The van Raai et al. (2012) models, instead, use a nuclear network
of 166 species (up to Nb) and the 22Ne(a,n)?*Mg reaction rate from Karakas
et al. (2006), while Karakas et al. (2012) explored different networks (166, 172
and 320 species) and ?2Ne(a, n)?Mg reaction rates; from Karakas et al. (2006),
Tliadis et al. (2010) and Angulo et al. (1999), NACRE.

The van Raai et al. (2012) models (from 4 to 6.5 Mg at Z = 0.02; Fig. 2.11)
show that both the [Rb/Fe] abundances and [Rb/Zr| ratios increase with the
initial mass of the AGB star, as the star becomes hotter and the 22Ne(a, n)?Mg
reaction is more efficiently activated. However, the [Rb/Fe] abundances from
the last computed TP are too low (ranging from 0.0 to 0.26 dex). The corre-
sponding Rb abundances ([Rb/Fe]~0.0—1.0 dex) from the synthetic evolution
calculations cover most of the Rb abundances observed; although they cannot
explain the star IRAS 0515146312 with [Rb/Fe]=1.3 dex. Such high Rb abun-
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Figure 2.11:

6
M/Mg

10

Model predictions from van Raai et al. (2012), Karakas et al.

(2012), Karakas & Lugaro (2016), FRUITY database and Pignatari et al.
(2016): Stellar mass vs. [Rb/Fe] (top panel) and [Rb/Zr] (bottom panel). The
abundances from the last computed thermal pulse and from the synthetic evolu-
tion calculations are shown with dots and triangles, respectively. P represents
the period for the beginning of the superwind phase and 7 is the number of
species in the nucleosynthesis network. The shaded regions mark the range
of the new Rb abundances and [Rb/Zr] ratios obtained in our sample with

extended models.
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2.5 Comparison with AGB nucleosynthesis models 45

dances can be reached by the synthetic calculations of the solar metallicity 6
and 7 Mg AGB models with delayed superwinds of Karakas et al. (2012) when
using the faster NACRE rate for the 2?Ne(a,n)?*Mg reaction. Finally, the
Karakas & Lugaro (2016) models (from 4.5 to 8 Mg at Z = 0.014%; Fig. 2.11)
predict lower Rb abundances than the Karakas et al. (2012) models of the same
mass and similar metallicity, mostly due to the implementation of the delayed
superwind and the use of the NACRE rate in Karakas et al. (2012).

The NuGrid/MESA models (from 3 to 5 Mg at Z = 0.02; Fig. 2.11)
reproduce the observed [Rb/Fe] and [Rb/Zr] ranges, up to 0.9 and 0.4 dex, re-
spectively. However, we note that only in the 5 Mg case do the NuGrid/MESA
models see signature of HBB and predict O-rich stars. The 3 and 4 Mg cases
become C-rich stars and do not experience HBB, which is at odds with our
sample of O-rich stars (Garcia-Herndndez et al. 2006).

Regarding the [Rb/Zr| ratios, obviously also in this case the higher [Rb/Zr]
ratios are obtained from the models with delayed superwind (P = 700-800),
however, these [Rb/Zr] ratios are still lower than our observed values. The
maximum value from the AGB models is [Rb/Zr] = 0.52 for M = 5 Mg, and
the maximum value from our observations is [Rb/Zr] = 1.05. A possible ex-
planation is that Zr could be depleted into dust (e.g. van Raai et al. 2012;
Zamora et al. 2014), producing the differences between the theoretical and ob-
servational [Rb/Zr] ratios. Observations of other s-process elements belonging
to the same first peak as Rb and Zr, and with condensation temperature lower
than the Zr one, Zr will help to clarify this mismatch.

9 According to the more recent solar abundances from Asplund et al. 2009.
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Circumstellar effects on the Li and

Ca abundances in massive Galactic
AGDB stars

Based on
V. Pérez-Mesa et al. 2019, A&A, 623, A151

ABSTRACT - 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 HBB
while the total Ca abundances in these stars could be affected by neutron
captures. We report new Li and Ca abundances in a larger sample of massive
Galactic O-rich AGB stars by using more-realistic extended atmospheres that
consider the presence of a gaseous circumstellar envelope and radial wind. Li
abundances had been previously studied with hydrostatic models, while the Ca
abundances have been determined here for the first time. The Li abundances
derived with the pseudo-dynamical models are very similar to those obtained
from hydrostatic models, with no difference for Ca. The new Li abundances
confirm the Li-rich nature of the sample stars, supporting the activation of the
HBB in massive Galactic AGB stars. Most sample stars display Ca abundances
consistent with nucleosynthesis models for solar metallicity massive AGB stars.
A minority of the sample stars seem to show a significant Ca depletion and
possible explanations are offered to explain their apparent and unexpected Ca
depletion.
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Chapter 3. Circumstellar effects on the Li and Ca abundances in massive
48 Galactic AGB stars

3.1 Introduction

As already mentioned in Chapter 1, the more massive AGB stars (M > 4-5 Mg)
are O-rich (C/O < 1) due to the activation of the so-called HBB process. HBB
converts 12C into '3C and N through the CN cycle via proton captures at the
base of the convective envelope, preventing the formation of a carbon star (e.g.
Sackmann & Boothroyd 1992; Mazzitelli et al. 1999). The HBB models (e.g.
Sackmann & Boothroyd 1992; Mazzitelli et al. 1999) also predict the production
of "Li via the "Be transport mechanism (Cameron & Fowler 1971), where Li
should be detectable at the stellar surface regions (at least for a short time; see
below).

Regarding the s-process, the 12C(a,n)*®0 reaction is the preferred neutron
source in low-mass AGB stars (e.g. Lambert et al. 1995; Abia et al. 2001). The
22Ne(a,n)?*Mg dominates the production of s-process elements in the more
massive (M > 4-5 M) AGB stars (e.g. Garcia-Herndndez et al. 2006, 2009a,
2013). A different s-elements pattern is expected depending on the dominant
neutron source. The free neutrons can drive neutron captures also on the light
elements including 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 result-
ing in an overproduction of “6Ca relatively to the other Ca isotopes (see also
Wasserburg et al. 2015). Furthermore, the models predict the production of the
radionuclide ! Ca (half life ~ 0.1 Myr), which can also be carried up to the stel-
lar surface from the inter-shell region via the TDU, with maximum 4!Ca/4°Ca
ratios at the stellar surface of the order of 107* (see e.g. Trigo-Rodriguez et al.
2009; Lugaro et al. 2012, 2014). This isotope decays via electron captures and
is also destroyed by neutron captures via 4'Ca(n,a)*Ar and *'Ca(n,p)*'K. All
of these interaction channels are uncertain (see Lugaro et al. 2018, for a dis-
cussion), 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 1°Ca(n,y)*'Ca reaction 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 'Ca will be modified.

High-resolution optical spectroscopic surveys of very luminous Galactic
OH/IR stars show that most of the stars with long periods and high OH ex-
pansion velocities are Li-rich, which confirm them as truly massive HBB-AGB
stars. The strong Rb over-abundances coupled with mild Zr enhancements
(Garcia-Hernandez et al. 2006, 2007a) confirm the activation of the 22Ne neu-
tron 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
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3.2 Observational data 49

confirmed that HBB is strongly activated at the early AGB stages and that the
s-process is dominated by the ??Ne neutron source (Garcfa-Herndndez et al.
2013). The latter stars are super Li-rich (loge(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; we report here, for the first time, the Ca abundances in a sample of such
stars.

Previously, we studied in Chapter 2 the circumstellar effects on Rb and
Zr abundances by applying the Zamora et al. (2014) pseudo-dynamical model
atmospheres in a sample of massive Galactic O-rich AGB stars. In this chapter,
we explore the circumstellar effects on the Li and Ca abundances to the sample
of massive Galactic AGB stars of Garcia-Herndndez et al. (2007a) and the
super Li-rich AGBs of Garcia-Herndndez et al. (2013). These new Li and Ca
abundances are then compared with several AGB nucleosynthesis theoretical
predictions: ATON (Ventura & D’Antona 2009), Monash (Karakas & Lugaro
2016), NuGrid/MESA (Ritter et al. 2018) and FRUITY (Cristallo et al. 2015)
models.

3.2 Observational data

We have used the high S/N (at least ~30—50 around Li I 6708 A and Ca I 6463
A; see below) and high-resolution (R~50,000) optical (~4000—9000 A) echelle
spectra of the Garcia-Herndndez et al. (2006) sample (15 stars) of massive
Galactic AGB stars, for which Rb and Zr abundances could be derived by
us (see Chapter 2) as well as for the Garcia-Herndndez et al. (2007a) sub-
sample (12 stars) of Li-detected stars not analysed in the study of the Rb
and Zr abundances (see Chapter 2). In addition, we have analysed the high-
quality optical echelle spectra of the three (RU Cyg, SV Cas and R Cen)
massive Galactic AGB stars, two of them (SV Cas and R Cen) super Li-rich,
reported by Garcia-Herndndez 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 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 (Table 3.1; see Garcia-
Herndndez et al. 2007a, 2013, for more observational details). Our final sample
is thus composed of 30 stars; for all of which there exist previous hydrostatic Li
abundance determinations. It is to be noted here that our sub-sample of stars
with previous Rb abundance determinations slightly differs from the sample
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Chapter 3. Circumstellar effects on the Li and Ca abundances in massive
50 Galactic AGB stars

Table 3.1: Log of the spectroscopic observations.

IRAS name  Spectral Range (A)  Telescope Instrumentation  Resolution  Ref.

0108543022 4700-10300 4.2m WHT UES 50,000 1
02095—2355 5300-9400 4.2m WHT UES 50,000 1
05027—-2158 6000-8200 3.6m ESO CASPEC 40,000 1
05098—6422 6000-8200 3.6m ESO CASPEC 40,000 1
0515146312 5300-9400 4.2m WHT UES 50,000 1
05559+3825 4700-10300 4.2m WHT UES 50,000 1
0630046058 4700-10300 4.2m WHT UES 50,000 1
07304—2032 6000-8200 3.6m ESO CASPEC 40,000 1
09429—-2148 6000-8200 3.6m ESO CASPEC 40,000 1
10261—-5055 6000-8200 3.6m ESO CASPEC 40,000 1
11081—-4203 6000-8200 3.6m ESO CASPEC 40,000 1
14266—4211 6000-8200 3.6m ESO CASPEC 40,000 1
14337—-6215 6000-8200 3.6m ESO CASPEC 40,000 1
1519343132 5300-9400 4.2m WHT UES 50,000 1
15211—-4254 6000-8200 3.6m ESO CASPEC 40,000 1
1525541944 5300-9400 4.2m WHT UES 50,000 1
155761212 6000-8200 3.6m ESO CASPEC 40,000 1
16030—5156 6000-8200 3.6m ESO CASPEC 40,000 1
16037+4218 5300-9400 4.2m WHT UES 50,000 1
1626043454 5300-9400 4.2m WHT UES 50,000 1
17034—1024 4700-10300 4.2m WHT UES 50,000 1
1841341354 4700-10300 4.2m WHT UES 50,000 1
18429—-1721 5300-9400 4.2m WHT UES 50,000 1
191294-2803 4700-10300 4.2m WHT UES 50,000 1
193611658 4700-10300 4.2m WHT UES 50,000 1
20052+0554 4700-10300 4.2m WHT UES 50,000 1
20343—-3020 4700-10300 4.2m WHT UES 50,000 1

RU Cyg 3650-9500 2.7m HJS  Tull spectrogragh 60,000

SV Cas 3650-9500 2.7m HJS  Tull spectrogragh 60,000 2

R Cen 3770-10500 VLT ESO UVES 50,000 2

References: (1) (Garcia-Herndndez et al. 2007a); (2) (Garcia-Herndndez et al. 2013).
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analyzed in Chapter 2 because 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 A while >50—100 at Rb 1 7800 A;
see also below); that is, six stars analyzed in the previous chapter display a
too low S/N at Li I 6708 A to estimate their Li abundances and were removed
from the present sample.

We first carried out an exhaustive study of the Li and Ca absorption spec-
tral lines that can be useful for the extraction of the Li and Ca abundances
in these stars. As previously found by Garcia-Herndndez et al. (2007a), we
find the Li I 6708 A line to be the best one for the abundance analysis; for
example, we discarded the subordinate and weaker Li I 8126 A line because
the synthetic spectra do not properly reproduce the observed stellar pseudo-
continuum in this spectral region due to strong contamination by telluric lines
and still unknown opacity contributors (Garcia-Herndndez et al. 2007a). Re-
garding the Ca absorption lines, we checked the strongest Ca I lines like those
at 6122, 6162, 6439, 6463 and 6573 A as well as the Ca II triplet (~ 8500 10\)
at longer wavelengths (see Figure 3.1). The Ca I 6463 A line turned out to be
the best Ca abundance indicator. This is because the synthetic fits around the
Ca 16463 A line (i.e. the stellar pseudo-continuum) are much better than for
the rest of Ca I lines; the stronger Ca I 6573 A line also displays saturation
effects. As we have mentioned in the Section 3.1, the isotopic Ca composition
is theoretically expected to be affected by neutron captures. The Ca isotope
ratios cannot be measured from the atomic Ca absorption lines (the atomic
lines are intrinsically too broad; even at very high resolutions). To facilitate
our Ca measurement from atomic lines, we explored in addition the possibility
of detecting the most intense CaH (Shayesteh et al. 2013; Alavi & Shayesteh
2018) and CaO (Yurchenko et al. 2016) bandheads (around ~6850-6950 and
8650-8850 137 respectively) in the optical spectra of our sample stars. Unfor-
tunately, spectral syntheses show that no CaH and CaO molecular lines are
detectable in these spectral regions, which are completely dominated by TiO
bands.
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and two lines of the Ca II triplet 8498.023-8542.091-8662.141 A (bottom panel).

!
8490 8500 8510 8520 8530 8540
Wavelength (4)

Este documento incorpora firma electrénica, y es copia auténtica de un documento electrénico archivado por la ULL segun la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente direccion https://sede.ull.es/validacion/

I dentificador del docunento:

2287186 Codi go de verificaci 6n:

sPPqOWP

Firmado por: VICTOR PEREZ MESA
UNIVERSIDAD DE LA LAGUNA

Fecha: 18/11/2019 13:15:40

Olga Maria Zamora Sanchez
UNIVERSIDAD DE LA LAGUNA

20/11/2019 10:21:21

DOMINGO ANIBAL GARCIA HERNANDEZ

UNIVERSIDAD DE LA LAGUNA

20/11/2019 12:33:08

68/170



Universidad de La Laguna
Oficina de Sede Electréonica
Entrada

2019/105730
na: OF002/2019/102241

N° registro:

[}
[0}
©
=
V]
L
o
o
o}
I\
~
=
o
~
[l
=
o]
c
%]
0
I8

ﬁ
°
o
0
-
0

Z

53

3.2 Observational data
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Thus, the Li and Ca abundances were determined from the Li I 6708 A and
Cal6463 A lines, respectively, by using extended model atmospheres developed
by group (see Chapter 2 and Zamora et al. 2014, for further information). The
atmospheric parameters (Tcss and logg), additional observational information
(variability period and OH expansion velocity) and the Li abundance derived
from hydrostatic models are listed in Table 3.2 for our sample stars (see Garcia-
Hernéndez et al. 2007a, 2013, for more details).

3.3 Pseuso-dynamical models

In the chemical abundance analysis, we have followed the same methodology
described in Chapter 2. 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. Tesy, logg, C/O, [Fe/H], macroturbulence) from
Garcia-Herndndez et al. (2007a, 2013) and the solar abundances from Grevesse
et al. (2007). Hydrodynamical wind models for AGB stars have been developed
through the years (see the review by Hofner & Olofsson 2018, and references
therein). Recent pulsation-enhanced dust-driven outflow type models include
time-dependent gas dynamics and dust formation, with polychromatic radiative
transfer (e.g. Eriksson et al. 2014; Hofner et al. 2016). Their predictive power
for a particular star is, however, limited by the use of free parameters, for
example, the piston velocity and amplitude driving the pulsations. We therefore
chose to use generic empirical models, 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 approximately five stellar
radii and a radial velocity field. We compute the stellar wind following mass
conservation, radiative thermal equilibrium, and a classical S-velocity law (see
Chapter 2 and references therein for more details).

We adopted the atmospheric parameters from Garcia-Herndndez et al. (2006,
2007a, 2013), to generate a mini-grid of synthetic spectra for each sample star.
Some parameters are fixed: stellar mass M = 2 Mg, gravity log g = —0.5, mi-
croturbulent velocity £ = 3 km/s, metallicity [Fe/H] = 0.0 and C/O = 0.5 dex
(see Garcia-Herndndez et al. 2007a, for more details). However, for the mass-

1The stellar mass was, in all cases, selected to be 2 Mgy because the temperature and
pressure structure of the model atmosphere is pratically identical for a 1 Mg and 10 Mg
model atmosphere and the output synthetic spectra are not sensitive to the mass of the star
(see Fig. 1 in Plez 1990).
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loss rate M and S8 parameters, we use values between M ~1079— 107 Myyr—1
2 in steps of 0.5 x 107! Myyr~! and 8 ~ 0.2 — 1.6 in steps of 0.2, respectively.
Finally, for the Li and Ca abundances we used values between log ¢(Li) ~
0.0 to +2.8 dex and log £(Ca) ~ +5.0 to +7.0 dex, in steps of 0.1 dex. The
parameters of the synthetic spectra that best fit the 6708 A Li T and the 6463
ACal profiles and their adjacent pseudocontinua are listed in Table 3.3.

For the sub-sample of stars (15 stars) analyzed in Chapter 2 we have used
the stellar and wind parameters obtained from the Rb I 7800 A 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 A and Ca I 6463 A spectral
regions (see Subsection 3.3.1 below).

3.3.1 Sensitivity of the synthetic spectra to variations of the model
parameters

We have analysed the influence of variations in the stellar (Tesy) and wind
(M, B and vegp(OH)) parameters in the output synthetic spectra. Figures 3.2
and 3.3 show, respectively, synthetic spectra in the spectral regions around the
6708 A Li I and 6463 A Ca I lines for different stellar and wind parameters.

The Li I profile is not very sensitive to the wind parameters (Nf , B and
Vezp(OH)). The LiT line is only slightly stronger, with increasing M (Figure 3.2;
top-left panel) and 8 (Figure 3.2; bottom-left panel), while it is slightly weaker
with increasing veqp(OH) (Figure 3.2; bottom-right panel). In addition, the Li
T absorption line is stronger with decreasing Tcsy (Figure 3.2; top-right panel),
with the pseudo-continuum (e.g. the TiO molecular bands) also being affected,
as expected (see e.g. Garcfa-Herndndez et al. 2007a). In the Ca case, the
sensitivity of the synthetic spectra to variations in M, 3, and Veap(OH) (Figure
3.3; top-left, bottom-left and bottom-right panel, respectively) is even smaller
than the Li case. The Ca I 6463 A spectral region displays TiO molecular
bands weaker than the Li I 6708 A spectral region and, consequently, the Ca I
line and the pseudo-continuum are less affected by T,y variations (Figure 3.3;
top-right panel) than in the Li I region.

3.4 Abundance results

The parameters of the best fits of Garcfa-Herndndez et al. (2006, 2007a, 2013)
to the observations and the hydrostatic Li abundances are listed in Table 3.2.

2Massive AGB stars with mass-loss rates higher than 107 Mgyr~' are completely obs-

cured in the optical, while our sample stars, still visible in the optical, should have lower
mass-loss rates (see Chapter 2 and references therein for more details).
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Figure 3.2: Illlustrative examples of synthetic spectra for different stellar (T )
and wind (M, S, and vegp(OH)) parameters in the spectral region around the
6708 A 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 A Li I line.

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 3.3 use the more
recent solar abundances from Grevesse et al. (2007). The Li hydrostatic abun-
dances obtained by using Grevesse & Sauval (1998) and Grevesse et al. (2007)
are practically the same.

In Figure 3.4 we display the hydrostatic and pseudo-dynamical fits in the
6708 A Li I and 6463 A Ca I regions in four sample stars. The pseudo-dynamical
models are similar to the hydrostatic ones, and properly reproduce the Li and
Caregions. The Li and Ca line profiles are not strongly affected by the presence
of a circumstellar envelope and a radial wind. The rest of spectral fits are shown
in Appendix B. In addition, Figure 3.5 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
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Figure 3.3: I.llustrative examples of synthetic spectra for different stellar (Tcy )
and wind (M, S, and vegp(OH)) parameters in the spectral region around the
6462.6 A 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 A Li I line.

02095—2355, TRAS 09429—2148, TRAS 15211—4254, TIRAS 1626043454, IRAS
17034—1024, IRAS 1841341354 and IRAS 19129+2803) the best spectral fit
is different in the Li and Ca regions. In all cases, around the 6708 A LiT line
the best spectral fits give T,y = 3300 K, while around the 6463 A Cal line
the best spectral fits provide cooler T sy of 3000 K. A similar finding, this time
when comparing the Li I 6708 A and Rb 1 7800 A regions was previously found
by Garcia-Herndndez et al. (2006, 2007a).

In addition, for some sample stars in which the OH expansion velocity
is unknown (IRAS 02095—-2355, IRAS 0555943825, IRAS 110814203, IRAS
16030—5156, TRAS 17034—1024, TRAS 1912942803, 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 expansion velocities from the values displayed by the

Este documento incorpora firma electrénica, y es copia auténtica de un documento electrénico archivado por la ULL segun la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente direccion https://sede.ull.es/validacion/

I dentificador del docunento: 2287186 Codigo de verificaci 6n: sPPqOWP

Firmado por: VICTOR PEREZ MESA Fecha: 18/11/2019 13:15:40
UNIVERSIDAD DE LA LAGUNA

Olga Maria Zamora Sanchez 20/11/2019 10:21:21
UNIVERSIDAD DE LA LAGUNA
DOMINGO ANIBAL GARCIA HERNANDEZ 20/11/2019 12:33:08

UNIVERSIDAD DE LA LAGUNA

73/170



Universidad de La Laguna
Oficina de Sede Electréonica
Entrada
N° registro: 2019/105730
N° reg. oficina: OF002/2019/102241
Fecha: 18/11/2019 13:18:36

Chapter 3. Circumstellar effects on the Li and Ca abundances in massive

58

Galactic AGB stars

Relative Flux

- N N w w S

" o v o u o
R

g
=)

0.5

IRAS 15576—1212

IRAS 06300+6058

IRAS 14266-4211

K "'WMVxAV%&Mﬁﬁwkuh
A . *

IRAS 19361-1658

0.0 6695

6700 6705 6710 6715 6720
Wavelength (4)

Relative Flux
- N N w w »
" o v o U o

-
=)

IRAS 06300+6058 . ’. .
. L

IRAS 14266—-4211

IRAS 155761212 s

W\,(WMA\ N W
. A

IRAS 19361-1658

0:5 WMWJ\MNMWVMV

0.0 6450

6455 6460 6465 6470 6475
Wavelength (4)

Figure 3.4: Li 1 6708 A (top panel) and Ca 16463 A (bottom 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 T and the Ca I lines are indicated

by black vertical lines.
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Figure 3.5: A magnification of the Li 1 6708 A (top panel) and Ca 16463 A (bot-
tom 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).
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60 Galactic AGB stars

sample stars with similar periods (see Table 3.2).

The atmospheric and wind parameters as well as the Li and Ca abundances
(or upper limits) from the best fits to the observed spectra are shown in Ta-
ble 3.3. The new Li abundances determined from the extended models are
very similar to those obtained with the hydrostatic models (see Table 3.3).
A maximum difference, between the hydrostatic and dynamical abundances
(A(loge(L1)) ,atic—dynamic)» ©f +0.3 dex is found for IRAS 2005240554 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. We note here that the latter number does
not take into account the four stars (IRAS 05098—6422, IRAS 10261—5055,
TRAS 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 at all affect the derived Ca abundances.

We have estimated the uncertainties in the derived Li and Ca abundances
for the sample stars. For this, we have made small changes in the atmosphere
parameters AT, ¢y = £100 K, Alog g = +0.5, AZ = £0.2, At = £0.5 km
s7! and AFWHM = +50 mA for the hydrostatic models, and also in the
wind parameters AS = £0.2, Alog(M/Mgyr—) = 0.5 and Awve,,(OH) =
+5 km s~! 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.

3.5 Non-LTE effects on the Li I and Ca I lines

Due to the fact that the classical hydrostatic and our pseudo-dynamical syn-
thetic spectra are constructed by considering a local thermodynamic equilib-
rium (LTE) treatment in the (extended) stellar atmosphere, we have explored
the possible non-LTE (NLTE) effects on the 6708 A Li I and 6463 A Ca I 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.
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3.5 Non-LTE effects on the Li I and Ca I lines
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The NLTE radiative transfer calculations for the 6708 A Li I line were per-
formed 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 me-
chanical 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
the subgrid of atmospheric models with the typical massive AGB stellar param-
eters (see Garcia-Herndndez et al. 2007a, for more details); i.e. log g = —0.5,
[Fe/H] = 0.0 and five different effective temperatures, Tcsy = 2500, 2600, 2700,
3300, and 3400 K. For the three coolest models, the NLTE abundance correc-
tions A(loge(Li)) yrp re ar€ & +0.2 dex, reaching +0.3 dex at loge(Li)=0.0.
The warmer model atmospheres display smaller NLTE abundance corrections
of A(loge(Li)) y1rp_rrs ~ 0.0 dex at loge(Li) ~ +2.0 and A(loge(Li)) yprp_r1s
~ +0.1 dex around loge(Li) > 3.0 and loge(Li) < 0.5. Our updated NLTE Li
calculations thus confirm the Li-rich character of our massive O-rich AGB sam-
ple stars and that the adoption of LTE in Li-rich AGB stars is likely to result
in an underestimation of the Li abundances (e.g. Kiselman & Plez 1995; Abia
et al. 1999).

For the NLTE calculations of the 6463 A Ca I line, the MULTI code was
used with the same Ca atom model as in Osorio et al. (2019). This Ca atom
model also includes updated data for electron and hydrogen collisional excita-
tion and charge exchange with hydrogen. The calculations were performed in
two atmospheric hydrostatic models with T.s¢/logg/[Fe/H] = 3000/—0.5/0.0
and 3300/—0.5/0.0 for which we found positive NLTE abundance corrections
of ~ 40.06 and +0.02 dex, respectively. 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 Sect. 3.6.2).

3.6 Discussion

3.6.1 Lithium

Our Li results in massive Galactic AGB stars, including a circumstellar com-
ponent in the analysis, do not reflect a dramatic change in the derived abun-
dances, contrary to our previous findings of the Rb abundances in these stars
(see Chapter 2). 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
several tests by changing the wind parameters (mass loss rate ]W, parameter [3
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and the terminal velocity ve.,(OH)) in the models; for example, not fixing M
and f or by assuming the wind model parameters from the best fits of the Rb I
7800 A line (see Table 2.4) but the Li abundances remain very similar (within
0.1 dex). As we have mentioned before, for consistency, we have fixed M and 8
to those values obtained in Cgapter 2 from the Rb spectral fits (when available)
because the synthetic spectra around 7800 A are more sensitive to variations
in the model wind parameters than the Li I 6708 A spectral region. Our find-
ing of the circumstellar effects being not so important for the Li I 6708A line
could be perceived as surprising because the atomic parameters (e.g. excita-
tion potential) of the Li I 6708 A and Rb I 7800 A resonance lines are quite
similar. The lower Li abundance as compared with Rb, and therefore lower
Li I column-density in the circumstellar envelope, however, likely explains the
small abundance differences obtained between the pseudo-dynamical and hy-
drostatic models. In addition, other factors such as the molecular blends in
each wavelength range and the line depth formation could influence the differ-
ent 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 7-scale of the lines (see Nowotny et al. 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 Bloecker
(1995) recipe for mass loss and the full spectrum of turbulence convective mix-
ing (FST; e.g. Mazzitelli et al. 1999); (ii) Monash models (Karakas & Lugaro
2016) with the Vassiliadis & Wood (1993) mass-loss prescription and the mix-
ing length theory of convection (MLT; Béhm-Vitense 1958); (iii) FRUITY?
models (Cristallo et al. 2015) with a pulsationally-driven mass-loss rate (see
Straniero et al. 2006) and the MLT of convection but under the formulae from
Straniero et al. (2006); and (iv) NUGrid/MESA models (Ritter et al. 2018) with
the mass-loss formula from Bloecker (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 sev-
eral stellar parameters such as the 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 treatment of the convection are the most
important factors determining the duration of HBB and the variation of the
surface chemistry during the AGB phase. For example, i) the massive AGB
nucleosynthesis ATON models show strong Li abundance oscillations (by or-

3FUl-Network Repository of Updated Isotopic Tables and Yields: http://fruity.oa-
abruzzo.inaf.it/.
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ders of magnitude) on timescales as short as ~10% years (see e.g. Mazzitelli
et al. 1999) and there may be negligible Li in the envelope for a significant
(at least 20%) period of time; and ii) the Li minima and the duration of the
Li-rich phase in the Monash models are less deep and longer, respectively, than
in the ATON models (see Garcia-Herndndez et al. 2013, for more details). This
complex theoretical evolution of the Li abundance implies that the Li abun-
dance distribution derived from the spectroscopic observations (e.g. the exact
progenitor mass and evolutionary status are not known) can only be analysed
in a statistical way (Garcfa-Herndndez et al. 2007a).

Regarding the peak surface Li abundances during the AGB, the ATON
models at Z = 0.014 predict that it goes from loge(Li) = 3.8 dex for M = 3.5
Mg to 4.3 dex for M = 6.0 and 7.5 M), while in the Monash models it changes
from loge(Li) = 3.8 dex for M = 4.25 Mg, to loge(Li) = 4.4 dex for M = 8 Mg,
at Z = 0.014. In the NuGrid/MESA models, Li production at Z = 0.02 is only
predicted for M = 6 and 7 Mg with a peak surface Li abundance of 2.9 and 3.7
dex, respectively. However, the FRUITY models do not predict production of
Li at all, which is at odds with the Li over-abundances observed in massive AGB
stars in the Galaxy (e.g. Garcia-Herndndez et al. 2007a, 2013), the Magellanic
Clouds (e.g. Plez et al. 1993; Smith et al. 1995; Garcia-Herndndez et al. 2009a)
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 spectra are between
~0.0 and 4.0 dex; with eight non Li-rich (loge(Li) < 0.5 dex), twenty Li-rich (0.5
< loge(Li) < 3.2 dex) and two super Li-rich (loge(Li) > 3.2 dex) stars. Their
great similarity with the hydrostatic Li abundances (and the relatively small
positive NLTE corrections, see Section 3.5) supports the conclusions reached
by Garcia-Herndndez et al. (2007a, 2013) are unchanged. In short, the Li-rich
and super Li-rich character of the massive AGB stars in our sample confirm
that they experience strong HBB (Garcia-Herndndez 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.

3.6.2 Calcium

This is the first work in which the Ca abundances have been obtained for a
sample of massive AGB stars. Figure 3.3 shows that the 6463 A Ca line is
not sensitive to changes in the stellar (T,s;) and wind (M, 8 and veg,(OH))
parameters. Thus, we adopted the wind parameters from the Rb fits (when
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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 e(Ca) = 5.3 - 6.3 dex. The theoretical AGB nucleosynthesis
models predict an important production of some Ca isotopes like the radioactive
41Ca but no significant change in the total Ca abundance (see Section 3.1). We
note that here we consider log £(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
e(Ca) = 6.31 - 6.35 dex for solar metallicity; in other words, an at-most 12%
increase relative 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 e(Ca)
= 6.11 to 6.18 dex 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 3.6 we show the evolution of Li, Ca, and the radioactive isotope
41Ca as a function of time for the 6 Mg, model of solar metallicity from Karakas
& Lugaro (2016). This figure shows that the *'Ca abundance increases as a
consequence of nucleosynthesis and mixing during the TP-AGB phase although
the first increase of the 4! Ca occurred during the second dredge-up, after core
helium burning. We can also see that the total elemental Ca abundance is,
however, unchanged. The 6 Mg model has TDU and HBB as described in
Karakas & Lugaro (2016), remains oxygen rich as a consequence of HBB, and
as shown by Figure 3.6 the model becomes Li-rich, where the loge(Li) exceeds
three for ~ 80,000 years.

We find that most (67%) sample stars display Ca abundance values ~ 0.5 -
0.6 dex lower than the adopted Ca solar abundance of log ¢(Ca) = 6.31 dex. In
spite of the fact that we cannot completely discard that some of our sample stars
could be indeed slightly metal poor?, their Ca abundances can be considered
as nearly solar when taking into account our estimated Ca abundance errors
(~ 0.5 dex) and the possible NLTE effects (see Section 3.5). 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 (five) 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 (M, 8 and ve.,(OH))

“We note, however, that most sample stars are expected to be of solar metallicity (see a
detailed discussion on this in Garcia-Hernandez et al. 2007a).
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Figure 3.6: Evolution of Li, Ca, and “'Ca versus time for the 6 Mg model of
solar metallicity from Karakas & Lugaro (2016).
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or other observational information such as variability periods, near-IR colours
and IR excess but our search proved to be negative with the possible exception
of the near-IR colours and the IR excess (see below). We have identified three
possibilities (i.e. missed opacities in the stellar atmosphere models, Ca deple-
tion into dust and line weakening phenomena) in order to understand their
apparent (and unexpected) Ca depletion:

Firstly, the low Ca abundances in our sample stars could be due to missed
opacities in the stellar atmosphere models. Although the Ca spectral region
(mainly dominated by the TiO molecule) is generally well modelled by us,
Garcia-Herndndez et al. (2007a, 2009a) report 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 pres-
ence of other opacity contributors not yet considered in the model atmospheres
and in the construction of synthetic optical spectra for O-rich AGB stars.

Secondly, although the condensation of inorganic dust grains in the winds
of evolved stars is still poorly understood, the observed Ca under-abundances
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 3.7 plots the Ca
pseudo-dynamical abundaces against the 2MASS J-K colours and the infrared
excesses R = F(12um)/F(2.2um)® (with fluxes at 2.2 and 12 ym from 2MASS
and IRAS, respectively) in our sample stars. Curiously, the five stars that
have significant Ca depletion are the redder ones (they display, on average,
higher J-K colours) and most of them display a significant infrared excess,
suggesting 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. Garcfa-Herndndez et al. 2007b). Dell’Agli et al.
(2014) studied the alumina dust (the amorphous state of AlyO3) production
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 AloO3 (especially
in their more massive AGB models) implies that the gaseous Al is expected to
be under-abundant in the more massive HBB-AGB stars; something that is in
good agreement with the only estimate of the Al content in massive HBB-AGB
stars to dateS; in other words, the Al content measured in a confirmed massive

®The infrared excess R probes the presence of circumstellar material emitting at 12 ym
with respect to the stellar continuum at 2.2 pum (see e.g. Jorissen et al. 1993).
SMcSaveney et al. (2007) measured loge(Al) = 5.5 dex in the truly massive HBB-AGB
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Galactic AGB stars

Figure 3.7: Ca abundances derived with pseudo-dynamical models against the
J-K colours (top panel) and infrared excesses R = F(12um)/F(2.2um) (bottom
panel). The five stars with the largest Ca depletion values are shown by red
squares and upper limits are indicated by vertical arrows.
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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 circumstellar regions, in which
the formation of calcium-rich silicates such as augite (CazAlySiOr), diopside
(CaMgSi20g), and anothite (CaAlySisOg) would be expected (see also Lodders
& Fegley 1999, and references therein). However, Speck et al. (2000) suggest
that the dust evolutionary path is different for the AGB and red supergiant
(RSG) stars; although both condensation sequences eventually would lead to
similar dust types. Basically, the main difference between the RSG and AGB
dust condensation sequences is that the RSG stars experience an evolutionary
phase in which aluminium- and calcium-rich silicates condensation 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 pm. They found that the RSG IR spectra are
better reproduced when calcium-rich silicates are considered, 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 spectra as silicate
A (RU Cyg) and silicate B (IRAS 07304—2032 and IRAS 15193+3139) AGB
types; all of them with no clear signs of calcium-rich silicates. Additional N-
band IR spectroscopic observations of confirmed Galactic AGB O-rich stars
(especially for those stars with significant Ca depletion) would be desirable
in order to clarify if their 10 pm amorphous silicates dust features could be
better fitted by the inclusion of Ca-rich silicates. Ca-rich stardust grains from
AGB stars have been recovered from meteorites, also belonging to the Group II
population that probably originated from HBB-AGB stars (Lugaro et al. 2017).
Both hibonite grains (e.g. Nittler et al. 2008), as well as Ca-rich silicates (e.g.
Nguyen & Zinner 2004; Vollmer et al. 2009) have been reported.

Third and 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 supergiants that show veiling of the absorption
metallic lines; the veiling effect was found to be most pronounced in the near-
IR than in the blue spectral regions. Humphreys (1974) proposed that the

star HV 2576 in the LMC (Z = -0.3 dex), while the 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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Chapter 3. Circumstellar effects on the Li and Ca abundances in massive
70 Galactic AGB stars

peculiar energy distributions of these stars and the veiling of the absorption
lines may be explained by a combination of free-bound emission (A < 1.6 pum)
and free-free emission (A > 1.6 pm) from electron-neutral H interactions arising
in the extended atmosphere around the star plus the surrounding circumstellar
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 additional absorption metallic lines in our Li and Ca spectral regions
(e.g. the 6469 A Fe I and 6484 A 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 cannot confirm or reject the possibility that 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.
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CNO abundances and isotopic ratios
in massive AGB stars

Based on
V. Pérez-Mesa et al. 2020, A&A (to be submitted)

ABSTRACT - We have determined, for the first time by using spectral syn-
thesis, the CNO abundances and isotopic ratios in a small sample of massive
Galactic AGB stars at the beginning of the TP phase. The abundances and
isotopic ratios, as derived by using hydrostatic model atmospheres, are con-
sistent with the nucleosynthesis theoretical predictions for very massive (~7-8
Mg) AGB stars that experience HBB at solar metallicity. In addition, we
have explored the circumstellar effects (considering pseudo-dynamical model
atmospheres) in the elemental and isotopic CNO abundances of massive AGB
stars, resulting that such effects are negligible. Moreover, we have compared
our O isotopic ratios with the measurements in presolar grains, and they are
compatible (clearly for two sample stars) with Group II grains. This result,
however, is not conclusive and we cannot unambiguously confirm that massive
AGB stars are the origin of the Group II grains. Finally, our results for two
sample stars indicate ~8 Mg HBB progenitors that have not experienced any
TP. Such stars could represent very good candidates for truly super-AGB stars,
but more precise CNO isotopic ratios and further super-AGB nucleosynthesis
calculations would be needed to confirm this possibility.

71
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72 Chapter 4. CNO abundances and isotopic ratios in massive AGB stars

4.1 Introduction

The AGB (Herwig 2005; Karakas & Lattanzio 2014) is occupied by low- and
intermediate-mass (between 0.8 and 8 Mg) stars in the last nuclear-burning
phase. At the end of the AGB phase, these stars develop TPs and suffer
extreme mass loss. The AGB stars are thus one of the main contributors to
the enrichment of the ISM of light elements (e.g. Li, C, N, F) and heavy (slow
neutron capture, s-process; e.g. Rb, Zr, Y, Sr) elements and this evolutionary
stellar phase is thus crucial to understand the chemical evolution of galaxies,
because the expelled material will lead to new generations of stars and planets.
AGB stars are also 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).

As it was commented in Chapter 1, there are two possible reactions releasing
neutrons for the s-process elements: 3C(a, n)1°0 and ?2Ne(a, n)®Mg. In
the low-mass AGB stars (M < 4 M), the 3C reaction is the dominant one,
while in the more massive AGB stars (M > 4-5 Mg), neutrons are mainly
released by the 22Ne reaction, resulting in a higher neutron density (up to
10'3 n/em?) and temperature environment than in lower-mass AGB stars (e.g.
Garcfa-Herndndez et al. 2006). Thus, the more massive AGB stars enrich the
ISM with elements and radioisotopes very different to those from low-mass
AGB stars as a consequence of the HBB activation and the s-process being
driven by the 22Ne neutron source. According to our current understanding,
the HBB process in massive AGB stars overproduces '3C, 7Li, 14N, 170 and
the short-lived radioisotopes 26A1 and *'Ca, while the activation of the 2?Ne
neutron source leads to overabundances of the radioisotopes 8’Rb and %°Fe (e.g.
Trigo-Rodriguez et al. 2009). In fact, it has been shown that the contamination
produced by a nearby massive AGB or super-AGB star during the formation
of the Early Solar System could explain the abundances of these radioisotopes
(e.g. 26Al, “1Ca and %Fe) as measured in primitive meteorites (e.g. Trigo-
Rodriguez et al. 2009; Doherty et al. 2012). In addition, the isotopic ratios
170/160, 180/160, 12C/13C, ete. are usually used as indicators of the parent
stars of the presolar grains found in meteorites (Nittler et al. 1997; Zinner et al.
2005). Most of the analyzed presolar grains show 7O excesses and 80 deficits
(in comparison with the solar values) and were historically associated with
Red Giant stars and low-mass AGB stars in the literature. Recently, Lugaro
et al. (2017) showed that the increased proton-capture rate of 7O (as reported
by the Laboratory for Underground Nuclear Astrophysics, LUNA) leads to
theoretically predicted '70/'%0 isotopic ratios that match those observed in
the Group II grains, and also to temperatures that could be achieved at the
base of the convective envelope during the late evolution of intermediate-mass
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stars in the 4-8 M range. This result reveals these stars as the possible site of
the origin of the Group II grains. However, all these previous works are based
in theoretical predictions of AGB nucleosynthesis models that have not been
confronted with observations of truly massive AGB stars in our Galaxy.

There are not many previous works about the elemental and isotopic CNO
abundances in massive AGB stars. McSaveney et al. (2007) aimed to derive
the CNO abundances in a small sample (7) of massive AGB stars in the Mag-
ellanic Clouds (MC), finding very large N enhancements (and C deficiencies)
in two stars and providing the observational confirmation that HBB can pro-
duce significant amounts of primary N in low-metallicity massive AGB stars.
However, McSaveney et al. (2007) could not derive the abundances for the re-
maining five stars in their sample because they were too cool and extreme to
model their spectra. These stars were the most evolved and extreme dusty
stars in their sample and showed complex spectra with no clear continuum
remaining or showing strong shocks in their atmospheres. Justtanont et al.
(2013) observed with the far-IR Herschel Space Observatory a small sample
(5) of extreme Galactic OH/IR stars (massive AGB stars candidates with no
optical counterpart) and estimated the 12C/!3C and '80/1%0 isotopic ratios
from the CO and H»O isotopologues. In all these heavily reddened AGB stars,
the average (12C/13C) = 15 and (*¥0/170) ~ 0.1 were explained by the HBB
process, which is activated in stars with stellar masses larger than 5 Mg at so-
lar metallicity, and that reduces the 2C/13C ratio and preferentially destroys
180 relative to 160 (see Justtanont et al. 2013, for more details). Hinkle et al.
(2016) reported the C and O isotopic ratios from near-IR (R ~ 57,000 at 2.5 pm
and R ~ 96,000 at 1.5 ym) Fourier Transform Spectrometer (FTS) spectra and
following the curve of growth (CoG) analysis (see Section 4.4 for more details),
in a sample of 46 Mira and SRa-type variable AGB stars. The stars in their
sample showed '°0/170 ratios similar to those of Group I presolar grains and
theoretical predictions of 1.2-2 M, stars, but with 60/!80 ratios lower than
those of Group I grains. No stars in their sample showed evidence for HBB, but
for one star, SV Cas, they estimated an O isotopic composition similar to that
of Group II grains. More recently Abia et al. (2017a) presented preliminary
results of CNO isotopic ratios in two highly evolved intermediate-mass (M > 4
M) Galactic AGB stars from high resolution near-IR spectra. They had prob-
lems modelling the spectra of such extreme stars and their derived preliminary
C and O ratios were not consistent with the HBB theoretical predictions.

In this chapter, we report for the first time by using spectral synthesis,
the CNO isotopic abundances in massive Galactic AGB stars at the beginning
of the TP phase. We deliberately looked for Li-rich (but with no s-elements
enhancements) massive AGB stars at the beginning of the TP phase because
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they display simpler spectra (less affected by circumstellar dust and should be
more easy to model), already showing the strong effects of the HBB (Garcia-
Herndndez et al. 2013). In addition, we compare the elemental and isotopic
CNO abundances with theoretical nucleosynthesis models, and also with the
corresponding isotopic ratios measured in presolar grains.

4.2 Sample, near-IR spectroscopic observations and data re-
duction

4.2.1 Sample selection

We acquired between April and October 2007 optical spectra of a large sample
(about 100 sources) of relatively blue Galactic AGB stars displaying different
maser emission (from SiO, HyO or OH) with the Cross-Dispersed Echelle Spec-
trometer (CS2) attached to the Coude £/32.5 focus of the 2.7m Harlan J. Smith
telescope, at McDonald Observatory. Most of these optical spectra, obtained
by Garcia-Hernandez and Lambert, have not been published before; only two
stars, SV Cas and RU Cyg, were published in Garcia-Herndndez et al. (2013).
In order to select our sample stars at the beginning of the TP phase, we looked
for Li-rich and no s-elements enriched stars (Garcia-Herndndez et al. 2013) by
using the 6708 A Li I, 7800 A Rb I and 6474 A ZrO spectral regions. After a
quick look of these ~100 optical spectra, we selected IRAS 1515243632, IRAS
1807243100 and IRAS 1814140340 because these stars display very weak Rb
I lines and ZrO bandheads, but strong Li I resonance lines, which are indica-
tive of them being good candidates for massive AGB stars at the beginning
of the TP phase (see Garcia-Herndndez et al. 2013). Moreover, we added also
two stars, SV Cas and RU Cyg, which were previously known to be not Rb-
rich but super Li-rich massive AGB stars at the beginning of the TP phase
(Garcia-Hernandez et al. 2013).

As we have mentioned before, we have selected this small sample of five
massive Galactic AGB stars at the beginning of the TP phase in order to know
the real effects of the HBB by measuring the CNO elemental abundances and
isotopic ratios (e.g. 2C/13C, 60/170, 160/180 and “N/1°N) in the near-IR
spectral range. We note also that we have selected about 25 additional AGB
stars from Garcia-Herndndez et al. (2006, 2007a) covering different observa-
tional properties (IR color, level of obscuration, etc.) and chemical abundances
of Li and s-process elements (Rb and Zr). However, those additional stars
cover different progenitor masses and/or AGB evolutionary stages and will be
studied elsewhere.
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4.2.2 Near-IR TNG/GIANO observations and data reduction

We used the high resolution spectrogragh GIANO, mounted at the Nasmyth A
focus of the 3.6m Telescopio Nazionale Galileo (TNG), at the Observatorio del
Roque de Los Muchachos (ORM), La Palma. GIANO provides cross-dispersed
echelle spectroscopy at a resolution of ~50,000 over the 0.95-2.45 pm spectral
range in a single exposure. It is fiber-fed with two fibers of 1 arcsec angular
diameter at a fixed angular distance of 3 arcsec on sky. GIANO has only one
observing mode and can acquire spectra either of astrophysical objects and sky
simultaneously (on fiber A and B, AB cycles), or of calibration lamps (halo-
gen for flat-field and U-Ne for wavelength calibration) and dark frames. The
observations were carried out during three nights on July 2017 (10-12). The
five massive AGB stars at the beginning of the TP phase were observed during
July 10 (with an average seeing of ~1”). Our stars are strongly variable in
the near-IR (up to 1-2 magnitudes in the H and K bands) and our goal was to
obtain a high signal-to-noise (S/N > 100) in the pseudo-continuum. For this
reason, our strategy was to obtain a first short test exposure (AB cycle) in
order to estimate, at real time, the individual exposure time to reach the max-
imum S/N of 50 for a single exposure (see the GIANO cookbook for proposers;
version 2015A) but still permitting a good sky background subtraction as well
as the number of AB cycles per target. For example, for a S/N of 50 from the
individual test exposure (S/Nindividuar) & total of 4 exposures (N) are needed to
reach the desired S/N of 100 (S/Nfinat = S/Nindividual X VN ). In addition, we
also obtained very high S/N spectra of nearby and hot (fast-rotating) stars for
telluric correction purposes. The final S/N ratios achieved in the five massive
AGB stars at the beginning of the TP phase varied between 130 and 200 per
pixel (see Table 4.1).

The near-IR data have been reduced by using the data reduction pipeline of
GIANO. In summary, the data reduction pipeline combines together the dark
frames with the same integration time and subtracts the corresponding dark
frame to the flat-field frames and single science or calibration frame. Then, the
pipeline performs bad-pixel correction of all frames (flat-field, reference lamp,
science and calibration) and average together the flat-field frames. Later, it
finds the traces after the scattered light correction, fits them and constructs a
normalised 2D flat-field frame from the average flat-field frame that is then used
to divide all corrected reference lamp, science and calibration frames. Next,
the data reduction pipeline subtracts the corrected frame B in every AB cycle
set from the corresponding corrected frame A. If there are more AB cycles
on the same target, the subtracted frames are averaged together. Afterwards,
the pipeline sorts all the traces retrieved to reflect the correct spectral order
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Table 4.1: Atmosphere parameters and Li abundances (as derived using hydro-
static models) and other selected observational information.

IRAS name Ters logg Period® loge (L) static S/N
(K) (days) at 1550 nm

1515243632 2900 —0.5 276 1.2 156

1807243100 3000 —0.5 165 1.5 202

1814140340 3000 —0.5 150 14 191

SV Cas 3000 —0.5 262 3.5 130

RU Cyg 3000 —0.5 233 2.0 186

“Reference for the pulsation periods: General Catalogue of Variable Stars
(GCVS), Samus’ et al. (2017).

scheme, fixes the trace definition and the sky windows to be used for background
subtraction. Finally, the data pipeline extracts and wavelength-calibrates the
1D spectra science frames.

We finally had to do by hand some additional steps in order to obtain our
final reduced spectra. First, we combined with the IRAF! task scombine the
spectra of the massive AGB and telluric stars (in those cases observed more
than once) and cut them into the spectral sections in which we were interested
by using scopy. Then, with the task continuum, we normalized the spectra
to the pseudo-continuum envelope increasing the order of the fitting function.
Finally, we compared the spectra of the massive AGB and telluric stars and
shifted the spectra of the telluric ones until both match well and we used the
task telluric in order to correct the telluric features in the spectra of the AGB
stars (see Figure 4.1).

4.3 Synthetic spectra

In Chapters 2 and 3, we used the v12.2 version of the spectral synthesis code
Turbospectrum (Alvarez & Plez 1998; Plez 2012) in order to study how the
abundances of Rb, Zr, Li and Ca in massive AGB stars were affected by ex-
tended atmospheres. In the determination of the CNO elemental abundances
and isotopic ratios, when using hydrostatic model atmospheres, we have used

1The Image Reduction and Analysis Faciclity sofware package (IRAF) is distributed by the
National Optical Astronomy Observatories, which is operated by the Association of Universi-
ties for Research in Astronomy, Inc., under cooperative agreement with the National Science
Foundation.
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Figure 4.1: Illustrative example of the correction of telluric features at ~1575
nm in the spectrum of the sample star SV Cas. The black dots indicate the
observed spectrum of SV Cas, the blue dots mark the observed spectrum of
the telluric star HR 8976 and the red dots indicate the final SV Cas spectrum,
which is corrected of telluric features.
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the more recent v15.1 version of Turbospectrum, while for the pseudo-dynamic
case, in which we consider the presence of a circumstellar gas envelope with a
radial wind, we have used again the v12.2 version of Turbospectrum. However,
there are no differences between the v12.2 and v15.1 versions of Turbospectrum,
only improvements in the calculation time. We have constructed the hydro-
static synthetic spectra assuming the solar abundances from Grevesse et al.
(2007) and atmosphere parameters (e.g. Tcyy, log g, [Fe/H], macroturbulence)
from Garcia-Herndndez et al. (2013). For those stars not observed before (IRAS
1515243632, IRAS 18072+3100 and IRAS 18141+0340), we have determined
the Tcrs and Li abundances from the spectral region around the 6708 AL
resonance line (see Table 4.1). By adopting the atmosphere parameters from
Garcfa-Herndndez et al. (2013), we generated synthetic spectra for each star in
which we have fixed some parameters: stellar mass M = 2 M2, gravity log ¢
= -0.5, microturbulent velocity £ = 3 km/s and metallicity [Fe/H] = 0.0 dex
(see Garcia-Herndndez et al. 2007a, for more details).

We have constructed the synthetic spectra considering up-to-date atomic
and molecular line lists of the most important contributors in the 1.5 - 2.4
um spectral range: Cy (Yurchenko et al. 2018), CN (Sneden et al. 2014), CO
(Gordon et al. 2017), OH (Brooke et al. 2016), HoO (Barber et al. 2006) and
HF (Jonsson et al. 2014). In addition, we have synthesized individual spectra
of the atoms, molecules and isomers (i.e. 2C'60, 12C170, 12C180, 13C160,
12CMN, 12C15N, etc.) separately in order to select the best molecular lines to
obtain the CNO elemental abundances and isotopic ratios. In particular, we
were initially interested in various spectral regions around 1.554 pm (V-R OH
lines), 1.650 um (*2C'%0 and '3C'60), 2.253 um (CN Red System lines), 2.336
pm (2-0 2C'70) and 2.366 um (2-0 2C'80) (see e.g. McSaveney et al. 2007;
Garcia-Herndndez et al. 2009b; Hinkle et al. 2016; Souto et al. 2016; Abia et al.
2017a). Unfortunately, the 2.366 pm spectral region is in a gap in our observed
echelle spectra.

The identification of spectral lines is a very difficult task in massive O-rich
AGB stars because of the much higher density of CO, OH and CN molecular
lines (see e.g. Figure 4.2) as compared to other hotter and/or simpler stars.
For example, Garcia-Herndndez et al. (2009b) used the wavelength intervals
2.246-2.256, 2.326-2.346, 2.326-2.336 and 2.349-2.358 pm in order to obtain
the N/I5N, 12¢/13¢C, 160/180 and 90/'70 ratios, respectively, in hydrogen-
deficient carbon (HdC) and R Coronae Borealis (RCB) stars. McSaveney et al.

2In all cases the stellar mass is 2 M, because between 1 and 10 M model atmospheres the
temperature and pressure structure are practically identical and the output synthetic spectra
are not sensitive to the mass of the star (see Fig. 1 in Plez 1990).
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Figure 4.2: Observed spectrum of RU Cyg (black dots) centered at ~1554
nm and the best hydrostatic fit (red line). The parameters of the best fit are
indicated in Table 4.2. The contribution of the atoms (blue line), OH (cyan
line), HoO (green line), CO (magenta line) and CN (yellow line) to the total
synthetic spectrum are also represented.
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(2007), in intermediate-mass AGB stars in the MC, used a piece of the spectrum
centred near 1.554 pm to determine the O and N elemental abundances and
other region around 2.340 pm to measure the C abundance. Abia et al. (2017a),
in intermediate-mass AGB stars in the Milky Way, refers to the McSaveney
et al. (2007) regions around 1.554 and 2.340 um for the determination of the
CNO absolute abundances, but they did not report their estimated CNO values.
Regarding the spectral regions used in Abia et al. (2017a) to derive the CNO
isotopic ratios, the 10/170 ratios were derived around 2.3 ym, while the N
isotopic ratio was only measured in one carbon AGB star from an independent
spectrum in the 8000 A region. Unfortunately, Abia et al. (2017a) did not
specify the spectral regions used to obtain the '2C/!3C and '0/'®0 isotopic
ratios listed in their preliminary results. In C-rich AGB stars, Abia et al.
(2017b) derived the C and O isotopic ratios from the intervals 2.329-2.340 and
2.349-2.369 pm, while the “N/N ratio was obtained at ~8000 A. Besides,
Souto et al. (2016) measured the abundances of the dominant isotopes 2C, 160
and N from sets of molecular lines of 2C'60, 1OH and 2C'N, respectively,
from NGC 2420 red giant H-band (1.5-1.7 pm) spectra. These spectral regions
are the same used in Smith et al. (2013) for the analysis of red giant stellar
spectra in the H-band. Finally, Hinkle et al. (2016) recently reported the C
and O isotopic ratios, by CoG analysis, from the 2.462-2.498 pm and 1.753-
1.794 pm CO regions in a sample of Mira and SRa-type variable AGB stars.
However, most of these molecular lines are not clearly detected in our much
cooler and O-rich massive AGB stars (e.g. due to the different T,y s, metallicity,
evolutionary stage, etc.).

After a careful analysis of the spectral absorption lines (atoms, molecules
and their isomers) across the entire wavelength range and their sensitivity to
changes in the elemental abundaces of CNO and isotopic ratios, we have se-
lected the following molecular features/lines: CO 1558.20 nm bandhead for C
abundance, CN 1556.75 nm and 1558.50 nm for N abundance, and OH 1550.98
nm and 1563.14 nm for O abundance (see Figures 4.3 and 4.4). Then, we use
the line at 1674.60 nm to obtain the 12C/13C ratio, which is the most sensi-
tive line to changes in the isotopic ratio, and it is formed by ¥C0 blended
with 2CMN (see 4.5). Regarding the '0/170 and 1%0/'80 ratios, the lines
most sentive to changes in these isotopic ratios are 2C70 2340.84 nm and
12C180 2380.57 nm, respectively (see Figure 4.6). However, the fits to the ob-
served spectra around 2380 nm are slightly worse than in the other spectral
regions, so we have been conservative and the values that we have derived for
the 0/'80 ratios are lower limits. The YN /1N ratio is even more difficult
to estimate because there are no clean lines with the only contribution of °N,
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Figure 4.3: Sensitivity of the synthetic spectra (constructed for the star SV
Cas, in black dots) around 1558 nm to changes in the abundances of C (top
panel) and N (bottom panel). The cyan vertical lines indicate the position of
the CO 1558.20 nm bandhead, while the yellow vertical lines mark the CN
1556.75 and 1558.50 nm lines.
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Figure 4.4: Sensitivity of the synthetic spectrum (constructed for the star SV
Cas, in black dots) around 1562 nm to changes in the O abundances. The
magenta vertical line indicates the position of the OH 1563.14 nm line.
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Figure 4.5: Sensitivity of the synthetic spectra (constructed for the star SV
Cas, in black dots) around 1675 and 1568 nm to changes in the 2C/13C (top
panel) and "N /N (bottom panel) ratios, respectively. The color vertical lines
indicate the position of the lines used to obtain the 2C/13C (cyan; 1674.60
nm) and “N/®N (yellow; 1566.09 and 1569.82 nm). See the text for more
details.
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Figure 4.6: Sensitivity of the synthetic spectra (constructed for the star SV
Cas, in black dots) around 2341 and 2380 nm to changes in the 1%0/170 (top
panel) and 160 /180 (bottom panel) ratios, respectively. The magenta vertical
lines indicate the position of the lines used to obtain the '0/170 and 60 /180
(2340.84 and 2380.57 nm, respectively) isotopic ratios. See the text for more
details.
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4.4 CNO abundances and isotopic ratios 85

and the available blended lines are weak and not very sensitive to variations of
the isotopic ratios. In any case, we have selected a small group of lines among
the most sensitive lines to variations in the MN/1N ratio in order to obtain
a rough average ratio from those lines (see Figures 4.5). The final set of lines
for the N /19N ratio ratio is: 1550.76, 1554.32, 1563.29, 1566.09 and 1569.29
nm, which may have some contribution from'2C"N, 12C15N, 13C*N, H,0 and
OH.

4.4 CNO abundances and isotopic ratios

There are two main techniques for measuring the CNO abundances and isotopic
ratios from stellar spectra: CoG analysis and spectral synthesis. The CoG
method (see e.g. Dominy & Wallerstein 1987; Hinkle et al. 2016) is a technique
for deriving elemental abundances including many simplifications that can be
dealt with more depth by spectrum synthesis, but, in principle, very powerful
if only isotopic ratios are derived (Hinkle et al. 2016). Here, we have derived
the CNO abundances and isotopic ratios by using spectral synthesis techniques,
as used for example by Garcia-Herndndez et al. (2009b), Souto et al. (2016)
and Abia et al. (2017a,b) among many others. In this work, we have followed
the Souto et al. (2016) methodology, as described in Smith et al. (2013): we
first derive the C abundances from CO, then derive O from OH and, finally,
N from CN lines®. We tested also starting from OH (O abundance), then CO
(C abundance) and finally CN (N abundance), finding that the obtained CNO
abundances are the same, but the Souto et al. (2016) methodology provides
a faster convergence towards the final abundance values. This is because our
synthetic spectra are less sensitive to changes in the N abundance than to C
and O, so a lower number of steps in the iterative process is needed to obtain
the final CNO abundances.

4.4.1 Elemental abundances - C, N and O

In Table 4.2 we list the CNO abundances and isotopic ratios in our small
sample of massive AGB stars at the beginning of the TP phase. The Fig-
ures 4.7-4.12 show examples of the synthetic fits to the observational spectra
of the sample star SV Cas around several spectral regions. The hydrostatic
synthetic spectra fit well the SV Cas ones, resulting in loge(C)=7.84+0.2 dex,

3We have to take in mind that these cool stars display a lot of molecular lines (millions even
for a single molecule!) and all these molecules are not perfectly known; only the transitions
measured at the laboratory are well known, while the rest of lines come from theoretical
models and extrapolations.
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Figure 4.7: The SV Cas observed spectrum (black dots) and the best synthetic
fit (red line) in the spectral region around 1557 nm, which is used to determine
the CNO abundances. A zoom in the molecular contribution to the total syn-
thetic spectrum is also showed (bottom panel). The color vertical lines indicate
the spectral features/lines used to obtain the abundances of C (cyan line; CO
1558.20 nm), N (yellow lines; CN 1556.75 and 1558.50 nm) and O (magenta
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lines; OH 1550.98 and 1563.14 nm).
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lines used to obtain the abundances of O (OH 1550.98 and 1563.14 nm).
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Figure 4.9: The SV Cas observed spectrum (black dots) and the best synthetic
fit (red line) in the spectral region around 1674 nm, which is used to determine
the 12C/13C ratio. The molecular contribution to the total synthetic spectrum
is also showed (bottom panel). The cyan vertical line indicates the position of
13CO 1674.60 nm, blended with 2CN.
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Figure 4.10: The SV Cas observed spectrum (black dots) and the best synthetic
fit (red line) in the spectral region around 1567 nm, which is used to determine
the 1N /1N ratio. The molecular contribution to the total synthetic spectrum
is also showed (bottom panel). The yellow vertical lines indicate the position
of 12C'®N 1566.09 and 1569.82 nm.
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Figure 4.11: The SV Cas observed spectrum (black dots) and the best synthetic
fit (red line) in the spectral region around 2340 nm, which is used to determine
the 160/170 ratio. The molecular contribution to the total synthetic spectrum
is also showed (bottom panel). The magenta vertical line indicates the position
of 12C170 2340.84 nm.
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Table 4.2: Derived CNO abundances and isotopic ratios for the sample stars.

IRAS name  C N 0  g/Bc 160/170 160/180 4N/1N
1515243632 8.14£0.2 95411 85404 946 14274619  >3330 >4
1807243100 7.3+£0.2  >9.4 80405 64 100433 >50 >15
1814140340 7.5£0.2 9.6+0.8 8.0+£04 341 2524124 >T76 >4
SV Cas 78402 9.0+0.8 83+0.7 642 9994300 >3320  >15
RU Cyg 81403 9.0+0.6 84403 942 5534206  >498 >30

The CNO elemental abundances are listed as loge(X). The uncertainties represent the formal error due
to the sensitivity of the derived CNO abundances and isotopic ratios to small changes in the model
atmosphere parameters (AT.ry = £100 K, Alog g = +£0.5, AZ = £0.2, A{ = £0.5 km s7! and

AFWHM = £50 IIIA) for each star.

loge(N)=9.0£0.8 dex and loge(0)=8.3+0.7 dex elemental abundances (see Fig-
ures 4.7-4.8). The photosphere solar CNO abundances from Grevesse et al.
(2007) are loge(C)=8.39, loge(N)=7.78 and loge(0)=8.66 dex, respectively.
McSaveney et al. (2007) derived the CNO abundances in two relatively blue
intermediate-mass AGB stars, HV 2576 and NGC 1866 in the LMC (Z = 0.01
or [Fe/H] = -0.3 dex), obtaining very large N enhancements, [!4N/Fe] = +1.17
and +0.97 dex, C deficiency, ['2C/Fe] = —1.13 and —0.63 dex, and regard-
ing the O case, HV 2576 is sligthly O deficient, ['0/Fe] = —0.13 dex, while
NGC 1866 is O-rich, [1®0/Fe] = +0.54 dex. These values confirmed, for the
first time, that the activation of the third dredge-up and HBB can produce
significant primary N in low-metallicity intermediate-mass AGB stars.

This is the first time that the elemental CNO abundances are derived in
truly massive AGB stars at solar metallicity. Our C abundances are in the range
[C/Fe] = —1.09 - —0.29 dex, with ([C/Fe]) = —0.69 dex, while the N abundances
show an average of ([N/Fe]) = +1.52 dex for values between [N/Fe] = +1.22
- +1.82 dex. In the O case, our stars display abundances in the range [O/Fe]
= —0.66 - —0.16 dex, and an average ([O/Fe]) = —0.41 dex. Our smal sample
of massive Galactic AGB stars thus display subsolar C and O abundances, but
supersolar N, even higher than the N enrichment derived by McSaveney et al.
(2007) in two intermediate-mass AGB stars in the LMC. This N enhancement
confirm the HBB activation in our small sample of massive Galactic AGB stars
at solar metallicty. This observation is independent of their high Li abundances
(see Table 4.1), which also indicate the activation of the HBB in massive solar
metallicity AGB stars (see Chapter 3, Garcia-Herndndez et al. 2007a, 2013).
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4.4.2 Isotopic ratios for C, N and O

We have obtained for the first time, by spectral synthesis, the CNO isotopic
ratios in truly massive Galactic AGB stars at the beginning of the TP phase.
In Table 4.2 we list the values of 2C/13C and '0/170 obtained, as well as our
estimated lower limits for 60/180 and N/!°N. In Figures 4.5-4.6 we display
the synthetic fits to the sample star SV Cas made to estimate the '2C/13C,
N /15N, 160/170 and 160/'80 isotopic ratios. Our estimated C isotopic ratios
in the sample stars are in the range '2C/'3C = 3-9. Regarding the O isotopic
ratios, we estimated 100 < 0/170 < 1427 and 0/0 > 50%. Finally, the
14N/15N isotopic ratios are always estimated to be higher than 4 (see Table
4.2).

In the literature there are only a couple of works reporting the C and O
isotopic ratios in massive AGB stars, while we could not find any work reporting
the N isotopic ratios in such stars:

i) In a few (5) extreme OH/IR stars (i.e. highly evolved massive AGB stars
with no optical counterpart), observed in the far-IR by the Herschel Space
Observatory®, Justtanont et al. (2013) obtained a range for the 12C/!'3C ratio
between 2 and 30, with three stars displaying 12C/13C < 10 consistent with
HBB expectations and two stars showing 2C / 13C ~ 30 but with large uncer-
tainties. They could observe the H2O isotopologues in three of these stars.
They obtained '80/'70 < 0.1 in two stars, while for the OH/IR star WX PSc
they reported a higher value of ¥0/!70=1.5. In a subsequent and more de-
tailed work, Justtanont et al. (2015) increased the sample of extreme OH/IR
stars with Herschel H,O isotopologues observations to 9% objects and they ob-
tained an upper limit of ¥0/170 < 1. Justtanont et al. (2013, 2015) concluded
that their O isotopic data support the idea that extreme OH/IR stars experi-
ence HBB and are quite evolved AGB stars more massive than ~5 Mg. We
note that the Li, Rb and Zr abundances are not known in the Justtanont et al.
(2013, 2015) sample of extreme OH/IR stars because these stars, at the end

“In the cases of IRAS 1807243100 and IRAS 1814140340, our fits are worse at 2.3 um
(more complex spectra), so the **0/*®0 lower limits listed in Table 4.2 are more conservative
than in the other stars due to the larger uncertainties.

®We note that the Herschel HoO isotopologues observations in a small sample (4) of M-
type AGB stars (not classified as long-period extreme OH/IR stars) have been studied by
Danilovich et al. (2017) but their estimated O isotopic ratios (in the ranges **0/*"O= 558-
1620, °0/'0 = 214-833 and 70/'0 = 0.15-0.69) were consistent with low-mass (< 1.5
M) progenitors not suffering HBB.

5We note that Justtanont et al. (2015) removed WX PSc from the extreme OH/IR extended
sample with Herschel HoO data, but De Nutte et al. (2017) got, from radio CO isotopologue
observations, an even higher 18O/”O isotopic ratio of 3.5. The OH/IR star WX PSc is, in
terms of the '¥0/'70 ratio, an outlier among the extreme OH/IR stars.
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of the AGB phase, are completely obscured in the optical range (see Garcia-
Hernéndez et al. 2007a). Our estimated 80 /170 upper limits are in the range
0.3-0.9 for the three sample stars (IRAS 1807143100, IRAS 18181+0340 and
RU Cyg), with the stars IRAS 1515243632 and SV Cas displaying 80/170 >
2 and 3, respectively.

ii) Hinkle et al. (2016) applied the CoG method to high-resolution FTS
near-IR spectra to estimate the CNO isotopic composition in a sample of 46
nearby Mira and SRa-type variable AGB stars with different spectral types,
(35 M-, 4 S-, 1 SC- and 6 C-type stars). For the 35 M-type AGB stars, they
reported 2C/13C ratios in the range 8-45 with only 5 stars with 12C/13C <
10, concluding that their sample of stars is dominated by low-mass AGB stars.
Their relatively high 12C/*3C ratios in M-type AGBs together with their re-
ported values of 10/170 and '60/'0 in the ranges of 100-4467 and 71-5623,
respectively, led them to conclude that no star in their sample shows evidence
for the activation of HBB. Remarkably, two of our sample stars, SV Cas and
RU Cyg, were also studied in Hinkle et al. (2016). They reported '2C/!3C
= 1042 and 32410 for SV Cas and RU Cyg, respectively, while we estimate
12C/13C = 642 (SV Cas) and 942 (RU Cyg). Our 2C/13C values are con-
sistent with the HBB expectations in massive AGB stars (see Section 4.5). In
addition, the activation of HBB in these stars is confirmed independently by
their strong N enhancements (see Subsection 4.4.1 above) and Li overabun-
dances (see Chapter 3 and Garcia-Hernandez et al. 2013). Thus, we believe
that our 12C/13C ratios, by spectral synthesis on high-resolution near-IR, spec-
tra, are more precise than those obtained by the CoG method. Finally, the
range of our O isotopic ratio estimates agree well (within the errors) with those
reported by Hinkle et al. (2016). For the two stars in common with us, they ob-
tained 60 /170 = 7084300 and 8874200 for SV Cas and RU Cyg, respectively,
while our estimates are 10 /170 = 9994300 (SV Cas) and 5534206 (RU Cyg).
Our estimated %0 /180 lower limits are, respectively, >3329 and >498, while
Hinkle et al. (2016) obtained the values of 562342500 (SV Cas) and 4474200
(RU Cyg).

iii) In a recent conference proceeding, Abia et al. (2017a) reported prelimi-
nary results on the CNO isotopic ratios in two massive Galactic O-rich (C/O <
0.5) AGB stars (V1415 Aql and V697 Her). They used the same method as used
in this thesis; i.e. spectral synthesis on high-resolution GIANO/TNG near-IR
spectra. However, their sample stars are presumably more evolved than ours.
This is because both stars already display the strong blue-shifted Rb I 7800 A
lines that are characteristic of evolved massive AGB stars (Garcia-Herndndez
et al. 2006). According to Garcia-Herndndez et al. (2007a), the star V697 Her
is Li-rich, while V1415 Aql is Li-poor. Both stars, however, display OH masers
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Table 4.3: Derived CNO abundances and isotopic ratios with pesudo-dynamical
models in two sample stars.

Star name  C N 0  2¢/Bc 160/170 160/180 UN/BN
SV Cas  7.840.3 9.0+0.8 83+04 644  999+414 >3320  >15
RU Cyg 81404 9.0£0.6 84403  9k4 553271  >498 >30

The uncertainties represent the formal error due to the sensitivity of the derived CNO abundances
and isotopic ratios to small changes in the model atmosphere (AT, sy = £100 K, Alog g = £0.5, AZ
= 40.2, At = £0.5 km s~! and AFWHM = +50 mA) and wind (A8 = £0.2, Alog(M /Meyr—!)
= £0.5 and Aveap(OH) = £5 km s_l) parameters for each star.

with high expansion velocities (> 12 kms™!) and long Mira-like periods (> 440
days), which are typical of massive AGB stars of OH/IR type that experience
HBB (Garcia-Herndndez et al. 2006, 2007a); the only difference is that both
stars are still detectable in the optical range. Indeed, Abia et al. (2017a) had
difficulties in modeling the complex spectra of these two evolved massive AGBs
- our synthetic fits to the simpler near-IR spectra of massive AGB stars at the
beginning of the TP phase are superior to them. In any case, in V1415 Aql
they reported 12C/13C = 20, '60/170 > 600, and 0/'80 > 1000, while in
V697 Her they estimated 2C/12C = 30 and '0/180 > 1000. Their prelimi-
nary '2C/13C ratios are higher than ours and than those expected from HBB.
Their O isotopic ratios (lower limits) are in good agreement with those derived
for our sample stars IRAS 1515243632 and SV Cas, which display the highest
O isotopic ratios in our sample.

In short, our low (~ 3-9) 12C/!3C ratios in massive O-rich AGB stars at
the beginning of the TP phase are consistent with the HBB expectations. The
operation of HBB in these stars is confirmed independently by their strong N
enhancements and Li overabundances (see Chapter 3).

4.4.3 CNO abundances and isotopic ratios by using pseudo-dynamical
models

We have determined the CNO abundances and isotopic ratios in our small
sample of massive AGB stars at the beginning of the TP phase by using classical
hydrostatic model atmospheres. In the previous chapters, we explored the
circumstellar effects on the Rb, Zr, Li and Ca in massive Galactic O-rich AGB
stars, resulting in that the Rb abundances are strongly affected by the presence
of a circumstellar envelope, while in the Li, Ca and Zr cases the effect of the
extended atmosphere is almost negligible. We have explored such circumstellar
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effects with a modified version of the spectral synthesis code Turbospectrum
(Alvarez & Plez 1998; Plez 2012). Here we extended such exploration to the
near-IR in order to study their possible influence on the CNO abundances and
isotopic ratios. For this, we have studied two stars of our sample, SV Cas
and RU Cyg, with pseudo-dynamical models. This is because we previously
obtained their wind parameters (M, 8 and Veap(OH)) from visible spectra (see
Chapter 3). Figure 4.13 shows that the pseudo-dynamical synthetic spectra are
practically identical to the hydrostatic ones, and that the CNO abundances and
the isotopic ratios obtained by using extended atmospheres, as listed in Table
4.3, are practically the same than those obtained from the hydrostatic models
(see Table 4.2). Therefore, this suggests that the determination of the CNO
abudances and isotopic ratios in massive O-rich AGB stars at the beginning of
the TP phase is not affected by the presence of a circumstellar envelope. Thus,
the abscense of important circumstellar effects in the H-band, is not surprising
if we consider that the near-IR (e.g. H-band) spectral lines are formed deeper
in the atmosphere where the circumstellar effects (and other effects like NLTE)
are less severe than in the optical domain.

4.5 Comparison with AGB nucleosynthesis models

In contrast to the previous chapters, where we compared with different nucle-
osynthesis models, here we have mainly compared our CNO elemental abun-
dances and isotopic ratios with solar metallicity massive (3-8 Mg) AGB stars
predictions from the Karakas & Lugaro (2016) nucleosynthesis models (Monash
models; see also below). The most important input physics to the stellar nu-
cleosynthesis is that the Karakas & Lugaro (2016) models use the Vassiliadis
& Wood (1993) mass-loss prescription, the mixing lenght theory of convection
(MLT; Béhm-Vitense 1958) and assume instantaneous mixing in the convective
regions. Moreover, the convective overshoot is not included in the calculations,
but an algorithm is implemented to try to search for a neutrally stable point
from the formal Schwarzschild boundary, as described by Lattanzio (1986), be-
tween the radiative and convective regions. In intermediate-mass stellar mod-
els, this method has been shown to increase the efficiency of TDU (Frost &
Lattanzio 1996). We refer the reader to Karakas (2014) and Karakas & Lugaro
(2016) for more details about the input physics and the numerical methods.
It is to be noted here that we have not compared with the FRUITY” mod-
els (Cristallo et al. 2015) because the HBB activation is not predicted in these

TFUll-Network Repository of Updated Isotopic Tables and Yields: http://fruity.oa-
abruzzo.inaf.it/.
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Figure 4.13: A zoom in the spectral regions selected to obtain the CNO abun-
dances and isotopic ratios in SV Cas (black dots) and the best hydrostatic (red
lines) and pseudo-dynamical (blue lines) models. The color vertical lines in the
top left panel indicate the position of the molecular lines used to obtain the
abundances of C (cyan; CO 1558.20 nm), N (yellow; CN 1556.75 and 1558.50
nm) and O (magenta; OH 1550.98 and 1563.14 nm). In the other panels we
indicate the position of the features/lines used to derive the 2C/13C (cyan;
top right panel), 10/170 and '°0/'®0 (magenta; both middle panels) and
N /15N (yellow; bottom panel) isotopic ratios.
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Figure 4.14: Theoretical Monash predictions for the C (top panel), N (middle
panel) and O (bottom panel) elemental abundances against TP number for the
progenitor masses that experience HBB at solar metallicity. We note that only
for the 4.25 M, model, Karakas & Lugaro (2016) assume M,,;; = 1074 Mg,
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Figure 4.15: Theoretical Monash predictions for the 12C/3C (top panel) and
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Figure 4.16: Theoretical Monash predictions for the 70/'%0 (top panel) and
180/160 (bottom panel) isotopic ratios against TP number for the progenitor
masses that experience HBB at solar metallicity. We note that only for the
4.25 M, model, Karakas & Lugaro (2016) assume M,,;; = 1074 M.
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models, in strong contrast with our CNO values and other theoretical nucle-
osynthesis models and observations of massive AGB stars at solar metallicity
(see e.g. Garcia-Herndndez et al. 2013; Pérez-Mesa et al. 2019, for more details).
For example, the 12C/13C isotopic ratios from the FRUITY models, for masses
in the range M = 1.3-6.0 M, never reach the low values observed in our sample
of massive AGB stars. Moreover, we have not included a detailed comparison
with the NuGrid/MESA theoretical predictions because Ritter et al. (2018)
states that the final yields of CNO isotopes based on their nested-network
method are similar to the Monash models. Regarding the ATON models, un-
fortunately they have not published (i.e. publicly available) the CNO elemental
abundances and isotopic ratios for each TP (i.e. temporal evolution) in mas-
sive AGB stars at solar metallicity. However, Figure 11 in Di Criscienzo et al.
(2016) shows the ATON surface '2C/13C and ®0/!70 ratios versus the ac-
tual stellar mass (decreasing during the evolution) for solar metallicity ~3.5-8
Mg AGB stars, experiencing HBB. Qualitavely, there is a significant reduc-
tion of the surface 12C/3C and '80/170 ratios as soon as HBB begins; e.g.
12¢/13Cn~d4 and 80 /170~0.001 are quickly reached (when only a tiny amount
of mass is lost) for progenitor masses higher than 4 Mg. In short, the ATON
models predict a very fast (qualitatively consistent with the beginning of the
TP phase) and dramatical reduction of the initial 12C/13C and 80 /170 ratios
in massive HBB AGB stars, which is consistent with our interpretation of our
sample stars being truly massive AGB stars at the beginning of the TP phase.

In this section, we assume the meteoritic community convention for the
oxygen isotopic ratios, the inverse of the astronomical convention, to allow
straightforward comparisons with the literature data (see Table 4.4). In Fig-
ures 4.14-4.16 we display the nucleosynthesis theoretical predictions from the
Monash models for stellar masses between 4.25 and 8 M), in which Karakas
& Lugaro (2016) find the activation of the HBB at solar metallicity. We note
that in the 4.25 Mg case, Karakas & Lugaro (2016) assume that a partial mix-
ing of M, = 1074 Mg occurs between the convective H-rich envelope and
the intershell at the deepest extent of each TDU, so that the protons injected
in the He intershell are captured by '2C to produce a region rich in 3C, the
so-called '3C pocket (see Karakas & Lattanzio 2014; Karakas & Lugaro 2016,
for more details). We have plotted the predicted CNO elemental abundances
and isotopic ratios against the number of TPs experienced by the stars as an
indicator of the lifetime of the stars. We have compared the Monash theoretical
predictions with our CNO elemental/isotopic abundances in order to know if
our sample stars are truly massive AGB stars at the beginning of the TP phase
and to estimate their progenitor masses.

Thus, in the following we compare the CNO elemental abundances and iso-
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topic ratios obtained in each sample star with the Monash predictions for solar
metallicitly massive AGB stars mentioned above (Figures 4.14-4.16). In Ap-
pendix C we present the plots where we show the comparison between our de-
rived CNO elemental /isotopic abundances and theoretical predictions for each
sample star. We note that the isotopic ratios obtained (especially the 2¢ / BC
and 170/1%0 ratios) are more robust than the CNO elemental abundances be-
cause they are less affected by variations of the stellar parameters used in the
spectral modelling, and they will thus have more weight in the comparison.
Finally, in the comparison, we also use qualitatively the detection of Li and
no s-process elements (Rb and Zr) in all sample stars. This is because the
Monash models predict that the Li abundance is high near the beginning of
the AGB, before any s-process nucleosynthesis has reached the stellar surface.
The Monash models also show that the Li abundance goes down more gradu-
ally during the AGB than in models with more efficient HBB and convection
(Di Criscienzo et al. 2016).

IRAS 15152+3632

The CNO abundances of IRAS 1515243632, listed in Table 4.2, can be repro-
duced by the massive AGB Monash models for all progenitor stellar masses in
the first TPs (around 10-15 TPs) taking into account the uncertainties, alike
the 14N/ 15N lower limit, because we considere that our sample stars are massi-
ve AGB stars at the beginning of the TP phase. The 170/!60 = 7.018x10~*
isotopic ratio is only reached before the first TP but for all progenitor masses.
Regarding the 80 /10 upper limit, '80/1%0 < 3.003x 1074, this value is re-
produced by the Monash models with masses larger than 5.5 Mg before the
10th TP and before the first TP only for the 8 Mg model. About the '2C/'3C
= 946 ratio, it can be achieved by masses larger than 5.5 Mg at the begin-
ning of the TP phase (again around the 10th TP) but the Monash models
predict 2C/13C < 15 before the first TP for 8 M, only. Thus, the CNO iso-
topic composition of IRAS 1515243632 is consistent with a 8 My progenitor
already experiencing strong HBB before the first TP, in good agreement with
the Monash predictions. The Li enhancement (together with no Rb and Zr) is
also consistent with this interpretation.

IRAS 1807243100

In the case of IRAS 1807243100, the star is O-poor, but super N-rich in com-
parison with the Monash models. The log €(O) = 8.04+0.5 dex and log ¢(N) >
9.4 dex abundances are not expected by the theoretical predictions. Neverthe-
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4.5 Comparison with AGB nucleosynthesis models 103

less, the more massive models (~7-8 Mg) could reach the low C enhancement,
log €(C) = 7.3£0.2 dex, in the 12th TP for the 7 Mg model or in the 5th TP
for the 8 Mg progenitor stellar mass, taking into account the uncertainties.
Regarding the CNO isotopic ratios, the *N/N and 80 /160 lower and upper
limits, respectively, do not give us additional information about the possible
progenitor stellar mass, while the 170/160 = 1.000x10~2 ratio, taking into ac-
count the uncertainties, is higher than the predictions of the Monash models for
all progenitor masses. On the other hand, the 2C/13C = 644 ratio, is reached
in the 4th TP, 12C/!13C = 8.1, for 7 Mg and in the first TP, 12C/13C = 2.6,
for 8 Mg, respectively. However, the C abundance does not reach our range of
values until the 12th and 5th TP in the 7 and 8 the Mg models, respectively.
Thus, the 12C/13C = 6+4 ratio agrees well with the Monash models: 2C/13C
= 2.6 in the 12th TP for 7 Mg, and '2C/'3C = 2.58 in the 5th for 8 My pro-
genitor stellar mass. In summary, the low C abundance and '2C/!3C in TRAS
1807243100 suggest a progenitor star around M = 7-8 Mg experiencing HBB
during the first TPs, which is consistent with the presence of Li without Rb
and Zr but the high N, O and '70/10 are not expected by the theoretical
predictions.

TIRAS 18141+0340

In TRAS 1814140340, the obtained CNO abundances indicate that this star is
O-poor in comparison with the Monash models. Regarding the C abundance,
loge(C) = 7.540.2 dex, this value could be reached for the larger stellar mass
models, loge(C) = 7.73 dex in the 11th TP for 7 Mg and loge(C) = 7.74 dex
in the 4th TP for 8 Mg in the Monash models. In the case of our derived
N abundance, loge(N) = 9.6+0.8 dex, agrees taking into account the large
uncertainties with 7 Mg in the 25th TP, loge(N) = 8.80 dex, and 8 Mg in the
27th TP, loge(N) = 8.80 dex, respectively. Thus, the strong N enhancement
observed is not predicted in the early TPs, and IRAS 1814140340 is N-rich
in comparison with the predictions in the first TPs. About the CNO isotopic
ratios, the N/!®N lower and 80/'%0 upper limits do not help to limit the
stellar mass of TRAS 1814140340, while the '7O/%0 = 3.968x1073 isotopic
ratio is in good agreement with the more massive Monash models (M = 7-8
Mg) because they can reproduce the derived ratio in the 12th TP for 7 Mg,
170/160 = 2.911x1073, and in the 4th TP for 8 Mg, 170/'%0 = 3.666x1073,
taking into account our uncertainties. Finally, in this star we obtain 2C/13C =
341, the lowest C isotopic ratio in our sample stars, and only compatible with
the M = 7-8 M models at the beginning of the TP phase; 12C/!3C = 2.6 in
the 12th TP for 7 Mg, and '2C/!3C = 2.5 in the 4th TP for the 8 M, progenitor
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stellar mass. In short, the low C, 12C/'3C and '70/'0 in TRAS 18141-+0340
suggest again a progenitor star of M = 7-8 Mg experiencing HBB during the
first TPs, which is consistent with the Li, Rb and Zr information but the high
N and low O are not theoretically predicted by the Monash models.

SV Cas

In the star SV Cas, the log €(C) = 7.8£0.2 dex abundance suggests a 7-8 Mg,
progenitor stellar mass in good agreement with the values predicted by the
Monash models at the beginning of the TP phase, log €(C) = 8.09 dex in the
8th TP for 7 Mg and log €(C) = 7.91 dex even in the first TP for 8 Mg.
The N and O abundances, log ¢(N) = 9.0+0.8 dex and log €(O) = 8.3+£0.7
dex respectively, do not give us additional information about the progenitor
stellar mass because all the models reproduce those ranges of abundances even
before the first TP. Also, the “N/®N lower and 0/'0 upper limits do
not give us additional information about the progenitor stellar mass because
are compatible with the predictions for all stellar mass models. Regarding the
170/%60 = 1.001x 1073 ratio, it agrees well with the M = 7 M, nucleosynthesis
models in the 8th TP, 170/10 = 2.178x1073, and 8 Mg, before the first TP,
170/160 = 2.891x1073, taking into account the uncertainties. The obtained
12C/13C = 642 ratio confirms that the progenitor mass of SV Cas is ~ 7-8 Mg
because the Monash models predict 2C/13C = 2.9 in the 8th TP for 7 M, and
12¢/13C = 2.6 for the first TP, values even slightly lower than those obtained
by us. The derived CNO elemental/isotopic abundances are thus consistent
with a ~7-8 Mg progenitor star suffering HBB during the very first TPs; being
also consistent with the super Li-rich character of SV Cas (log €(Li) = 3.5 dex)
and the lack of s-process overabundances.

RU Cyg

Finally, the log ¢(C) = 8.1 £ 0.3 dex abundance obtained in RU Cyg is in
good agreement with all the stellar models, while the derived N abundance, log
e(N) = 9.0 &+ 0.6 dex, is compatible with the M > 5 Mg models in the early
TPs (around the 10th TP). However, our O enhancement, log €(O) = 8.4 £
0.3 dex, only can be reached by the most massive model, M = 8 Mg, in the
10th TP. On the other hand, regarding the isotopic ratios, the range of the
170/160 ratio taking into account the uncertainties, 1.318x1073 < 70/160
< 2.882x1073, is only compatible with the 8 Mg model before the first TP
(170/'0 = 2.891x1073). The CNO abundances, alike the 2C/13C, MN/1°N
and 180 /160 isotopic ratios are compatible with the Monash predictions for M

Este documento incorpora firma electrénica, y es copia auténtica de un documento electrénico archivado por la ULL segun la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente direccion https://sede.ull.es/validacion/

I dentificador del docunento: 2287186 Codigo de verificaci 6n: sPPqOWP

Firmado por: VICTOR PEREZ MESA Fecha: 18/11/2019 13:15:40
UNIVERSIDAD DE LA LAGUNA

Olga Maria Zamora Sanchez 20/11/2019 10:21:21
UNIVERSIDAD DE LA LAGUNA
DOMINGO ANIBAL GARCIA HERNANDEZ 20/11/2019 12:33:08

UNIVERSIDAD DE LA LAGUNA

120/170



Universidad de La Laguna
Oficina de Sede Electréonica
Entrada
N° registro: 2019/105730
N° reg. oficina: OF002/2019/102241
Fecha: 18/11/2019 13:18:36

4.6 Comparison with presolar grains 105

Table 4.4: Derived O isotopic ratios for the sample stars in the meteoritic
abundance community convention.

IRAS name 170/160 180/160

1515243632 7.008x 104 =+ $230<1070 <3 003% 104

1807243100 1.000x 102 £ 29301070 <9 000x 102

1814140340 3.968x 1073 = 385x1070 1 316x 102

SV Cas  1.001x1073 & $309<1070 <3 004x 104

RU Cyg  1.808x107% + LOTX1070 - <9 0081073

The solar values for '°0/'70 and '°0/'®0 are 2700 and 498,
respectively (Lodders et al. 2009). In the meteoritic abun-

dance convention, the solar values for '70/*%0 and *0/'°0 are
3.704x10™* and 2.008x107*, respectively.

= 8 Mg before the first TP. Thus, a progenitor mass of 8 My before the fiest
TP is in good agreement with the Li enrichment together with the lack of Rb
and Zr in this star.

In summary, the CNO isotopic ratios in our sample stars are consistent
with very massive (~7-8 Mg) AGB stars at the beginning of the TP phase.
Remarkably, two sample stars (IRAS 1515243632 and RU Cyg) seem to be the
descendants of ~8 Mg HBB progenitors that have not experienced any TP,
being very good candidates for truly super-AGB stars. Our findings should
thus encourage the extension of actual super-AGB nucleosynthesis models (e.g.
Doherty et al. 2015, 2017) to the CNO isotopic abundances in such stars.

4.6 Comparison with presolar grains

Finally, we have compared our derived oxygen isotopic ratios with the presolar
grain data discussed in Lugaro et al. (2017). In this section, we also adopt the
meteoritic abundance community convention in the oxygen isotopic ratios to
allow straightforward comparisons with the literature data (see Table 4.4). The
presolar grains give us signatures of the nucleosynthesis and mixing processes
that occured in the parent stars (Zinner 1998). The O-rich grains (C < O),
oxides and silicates, are mainly originated in the winds of AGB stars (Nittler
2009). While the Group I grains are originated in stars of initial masses M
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~1-3 My and show excesses in 17O, characteristic of the FDU in red giant
stars, hypotheses on the site of formation for Group II grains are still tentative
(Lugaro et al. 2017).

In Figure 4.17 we plot the isotopic ratios observed for Group I and II star-
dust grains, together with the oxygen isotopic ratios in our sample stars and
the stellar surface evolution of the 170/*0 and *0/1%0 ratios from four AGB
nucleosynthesis Monash models (of initial masses between 4.5 and 8 Mg at solar
metallicity). The predicted evolution of the oxygen isotopic ratios at the stel-
lar surface of the Lugaro et al. (2017) AGB Monash models uses a new 7O(p,
a)14N rate, which has been determined from the experiments at the Labora-
tory for Underground Nuclear Astrophysics (LUNA). At temperatures typical
of cool bottom processing (CBP; Nollett et al. 2003; Palmerini et al. 2011),
40-55 MK, the new reaction rate reproduces only the lowest 170 / 160 values
observed in Group II grains. In addition, the new LUNA reaction rate, at the
typical temperatures for HBB (~ 60-80 MK), reproduces most of the observed
170/160 range, revealing the signature of HBB in stardust grains (Lugaro et al.
2017). Any massive AGB model experiencing HBB with temperatures in the
range 60-80 MK will produce 170/*60 ratios in agreement with those observed
in most Group II grains (see Figure 2 in Lugaro et al. 2017).

The 70/1%0 and ®0/1°0 isotopic ratios obtained in IRAS 1515243632
and SV Cas are clearly compatible with Group II grains (see Figure 4.17); also
the values derived for SV Cas from Hinkle et al. (2016). On the other hand,
the O isotopic ratios for V1415 Aql from Abia et al. (2017a), RU Cyg from
Hinkle et al. (2016) and the values for RU Cyg determined by us are in good
agreement with the Group I grains. All these values are compatible with the
isotopic evolution of the Lugaro et al. (2017) models for massive AGB stars
(M = 4.25-8 Mg). Regarding IRAS 1807243100 and IRAS 1814140340, the
high 170/160 and low 80/'%0 isotopic ratios do not clearly agree with Group
I or IT grains, although the large 170/160 uncertainties in those stars could
be consistent with Group I grains (or even Group II grains). In addition, the
lower limits of the 0 /160 ratio in those stars are more conservative because
the synthetic fits around the 2.3 pm spectral region are worse than in the rest
of the sample stars.

These results reinforce the idea that the more massive AGB stars could
be the site of formation of the Group II grains; at least this result is clear
for the stars IRAS 1515243632 and SV Cas. Regarding the other sample
stars, although the 170/60 ratios from our stars are consistent with Group
II grains, the large uncertainties in the 7O/'0 ratios and our conservative
180/160 lower limits avoid a more solid confirmation of massive AGB stars at
the beginning of the TP phase as generally being at the origin of the Group II
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4.6 Comparison with presolar grains 107
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Figure 4.17: Isotopic ratios observed in our sample stars (red stars), Group
I (blue dots) and II (green dots) presolar grains, and the evolution of the O
isotopic ratios at the stellar surface of AGB Monash models of different masses
(solid lines). Moreover, we have plotted the isotopic ratios of SV Cas and RU
Cyg (blue triangles), and V1415 Aql (magenta square) derived in Hinkle et al.
(2016) and Abia et al. (2017a), respectively. The black dashed lines indicate
the values of the solar O isotopic ratios, 70/%0 = 3.704x10~* and 80 /160
= 2.008x1073.
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108 Chapter 4. CNO abundances and isotopic ratios in massive AGB stars

grains.

It is to be noted here that with the new "O(p, a)'N reaction rate from
LUNA, most predictions for 70/60 from the Karakas & Lugaro (2016) Monash
models are expected to be a factor of roughly 2 lower (Lugaro et al. 2017). Al-
though this does not affect our main conclusions, a full detailed exploration of
the AGB (and even super-AGB) model predictions using the new 17O(p, )!4N
LUNA reaction rate would be desirable; e.g. in order to explore if the 170 /160
ratios stays lower for a longer time and if this may affect the production and
destruction of other elements such as Li.
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Conclusions

We summarize here the main findings of the thesis.

5.1 Rb and Zr circumstellar abundances in massive AGB Galac-
tic AGB stars

We have reported new Rb and Zr abundances from the 7800 A Rb I line and
the 6474 A ZrO bandhead, respectively, in a sample of massive Galactic AGB
stars, previously studied with hydrostatic models, using more realistic extended
atmosphere models and a modified version of the spectral synthesis code Tur-
bospectrum, which considers the presence of a circumstellar envelope with a
radial wind. The Rb abundances are much lower (in some cases even 1-2 dex)
with the pseudo-dynamical models, while the Zr abundances are close to the
hydrostatic ones because the 6474 A ZrO bandhead is formed deeper in the
atmosphere and is less affected than the 7800 A Rb I resonant line by the
circumstellar effects.

We have studied the sensitivity of the determined abundances to variations
in the stellar (T, ;) and wind (M, § and v,y,) parameters. The Rb abundances
are very sensitive to the M but much less to the 4 parameter and Veap(OH). The
Zr abundances, instead, are not affected by variations of the stellar and wind
parameters. The Rb abundances from extended models are lower than those
obtained from the hydrostatic ones, and the difference is larger in the stars
with the highest Rb abundances in the hydrostatic case. We have represented
the hydrostatic and pseudo-dynamical Rb abundances against the ve.,(OH),
which can be used as a mass indicator independent of the distance, and we

109
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110 Chapter 5. Conclusions

have observed a flatter correlation. The difference between the hydrostatic and
pseudo-dynamical Rb abundances increases with increasing the veq,(OH), due
to the fact that the presence of a circumstellar envelope affects more strongly
the more massive stars. Furthermore, the dispersion of the correlation between
the Rb abundance and vegp(OH) is larger in the pseudo-dynamical case. When
we fix the wind parameters M (i.e. equivalent to assuming that our AGB
sample stars have a similar evolutionary stage in terms of mass loss), and/or
(the same velocity profile), the dispersion is lower.

The Monash predictions reproduce the range of new Rb and Zr abundances
although [Rb/Fe] values above 1.0 can only be matched if the superwind is
delayed to after the period reaches 700-800 days. Moreover, the rate of the
22Ne(a, n)?*Mg reaction is crucial, but still hampered by large systematic un-
certainties. The FRUITY massive AGB models predict Rb abundances much
lower than observed and negative [Rb/Zr] ratios, at odds with the observations.
The NuGrid/MESA models of 4 and 5 Mg predict [Rb/Fe] as high as 0.9 dex,
however, the 4 Mg model does not experience HBB and becomes C-rich, while
our sample stars are clearly O-rich. The maximum observed [Rb/Zr| ratios
are still more than a factor of two larger than predicted by the nucleosynthesis
models. A possible explanation for this difference between the observations
and the predictions is that Zr could be depleted into dust. Observations of
other s-process elements belonging to the same first peak as Rb and Zr, and
with condensation temperature lower than the Zr one, will help to clarify this
mismatch.

In summary, the [Rb/Fe| abundances and [Rb/Zr| ratios previously derived
with hydrostatic models are certainly not predicted by the most recent theoreti-
cal models of AGB nucleosynthesis. The new [Rb/Fe] abundances and [Rb/Zr]
ratios as obtained from our pseudo-dynamical model atmospheres are much
lower in much better agreement with the theoretical predictions, significantly
resolving the mismatch between the observations and the nucleosynthesis mod-
els in the more massive AGB stars. This confirms the earlier Zamora et al.
preliminary results on a smaller sample of massive O-rich AGB stars but here
we find that the Rb abundances are strongly dependent on the wind mass-loss
M , which is basically unknown in our AGB star sample. Follow-up radio ob-
servations (e.g. the rotational lines of the several CO isotopologues) of these
massive Galactic AGB stars are encouraged in order to obtain precise mass-loss
rate estimates needed to break the actual models degeneracy and obtain more
reliable (non-model-dependent) Rb abundances in massive AGB stars.
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5.3 Circumstellar effects on the Li and Ca abundances in massive Galactic
AGB stars 111

5.2 Circumstellar effects on the Li and Ca abundances in mas-
sive Galactic AGB stars

We have reported new hydrostatic and pseudo-dynamical abundances of Li and
Ca from the 6708 A Li I and 6463 A Ca I lines, respectively, in a 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 circumstellar
envelope with a radial wind. The new Li abundances from extended atmo-
sphere 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 in-
dicates that the determination of the Li and Ca abundances in massive O-rich
AGB stars is not strongly affected by the presence of a circumstellar envelope.
Indeed, we found that the Li I and Ca I line profiles are not very sensitive to
variations of the wind (M, 8 and v, (OH)) parameters.

The new pseudo-dynamic abundances of Li confirm 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 nucleosynthesis models
such as ATON, Monash and NuGrid/MESA, but at odds with the FRUITY
database, which predicts no Li production by HBB in massive AGB stars at
solar metallicity.

For the first time we have obtained Ca abundances in a sample of massive
Galactic AGB stars. Most of them (67%) 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 nu-
cleosynthesis models for massive AGB stars at solar metallicity. For example,
such models predict some production of the radioactive *'Ca isotope but no
change in the total Ca abundance. A minority of stars (five) 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.

5.3 CNO abundances and isotopic ratios in massive AGB stars

We have obtained for the first time, by spectral synthesis, the CNO elemental
abundances and isotopic ratios in a small sample (5) of massive Galactic O-rich
AGB stars at the beginning of the TP phase. In addition, we have explored the
effects of the presence of a circumstellar envelope and radial wind in the CNO
abundances and isotopic ratios. We have found that the abundances derived
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112 Chapter 5. Conclusions

with hydrostatic models are identical to those obtained with extended model
atmospheres. The very large N enhancements in our sample stars confirm,
independently of the Li overabundances, the activation of the HBB process in
massive AGB stars at solar metallicity.

The derived CNO abundances and isotopic ratios, 12C/3C, 160/170, 160 /180
and 'N/1°N, are in general good agreement with the nucleosynthesis theore-
tical predictions for very massive AGB stars (in the range 7-8 Mg), at solar
metallicity, that experience HBB in the early TPs. In particular, the obtained
120/13C ratios also confirm the HBB activation in massive AGB stars in a more
precise way that from the N and Li abundances because this isotopic ratio is
more independent of variations in the stellar parameters (Tess, log g, etc.)
used in the modelling of the observed spectra. However, we note that for the
160/180 and N/'°N isotopic ratios, we only could estimate rough lower limits
because: i) the synthetic spectra are less sensitive to changes of these isotopic
ratios; ii) the high density of molecular lines in the observed spectra; and iii)
the difficulty to find clean (not blended) molecular lines in massive AGB stellar
spectra.

Moreover, two sample AGB stars (IRAS 1515243632 and RU Cyg) seem
to be the descendants of ~8 My HBB progenitors that have experienced any
TP. They thus represent very good candidates for truly super-AGB stars. This
finding should encourage more super-AGB nucleosynthesis calculations.

Finally, we have compared our O isotopic ratios with the measurements
made on presolar grains. Our results for the AGB stars IRAS 1515243632
and SV Cas reinforce the idea that the more massive AGB stars could be the
formation site of the Group II grains. However, the large uncertainties in the
170 /160 ratios and our conservative 80/'60 lower limits for the rest of AGB
stars in our sample do not permit us to reach a definitive answer about the
the origin of the Group II stardust grains. Our findings should encourage the
nucleosynthesis modelers to carry out a full detailed exploration of the massive
AGB (and even super-AGB) model predictions using the new 7O(p, a)"N
reaction rate from the LUNA experiment.
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Future work

As a natural continuation of the work presented in this thesis, new research
directions have emerged. Some of them are enumerated below.

e Regarding the study of the circumstellar effects, it will be very useful to
use the pseudo-dynamic models in other types of stars with thick circum-
stellar envelopes (e.g. C-rich AGB and red supergiant stars) in order to
explore the circumstellar effects as a function of other stellar parameters
such as the chemical composition as well as to investigate the circum-
stellar effects on other atoms and molecules from the optical to the IR
range.

e We plan to keep improving the abundance determination in massive AGB
stars and understand better the real effects of the HBB in these stars. Par-
ticularly, the extension to more evolved and extreme massive AGB stars,
whose present modelling show some challenging problems. Indeed, the
development of more realistic model atmospheres and synthetic spectra
for the more evolved and extreme massive AGB stars would be highly
desirable. The first step would be the inclusion of dust (which should be
more important in the IR) in the models, while a long-term goal would
be the natural extension to fully 3D hydrodynamical models.

e Concerning the CNO elemental/isotopic abundances, we would like to
compare our results with new massive AGB (even super-AGB) model
predictions, when available, that consider the new 17O(p7 a)14N reaction
rate from the LUNA experiment in order to confirm/discard if the massive

113
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114 Chapter 6. Future work

AGB stars are the main site of the origin of the Group II grains. About
the two stars (IRAS 1515243632 and RU Cyg) that are good candidates
for being super-AGB stars, more detailed (e.g. including the CNO iso-
topes) super-AGB models could elucidate if they are truly super-AGB
stars; something that would represent the first detection of a super-AGB
star.

e Observationally, we could study the CNO chemical composition by using
several high-resolution spectroscopic facilities in the near-IR. For exam-
ple, using data on well known massive AGB stars already available in
our IAC group (i.e. VLT/ISAAC, VLT/CRIRES and TNG/GIANO).
Also, the analysis of large AGB samples will be possible with the Sloan-
III/APOGEE data, while the Sloan-IV/APOGEE-2 ones would provide
us access to other metallicities like the Galactic Bulge and the Magellanic
Clouds. Undoubtedly, this would provide strong observational constraints
to the nucleosynthesis models and an unique database for the meteoritic
community.
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Rubidium and zirconium fits

We present here the oberved spectra (black dots), best hydrostatic (blue lines)
and pseudo-dynamical (red lines) fits of our sample of massive AGB stars in
the regions 7800 A Rb I line and 6474 A ZrO bandhead. The parameters of
the best fit model atmospheres are indicated in Table 2.4. The flux units are
arbitrary. The plots are displayed in increasing R.A. order.
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Lithium and calcium fits

We present here the best fits of the 6708 ALiland 6463 A Cal spectral regions
of our sample of massive AGB stars (black dots). The pseudo-dynamical (red
lines) models are similar to the hydrostatic (blue lines) ones, and properly
repodruce 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. The parameters of the best fit model atmospheres are indicated in

Table 3.3. The flux units are arbitrary. The plots are displayed in increasing
R.A. order.
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Compasison between theoretical and
derived CNO elemental /isotopic
abundances

We present here the range of CNO elemental abundances and isotopic ratios,
taking into account the uncertainties, of our small sample of massive AGB stars
at the beginning of the TP phase in comparison with the Monash theoretical
predictions in the TP-AGB phase for massive AGB stars at solar metallicity
(Z = 0.014). We note that in the M = 4.25 ¢ case, the Karakas & Lugaro
(2016) models assume M,,;; = 107 Mg. The values of the derived CNO
elemental /isotopic abundances are listed in Tables 4.2 and 4.4.

139

Este documento incorpora firma electrénica, y es copia auténtica de un documento electrénico archivado por la ULL segun la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente direccion https://sede.ull.es/validacion/

I dentificador del docunento: 2287186 Codigo de verificaci 6n: sPPqOWP
Firmado por: VICTOR PEREZ MESA
UNIVERSIDAD DE LA LAGUNA

Fecha: 18/11/2019 13:15:40

Olga Maria Zamora Sanchez
UNIVERSIDAD DE LA LAGUNA

DOMINGO ANIBAL GARCIA HERNANDEZ
UNIVERSIDAD DE LA LAGUNA

20/11/2019 10:21:21

20/11/2019 12:33:08

155/170



Universidad de La Laguna
Oficina de Sede Electréonica
Entrada
N° registro: 2019/105730
N° reg. oficina: OF002/2019/102241
Fecha: 18/11/2019 13:18:36

140

Chapter C. Comparison between theoretical and derived CNO

elemental /isotopic abundances

IRAS 15152+3632

Figurc C.1: Theoretical Monash predictions for the C (top panel), N (middle panel) and O (bottom
panel) elemental abundances against TP number for the progenitor masses that experience HBB at

solar metallicity. The shaded regions indicate the range of CNO abundances of IRAS 1515243632
taking into account the uncertainties.
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Figure C.2: Theoretical Monash predictions for the 2C/13C (top panel) and MN/N (bottom
panel) isotopic ratios against TP number for the progenitor masses that experience HBB at solar
metallicity. The shaded regions indicate the range of C and N isotopic ratios of IRAS 1515243632
taking into account the uncertainties.
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Chapter C. Comparison between theoretical and derived CNO
142 elemental /isotopic abundances
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Figure C.3: Theoretical Monash predictions for the 170/60 (top panel) and 80/60 (bottom
panel) isotopic ratios against TP number for the progenitor masses that experience HBB at solar
metallicity. The shaded regions indicate the range of O isotopic ratios of IRAS 1515243632 taking
into account the uncertainties.
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Figurc C.4: Theoretical Monash predictions for the C (top panel), N (middle panel) and O (bottom
panel) elemental abundances against TP number for the progenitor masses that experience HBB at
solar metallicity. The shaded regions indicate the range of CNO abundances of IRAS 1807243100

taking into account the uncertainties.
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Figure C.5: Theoretical Monash predictions for the 12C/13C (top panel) and MN/N (bottom
panel) isotopic ratios against TP number for the progenitor masses that experience HBB at solar
metallicity. The shaded regions indicate the range of C and N isotopic ratios of IRAS 1807243100

taking into account the uncertainties.
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Figure C.6: Theoretical Monash predictions for the 170/*6Q (top panel) and ¥0/*60 (bottom
panel) isotopic ratios against TP number for the progenitor masses that experience HBB at solar

metallicity. The shaded regions indicate the range of O isotopic ratios of IRAS 1807243100 taking
into account the uncertainties.
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Figurc C.T: Theoretical Monash predictions for the C (top panel), N (middle panel) and O (bottom
panel) elemental abundances against TP number for the progenitor masses that experience HBB at

solar metallicity. The shaded regions indicate the range of CNO abundances of IRAS 1814140340
taking into account the uncertainties.
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Figure C.8: Theoretical Monash predictions for the 2C/13C (top panel) and MN/5N (bottom
panel) isotopic ratios against TP number for the progenitor masses that experience HBB at solar
metallicity. The shaded regions indicate the range of C and N isotopic ratios of IRAS 1814140340
taking into account the uncertainties.
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Figure C.9: Theoretical Monash predictions for the 170/¥60 (top panel) and 80/60 (bottom
panel) isotopic ratios against TP number for the progenitor masses that experience HBB at solar
metallicity. The shaded regions indicate the range of O isotopic ratios of IRAS 1814140340 taking
into account the uncertainties.
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Figurc C.10: Theoretical Monash predictions for the C (top panel), N (middle panel) and O
(bottom panel) elemental abundances against TP number for the progenitor masses that experience
HBB at solar metallicity. The shaded regions indicate the range of CNO abundances of SV Cas taking

into account the uncertainties.
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Figure C.11: Theoretical Monash predictions for the 12C/*3C (top panel) and 4N/15N (bottom
panel) isotopic ratios against TP number for the progenitor masses that experience HBB at solar
metallicity. The shaded regions indicate the range of C and N isotopic ratios of SV Cas taking into

account the uncertainties.
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Figure C.12: Theoretical Monash predictions for the 70/60 (top panel) and '80/160 (bottom
panel) isotopic ratios against TP number for the progenitor masses that experience HBB at solar

metallicity. The shaded regions indicate the range of O isotopic ratios of SV Cas taking into account
the uncertainties.
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Figure C.13: Theoretical Monash predictions for the C (top panel), N (middle panel) and O
(bottom panel) elemental abundances against TP number for the progenitor masses that experience
HBB at solar metallicity. The shaded regions indicate the range of CNO abundances of RU Cyg
taking into account the uncertainties.
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Figure C.14: Theoretical Monash predictions for the 2C/13C (top panel) and N/15N (bottom
panel) isotopic ratios against TP number for the progenitor masses that experience HBB at solar
metallicity. The shaded regions indicate the range of C and N isotopic ratios of RU Cyg taking into
account the uncertainties.
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Figure C.15: Theoretical Monash predictions for the 170/160 (top panel) and 80/160 (bottom
panel) isotopic ratios against TP number for the progenitor masses that experience HBB at solar
metallicity. The shaded regions indicate the range of O isotopic ratios of RU Cyg taking into account
the uncertainties.
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