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ABSTRACT

Aims. We derive the stellar atmosphere parameters and chemical element abundances of four stars classified as semi-regular variables
of type “d” (SRd). These stars should presumably belong to the Galactic halo population.

Methods. Elemental abundances are derived by applying both local thermodynamical equilibrium and non-local thermodynamical
equilibrium analyses to high resolution (R ~ 80000) spectra obtained with the CFHT ESPaDOnS spectrograph. We determine the
abundances of 27 chemical elements in VW Dra, FT Cnc, VV LMi, and MQ Hya.

Results. The stars of our present program have a chemical composition that is inconsistent with their presumable status as metal-
deficient halo giants. All studied SRd giants have relative-to-solar elemental abundances that are typical of the thick/thin Galactic
disk stars. We find that all objects of this class for which spectroscopic follow up analyses have been completed show a dichotomy in
the amplitudes of their photometric variations. Specifically, the disk objects have small amplitudes, while halo SRd stars have much
larger amplitudes, which indicates that amplitude is obviously related to the metallicity of the star.

Key words. stars: abundances — stars: variables: general — stars: late-type — stars: fundamental parameters

1. Introduction

This article continues a series of papers devoted to the spectro-
scopic investigation of SRd variable stars (semi-regular yellow
giants). Our main objective is to find a definitive answer to the
following question: do the stars classified as SRd have the phys-
ical and chemical characteristics typically found only for the
halo stellar population? In the past, the SRd giants were con-
sidered as members of the stellar population I (Dawson et al.
1982; Wahlgren 1993). The kinematics of some of these stars
are, however, consistent with a halo origin. For the majority of
SRd stars, however, the relevant kinematical data are unavailable
in the literature.

Several abundance analyses of SRd stars have been per-
formed (Andrievsky et al. 1985; Giridhar et al. 1998, 1999,
2000; Andrievsky et al. 2007a — Paper I). They have mea-
sured low relative-to-solar abundances of elements in these
stars, which is typically a signature of halo/thick disk objects
([Fe/H] ~ from —1.0 to —2.0). Nevertheless, the results of our
most recent study (Britavskiy et al. 2010a — Paper II) indicated
that the situation for SRd stars is rather complicated. All the stars
investigated in that paper (V463 Her, V894 Her, CW CVn, and

* Based on observations obtained at the Canada-France-Hawaii
Telescope (CFHT), which is operated by the National Research Council
of Canada, the Institut National des Sciences de 1’Univers of the Centre
National de la Recherche Scientifique of France, and the University of
Hawaii.

** Figures 2 and 3 are available in electronic form at
http://www.aanda.org
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MS Hya) appear to have a chemical composition that does not
agree with their presumable status as halo giants.

On the contrary, these giants have the relative-to-solar ele-
mental abundances typical of the thick/thin Galactic disk stars
(see Bensby et al. 2010, for the abundances of the disk stars).
Thus, one can suppose that the SRd class comprises stars of
both the halo and disk population objects. However, only a small
number of these SRd stars have been investigated so far: only
21 of the 220 SRd stars known listed in the General Catalogue
of Variable Stars (GCVS), have been studied by means of high-
resolution spectroscopy, i.e. about 10%. We believe that it is nec-
essary to increase the statistics to evaluate the relative number of
SRd stars belonging to the halo and disk populations.

In this article, we present our measurements of the elemental
abundances derived in VW Dra, FT Cnc, VV LMi, and MQ Hya.
This was done for the first time for these stars (only VW Dra had
previously been analyzed by Andrievsky et al. 1985, but using
photographic plate material).

2. Observations

For our observations with the Canada-France-Hawaii 3.6-m tele-
scope, we selected several SRd stars listed in GCVS. The ob-
servations were carried out over three nights in 2005 with the
fiber-fed ESPaDOnS spectrograph equipped with a EEV 2000 x
4500 CCD camera (binned 1 x 1). The resolving power provided
by this combination was about 80 000 and the spectral range ex-
tended from 3700 A to 10 500 A. The list of the stars and some of
their characteristics are given in Table 1. For all the studied spec-
tra, the signal-to-noise ratio (S/N) within the observed spectral
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Fig. 1. Fragments of the VV LMi synthetic spectrum superimposed on its observed spectrum.

Table 1. Characteristics of the program stars.

Star \% Test log g Vi [Fe/H]
(mag)  (K) (ginems™?) (kms™)
VW Dra 6.0-7.0 4660 2.00 1.40 0.0
FTCNC 8.43-8.63 3900 1.00 1.50 0.0
VVLMi 821-8.44 3800 0.60 1.20 0.0
MQ Hya 8.52-8.69 3910 0.50 1.50 0.0

Notes. The table includes visual magnitude, effective temperature, sur-
face gravity (logarithm), microturbulent velocity, and (model) metallic-
ity. Classification of the stars is from GCVS.

fragments is higher than 100. The spectra were first processed
by the CFHT ESPaDOnS reduction pipeline and then extracted
using standard IRAF procedures (subtraction of dark, division
by the flat fields, wavelength calibration, etc.). Additional analy-
sis of the spectra (continuum placement, equivalent width mea-
surements, spectra fragment extraction) was performed using the
DECH20 code (Galazutdinov 1992). Correct continuum place-
ment in the spectra of the cool stars is always problematic, and
to some extent, the corresponding choice is subjective. To mini-
mize the subjectivity, we applied a synthetic spectrum technique
in order to find the real position of the continuum in the spectra
of our cool program stars. The line list needed for the synthetic
spectrum generation was taken from the VALD’s database'. This
atomic line list was also supplemented with a molecular line
list>. As an example, in Fig. 1 we show two fragments of the
VV LMi synthetic spectrum generated with Tsymbal’s (1996)
LTE code, and then superimposed on the observed spectrum of
this star.

3. Analysis and results

The list of unblended or weakly blended lines possibly present
was selected from the VALD database. For all the lines studied,
this database lists the excitation potentials, oscillator strengths,
and broadening parameters. Our spectroscopic analysis was

' http://ams.astro.univie.ac.at/vald/

2 R.L.Kurucz, http://kurucz.harvard.edu/molecules.htm
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based on LTE Kurucz atmosphere models (Kurucz 1992). The
equivalent widths of the spectral lines selected for our analy-
sis were measured using a Gaussian approximation. In all the
spectra of our program stars, the absorption lines are narrow
and symmetric, hence the equivalent widths of the lines were
measured with high accuracy. An Arcturus spectrum (see Hinkle
et al. 2000) was selected as an appropriate example to verify our
analysis technique, since this is a well — investigated star and its
atmosphere parameters are comparable to those of our program
stars (Fulbright et al. 2007). In Tables 3 and 4, we give the re-
sults of the abundance analysis and a comparison with the data
published by Fulbright et al. (2007).

3.1. Fundamental parameters

The effective temperature T.g for each star studied here was es-
timated using the line depth ratios. The line-depth ratio method,
which is based on sensitive temperature indicators, was devel-
oped for giant stars by Kovtyukh et al. (2006). The method is
independent of the interstellar reddening, and only marginally
dependent on individual characteristics of the stars, such as rota-
tion, microturbulence, and metallicity. The mean error in the Teg
determination is no larger than 100-150 K. To verify the results
of the temperature determination, we applied the standard proce-
dure of avoiding any dependence of the iron abundance derived
from the Fe I lines on their excitation potentials (Fig. 2).

We also applied a traditional method of effective temperature
determination based on the use of colors. For our program stars,
these colors were selected from SIMBAD. With calibrations
published by Alonso et al. (1999) for the giant stars, we obtained
the results that are gathered in Table 2. The expected accuracy
of these determinations is not very high (about £250 K), but we
can see that our effective temperatures based on the line depth ra-
tios are in satisfactory agreement with photometric temperature
estimates.

To evaluate the microturbulent velocity (V;) in the atmo-
spheres of our program stars, we used a commonly used method
based on the lack of a relation between the iron abundance
produced by individual FeT lines and their measured equivalent
widths. Results are shown in Fig. 3.
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Table 2. Comparison of the program-star effective temperatures deter-
mined using different methods.

Star Ty Tev Tov-xvy To-rn Tu-n
(K) (K) (K) (K) (K)
VW Dra 4660 4630 4630 4320 4570
FT CNC 3900 - - 3740 4010
VVLMi 3800 — — 3810 4020
MQ Hya 3910 - - 3820 3880

Notes. T, is the value listed in Table 1.

Table 3. Stellar atmosphere parameters of Arcturus as determined by
Fulbright et al. (2007) and us.

Fulbright et al. ~ This study
Ter, (K) 4290 4300
log g, (gincm s72) 1.55 1.50
Vi, (km s71) 1.67 1.50
[Fe/H] —0.50 —0.46

Table 4. Abundances of some elements in the atmosphere of Arcturus
derived by Fulbright et al. (2007) and us.

Fulbright et al. This study
Ton [El/Fe] o NL | [El/Fe] [El/Fe] o NL
LTE NLTE
o1 +0.48 - 1 +0.59 +0.39  0.17 5
Na1 +0.09 - 1 +0.12 +0.04  0.05 3
Mg1 +0.39  0.06 5 +0.25 +0.25  0.17 8
Al1 +0.38  0.03 3 +0.28 +0.11  0.14 6
Sr +0.01 - - +0.36 +0.06  0.20 3
Kr +0.07 - - +0.27 +0.11  0.12 2
Si1 +0.35 005 15 +0.29 - 0.19 65
Cal +0.21  0.01 2 +0.14 +0.27  0.13 21
Til +0.26 0.04 24 | +0.18 - 0.14 91
Bar -0.08 - - +0.14 -0.04 0.12 3

Notes. ) Abundances of these elements were taken from Peterson et al.
(1993).

The surface gravity of each program star was derived by
maintaining the ionization balance of the iron abundance pro-
duced by both Fel and Fen lines. The stellar atmosphere
parameters of our program stars are given in Table 1.

3.2. Abundances

Since we used the VALD compilation of oscillator strengths, we
eliminated possible random errors in the derived abundances by
comparing the stellar elemental abundances with the solar val-
ues, which were determined with the same log ¢gf values, the
solar atmosphere model from the Kurucz’s grid, and microturbu-
lent velocity of 1.3 km s~!. Our solar abundances were derived
using the Kurucz Solar Flux Atlas (Kurucz et al. 1984). Since the
Sun has at present the most reliably determined chemical abun-
dances, this allows us to check the adopted atomic line list and
exclude from the analysis the VALD lines that lead to significant
deviations from the mean abundance results. We also note that in
our analysis we used only the lines common to both the solar and
program star spectra. Taking this into account, we therefore con-
sider approach as the most grounded way to use the Sun as a ref-
erence star, despite the obvious difference between the effective
temperatures of the Sun and our program stars. Nevertheless, we
also checked our input atomic data using the Arcturus spectrum,
as mentioned before in this section. The abundance results for
the Sun and our program stars are presented in the next section.

To verify the accuracy of the abundances derived from our
equivalent width analysis, we applied a synthetic spectrum tech-
nique (Tsymbal 1996, LTE code) to take into account the possi-
ble blending of some lines and continuum level distortion caused
by molecular bands. This check was absolutely necessary for the
three cooler stars of our sample, whose spectra display evidence
of many molecular features.

It is also necessary to note that only a few Ti Il and Fe I lines
can be found in the spectra of these cool giants. These lines are
important for determining the gravity. Therefore, we checked the
sensitivity of the gravity determination by modeling the wings
of the strong lines of the ionized calcium triplet. Our results
are shown in Fig. 4 for three stars of our sample, as well as for
Arcturus, for which we know the atmosphere model parameters
with great accuracy.

The abundances of elements such as O, Na, Mg, Al, S, K,
Ca, and Ba were found using the NLTE spectral synthesis based
on the modified version of MULTI code (see Carlsson 1986, for
the MULTI description; and Korotin et al. 1999a,b; Korotin &
Mishenina 1999; Mishenina et al. 2000, 2004; Andrievsky et al.
2001, 2007b, 2008, 2009, 2010; Korotin 2009, and references
therein, for the description of the code modification and applied
atomic models). When necessary, the NLTE code was combined
with an LTE synthetic spectrum in order to take into account
the blending of the lines treated in NLTE with lines of other
species. For the other chemical elements investigated, the abun-
dances were derived with the help of the Kurucz LTE WIDTH9
code.

Table 5 lists the relative-to-solar abundances in the stars
of our sample. Graphically, the distribution of the chemical
elements in the studied stars is shown in Fig. 5.

4. Discussion and conclusion

Our results presented in Table 5 show that all investigated stars
have elemental abundances that are atypical of the halo popu-
lation. For some elements, the scatter from star to star is rather
large (e.g. for Y and La), but the lowest abundances of the vast
majority of the investigated elements in our sample are no lower
than those seen in the stars belonging to the thick disk (accord-
ing to Bensby et al. 2010, the relative-to-solar iron abundance
[Fe/H] of the thick disk stars is within the range from about zero
to —1 dex). From the elements in common with the investigation
of Bensby et al. (2010) in the thick disk stars (see their Fig. 10)
and us, only two elements have surprising differences in their
abundances. In Fig. 5, we compare the elemental abundances of
the four stars in the present study with lower limits to the thick
disk stellar abundances.

Among the 21 stars of the SRd class studied up to now (see
references in the Introduction), 12 show the elemental abun-
dances that allow one to classify them as halo population ob-
jects, while the other stars apparently belong to the thick and
thin Galactic disks. We note that both groups of SRd stars clearly
have differences in the amplitudes of their visual magnitude
variation. The halo members with significantly lower metallic-
ities have much larger amplitudes, while the amplitudes of the
stars with [Fe/H] greater than —1 are much smaller (Fig. 6).
However, the relation between the amplitude of luminosity vari-
ation and the metallicity of the star, and the mechanism behind
this amplitude modulation remains unclear.

Thus, we can conclude that we have obtained evidence that
the SRd class is chemically inhomogeneous. This class com-
prises both the halo and disk population objects, which neverthe-
less can manifest similar photometric semi-regular variabilities.
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Fig. 2. Relative-to-solar iron abundance from derived FeT lines versus excitation potential for Arcturus and for SRd stars of our program. As is the
convention in spectroscopic literature, hereafter we denote the relative-to-solar abundance of a certain element as [El/H] = log €(El) — log €(El)e.
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Fig. 3. Relative-to-solar iron abundances derived from the FeT lines versus the equivalent widths of Arcturus and SRd stars in our program.

N. E. Britavskiy et al.: Chemical composition of semi-regular variable giants. III.
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