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Abstract. In this work we explore how the use of dynamical model atmospheres has an
impact on the chemical abundances derived in O-rich (massive) AGB stars. In particular,
we study the effect on the Rb and Zr abundances derived from the resonant 7800 Å Rb
I line and the 6474 Å ZrO bandhead, respectively. Interestingly, our new Rb abundances,
including a stellar wind, are much lower (by 1-2 dex) in those O-rich AGB stars showing
the higher circumstellar expansion velocities, while the new Zr abundances remain close to
the solar values. The Rb and Zr derived here significantly resolve the problem of the present
mismatch between the observations of intermediate-mass (4–8 M�) Rb-rich AGB stars and
the AGB nucleosynthesis theoretical predictions.
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1. Introduction

The asymptotic giant branch (AGB) is the
last nuclear-burning phase of low- and
intermediate-mass stars (0.8 ≤ M ≤ 8 M�),
where the production of heavy elements (Z >
26) by slow neutron-captures (the s-process)
on iron seed nuclei takes place. The relative
abundance of s-elements such as Rb to other
neighboring ones such as Sr, Y, and Zr is an
indicator of the neutron density, namely a
discriminant of the stellar mass and the main
neutron source at the s-process site (Lambert et
al. 1995; Abia et al. 2001; Garcı́a-Hernández
et al. 2006).

Low-mass AGB stars (M < 4 M�) can turn
C-rich (i.e. C/O > 1) because of the dredge-
up of carbon from the bottom of the con-
vective envelope to the stellar surface. The
13C(α, n)16O reaction is accepted to ope-

rate as the main neutron source (e.g. Abia et
al. 2001) in these stars. On the other hand,
intermediate-mass AGB stars ( 4 ≤ M ≤ 8
M�) are O-rich stars (C/O < 1) because of
the operation of hot bottom burning (HBB),
which burns carbon at the base of the con-
vective envelope, thus preventing the forma-
tion of a carbon star (Sackmann & Boothroyd
1992). The s-process elements are expected
to form mainly by the neutrons released by
the 22Ne(α, n)25Mg reaction, in a higher neu-
tron density environment than in lower mass
AGB stars (Garcı́a-Hernández et al. 2006).
Observationally, intermediate-mass AGB stars
display [Rb/Zr] > 0 (Garcı́a-Hernández et al.
2006, 2007, 2009) while low-mass AGB stars
have [Rb/Zr] < 0 ratios (Abia et al. 2001).

However, the Rb abundances and [Rb/Zr]
ratios found in several Galactic and Magellanic
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Cloud intermediate-mass AGB stars (Garcı́a-
Hernández et al. 2006, 2009) represent a chal-
lenge for theoretical AGB nucleosynthesis mo-
dels, which do not predict the extreme Rb over-
abundances ([Rb/Fe] & 2 dex) and extraordi-
narily high [Rb/Zr] ratios observed (van Raai
et al. 2012; Karakas et al. 2012). These Rb
abundances were derived from the resonant Rb
I absorption line at 7800 Å, using hydrostatic
model atmospheres. The detection of blue-
shifted circumstellar (CS) Rb I absorption lines
in several of these extreme O-rich AGB stars
suggests that the Rb I line is probably affected
by contamination from one or more CS com-
ponents. In this work, we explore how the use
of a more realist model atmosphere (including
a stellar wind) impact the Rb and Zr chemical
abundances derived in intermediate-mass AGB
stars.

2. Methodology

2.1. Spectral synthesis including velocity
fields

The circumstellar component around the Rb I
7800 Å line was modeled using a branch
of the v12.1 of the spectral synthesis code
Turbospectrum (Alvarez & Plez 1998; Plez &
Lambert 2002) that is able to deal with ex-
tended atmospheres and velocity fields. The
Doppler effect due to the expanding envelope
of the star is implemented in Turbospectrum
by the modification of the routines that com-
pute the line intensities at the stellar surface
(see Zamora et al. 2014, for further details).
As an independent test of consistency, Monte
Carlo (MCS) simulations were also carried out
in order to validate the results obtained by
Turbospectrum. The most frequent line profile
obtained from MCS is a blue-shifted absorp-
tion feature with a weak and broader emission
component. This is in agreement with the opti-
cal observations of the Rb line profile obtained
by Garcı́a-Hernández et al. (2006) in Galactic
OH/IR AGB stars; see also Figure 1 .

Fig. 1. Observed Rb line profiles in several Galactic
OH/IR AGB stars (Garcı́a-Hernández et al. 2006).
The location of the Rb I (7800.3 Å) line is indicated
by the dashed line.

2.2. Dynamical model atmospheres

The dynamical models are constructed from
the original MARCS hydrostatic atmosphere
model structure, expanding the atmosphere ra-
dius by the inclusion of a wind out to ∼ 5 stel-
lar radii, with a radial velocity field in spheri-
cal symmetry. The stellar radius R∗ is defined
as the radius corresponding to r(τRoss = 1)
in the MARCS hydrostatic model, where r is
the distance from the stellar centre and τRoss
the Rosseland optical depth. The stellar wind
is computed under the assumptions of mass
conservation and radiative thermal equilibrium
following a classical β−velocity law (see Eqs.
1-3 in Zamora et al. 2014).

The β exponent is an arbitrary free parame-
ter controlling the slope of the β−velocity law.
For the onset of the wind, we take v0 = v(R∗)
and the extension of the envelope begins from
the outer radius of the hydrostatic model. For
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the mass-loss rate Ṁ and the β exponent, we
use values in the typical range of AGB stars:
Ṁ ∼ 10−9–10−4 M� yr−1 in steps of factors
of 10 and β ∼ 0–1.6 in steps of 0.2. Finally,
we assume vexp(OH) as the terminal velocity
v∞ because the OH maser emission is found at
very large distances of the central star (see e.g.
Decin et al. 2010).

3. Comparison between hydrostatic
and dynamical Rb and Zr
abundances

The parameters of the dynamical atmosphere
models providing the best fit to the observa-
tions and the derived Rb and Zr abundances
([Rb/M]dyn and [Zr/M]dyn) are shown in Table
1. The Rb abundances ([Rb/M]re f

static) as de-
termined from hydrostatic models by Garcı́a-
Hernández et al. (2006, 2009) are also shown
for comparison. In Table 1 we also lists the
re-derived Rb abundances ([Rb/M]static) using
the hydrostatic models with the updated solar
abundances by Grevesse et al. (2007).

The new Rb abundances (in the range
[Rb/M]∼0.0−1.5 dex; Table 1) derived from
our dynamical models display a dramatic de-
crease of 1.4 dex to 1.8 dex with respect to
the static case. For the less extreme stars with
a lower expansion velocity and mass-loss rate
(IRAS 05098−6422 and IRAS 18429−1721),
the Rb abundances obtained from dynamical
models remain close, within 0.2 dex, to those
from hydrostatic models.

In Fig. 2, we display the observed Rb I
line profiles in our O-rich AGB sample (black
dots) together with the best synthetic spec-
tra as obtained from the new dynamical mod-
els (red lines) versus the static ones (blue
lines). Our dynamical atmosphere models re-
produce the observed Rb I line profiles (pho-
tospheric and circumstellar components) very
well, much better than the classical hydrostatic
models. The 6474 Å ZrO bandhead, because it
is formed deeper in the atmosphere, is less af-
fected than the Rb I line, and the Zr abundances
derived from dynamical models are similar to
those obtained with the hydrostatic models.

Standard nucleosynthesis models for
intermediate-mass AGB stars show that

Fig. 2. Rb abundances derived in the sample stars
using dynamical models. The location of the Rb I
stellar line is indicated by a dashed line. Dynamical
models providing the best fits to the observations
(black dots) are indicated by a red line. Hydrostatic
models are also shown for comparison (blue lines).
The expansion velocity and the mass-loss rate
adopted in the models also are indicated for each
star.

the predicted Rb abundances range from
[Rb/M]∼0.0 up to 1.44 dex, depending on the
progenitor mass and metallicity (see van Raai
et al. 2012; Karakas et al. 2012); the predicted
Rb production increases with increasing stellar
mass and decreasing metallicity. Comparing
with their predictions, the Rb abundances
and [Rb/Zr] ratios derived here significantly
resolve the problem of the present mismatch
between the observations of massive (4–8
M�) Rb-rich AGB stars and the theoretical
predictions.

4. Conclusions

We explore the CS effects on the Rb and Zr
abundances derived in extreme O-rich AGB
stars. To this end, we use more realistic model
atmospheres that include a gaseous CS enve-
lope. The much lower Rb abundances (and
[Rb/Zr] ratios) derived here significantly alle-
viate the actual mismatch between the AGB
nucleosynthesis predictions and the optical ob-
servations of intermediate-mass (4–8 M�) Rb-
rich AGB stars. Further work is been doing in
order to carry out a chemical analysis based
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Table 1. Atmosphere parameters and abundances derived using dynamical models vs. hydrostatic
models.

IRAS name T eff (K) log g β Ṁ (M� yr−1) v (km s−1) [Rb/M]re f a
static [Rb/M]static

b [Rb/M]dyn
b [Zr/M]dyn

b

Galactic stars

05098−6422 3000 −0.5 0.2 1.0 × 10−8 6 0.1 0.0 ± 0.4 0.0 ± 0.4 ≤ 0.3 ± 0.3
06300+6058 3000 −0.5 0.2 1.0 × 10−7 12 1.6 1.9 ± 0.4 0.5 ± 0.7 ≤ 0.1 ± 0.3
18429−1721 3000 −0.5 0.2 1.0 × 10−8 7 1.2 1.2 ± 0.4 1.0 ± 0.4 ≤ 0.3 ± 0.3
19059−2219 3000 −0.5 0.2 1.0 × 10−7 13 2.3/2.6 2.4 ± 0.4 0.8 ± 0.7 ≤ 0.3 ± 0.3

LMC star

04498−6842 3400 0.0 0.2 1.0 × 10−7 13 3.9c 3.3 ± 0.4 1.5 ± 0.7 ≤ 0.3 ± 0.3

a See Garcı́a-Hernández et al. (2006, 2009). b The uncertainties represent the formal errors due to the sensitivity of the derived abundances
to slight changes in the model atmosphere parameters (∆Te f f =±100 K, ∆[M/H]=±0.3, ∆ ξ=±1 kms−1, ∆log g=+0.5, ∆FWHM=50 mÅ, ∆

β=0.2, ∆log(Ṁ/M�yr−1)=1.0 for each star. c We scale the Rb overabundance derived by Garcı́a-Hernández et al. (2009), [Rb/M] = +5.0,
to the adopted LMC metallicity [M/H] = −0.3.

on these new dynamical models for all the
Rb-rich AGB stars already studied by Garcı́a-
Hernández et al. (2006, 2009). This undoubt-
edly will help us to constrain the actual nucle-
osynthesis models for the more massive AGB
stars.
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