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ABSTRACT

Context. Optical interferometry is a powerful tool for observing the intensity structure and angular diameter of stars. When combined
with spectroscopy and/or spectrophotometry, interferometry provides a powerful constraint for model stellar atmospheres.

Aims. The purpose of this work is to test the robustness of the spherically symmetric version of the ATLAS stellar atmosphere program,
SATLAS, using interferometric and spectrophotometric observations.

Methods. Cubes (three dimensional grids) of model stellar atmospheres, with dimensions of luminosity, mass, and radius, are com-
puted to fit observations for three evolved giant stars, ¢ Phoenicis, y Sagittae, and « Ceti. The best-fit parameters are compared with
previous results.

Results. The best-fit angular diameters and values of y? are consistent with predictions using PHOENIX and plane-parallel ATLAS
models. The predicted effective temperatures, using SATLAS, are about 100 to 200 K lower, and the predicted luminosities are also
lower due to the differences in effective temperatures.

Conclusions. It is shown that the SATLAS program is a robust tool for computing models of extended stellar atmospheres that are
consistent with observations. The best-fit parameters are consistent with predictions using PHOENIX models, and the fit to the inter-

ferometric data for ¢ Phe differs slightly, although both agree within the uncertainty of the interferometric observations.
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1. Introduction

Optical interferometry accurately measures the combination of
the angular diameter and the structure of the intensity distribu-
tion of a stellar disk. The combination of interferometry with
spectroscopy and/or spectrophotometry is a powerful tool for de-
termining effective temperatures and other properties of stars,
and the growth of optical interferometry is testing theoretical
models of stellar atmospheres in new ways.

In a series of articles, Wittkowski et al. (2004, 2006a,b)
fit Very Large Telescope Interferometer (VLTI) observations of
cool giants using the VINCI instrument with spherically sym-
metric stellar atmosphere models in local thermodynamic equi-
librium (LTE) computed with the PHOENIX program (Hauschildt
et al. 1999), and with plane parallel models from PHOENIX and
ATLAS (Kurucz 1970, 1993). The authors demonstrated that op-
tical interferometry can detect the wavelength-dependent limb-
darkening of cool giants and that the limb-darkening can be used
to constrain model stellar atmospheres. These works are based
on observations of three stars:  Phoenicis (M4 III), v Sagittae
(MO III), and « Ceti (M 1.5 III) also called Menkar.

The purpose of this note is to model these interferometric
observations using the new spherically symmetric version of
the ATLAS program (SATLAS) developed by Lester & Neilson
(2008) and to determine fundamental parameters of the three
stars. There are two versions of the SATLAS program, one

using opacity distribution functions while the other uses opac-
ity sampling; in this work we use the first version. The radiation
field is computed using the method suggested by Rybicki (1971),
which is a reorganization of the Feautrier (1964) method.

In this work we compute cubes (three dimensional grids) of
spherically symmetric stellar atmospheres with dimensions of
luminosity, mass, and radius to model interferometric visibilities
to fit the VLTI/VINCI observations and broadband spectropho-
tometry from Johnson & Mitchell (1975). This will provide a
robust test of the program and a comparison to the results pre-
dicted using spherically symmetric PHOENIX models. In the next
section, we outline the method for computing synthetic visibil-
ities and predicting radii, effective temperatures, luminosities,
masses, and gravities. We present the results in the third section
and the discussion in the fourth section.

2. Method for computing visibilities
and determining stellar parameters

The goal of this note is to determine the global properties of
the three observed stars. Interferometric observations are ideal
for measuring the angular diameter, and with the HIPPARCOS
parallax (Perryman & ESA 1997) one can find the linear radii of
the stars. The visibility (Davis et al. 2000; Tango & Davis 2002)
at wavelength A is

1
Vip(d) = f S AL (@) Jo [76Lp(B/ (1 - )] pdp. M
0
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In this equation, S, is the sensitivity function of the instrument
(VINCI in this case) (Kervella et al. 2000), Jj is the zeroth-order
Bessel function, B is the length of the baseline of the interferom-
eter, and u is the cosine of the angle between the center of the
stellar disk and a distance from the center. The center of the disk
corresponds to ¢ = 1 and the edge of the disk is u = 0 as seen
from the center of the star. To match the broadband VLTI/VINCI
observations, the monochromatic model visibilities must be in-
tegrated and squared to get the squared visibility amplitudes,

~Jy Vin(Pda

[Vipl* =
22
Jy S3F3da

)

The denominator of Eq. (2) normalizes the visibilities, where F,
is the flux of model. For a given model atmosphere, we can find
the best-fit angular diameter with a minimum y? value.

The next step is to use the model stellar atmospheres to fit
spectrophotometric observations. The purpose of fitting spec-
trophotometry is to constrain the effective temperature and the
stellar flux; however, the effective temperature is dependent on
the angular diameter. The modeled flux is scaled using the same
method and assumptions as in Wittkowski et al. (2004) to fit the
broadband data from Johnson & Mitchell (1975). The best-fit
effective temperature is determined using the best-fit angular di-
ameter from the interferometric fit to break the degeneracy.

The linear radius of the star is determined using the best-fit
angular diameter and HIPPARCOS parallax, and the luminosity
is calculated using the radius and the effective temperature. The
mass and gravity are constrained by comparing the predicted ef-
fective temperature and luminosity with theoretical stellar evo-
lution tracks (Girardi et al. 2000).

3. Results

For each of the three stars, we compute a cube of models with
luminosity, mass, and radius as input parameters. The metallicity
is assumed to be solar, consistent with the conclusions of Feast
et al. (1990), and the microturbulence is zero. These assump-
tions can be tested, but for this work variations of metallicity
and microturbulence are ignored. The range of values for the in-
put mass, luminosity and radius are chosen based on the results
of Wittkowski et al. (2004, 2006a,b).

For  Phe, the mass range is chosen to be 0.6 to 1.6 M, in
steps of 0.2 M; the luminosity range is 630 to 1580 L, in steps
of 50 L and the radius range is 60 to 120 R, in steps of 20 Rg.
There are 480 models computed for ¢ Phe. The mass range for
y Sge is 1.0 to 1.9 M, in steps of 0.1 M, the luminosity range
is 400 to 700 L, in steps of 50 L and the radius range is 30 to
70 R in steps of 10 Ry, leading to 350 models for this star. There
are 1680 models computed for @ Cet to provide a larger range of
parameters and a more robust test of the SATLAS program. The
mass range is 1.5 to 3.0 My, in steps of 0.1 M, the luminosity
range is 103 to 2 x 103 Ly, in steps of 50 L, and the radius range
is 60 to 100 Ry, in steps of 10 R,.

We fit the limb-darkened angular diameter, 6 p, to the inter-
ferometric observations of each star and find a minimum value
of y?. The limb-darkened angular diameter is the angular diam-
eter to the edge of the stellar disk corresponding to the the layer
where ¢ = 0, and from the stellar atmosphere models we deter-
mine the Rossland angular diameter by multiplying 6 p by the
ratio of radius of the stellar atmosphere model at Tress = 2/3
to the radius of the outermost shell of that model, although this
outermost shell is determined by an arbitrary choice of the mini-
mum Tress When the model is computed. The quality of fit to the
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Fig. 1. Values of minimum y? for each model stellar atmosphere for
fitting the interferometric data of ¢ Phe as a function of (top) 6.p and
(bottom) Orys.

Table 1. Best-fit parameters of the three stars.

Y Phe v Sge a Cet
6p (mas) 8.7+0.3 6.3+0.1 12.6 £ 0.2
ORross (Mas) 8.13+0.1 6.02 £ 0.1 12.10 + 0.05
X’ 1.66 0.634 0.98
7 (mas) 10.15+£0.15 11.9+0.71 14.82+0.83
R(Ry) 85+ 1.6 5444 88+5
Ter (K) 3415 + 87 3650 = 78 3584 + 166
L(Ly) 882 + 96 468 + 81 1147 + 249
M (M) 0.85+0.1 09+0.2 1.3+04
logg (cm s72) 0.51908 093943 0.66* 52

interferometric data is sensitive to the Rossland angular diame-
ter, as was noted by Wittkowski et al. (2004). The minimum y?
values are shown in Fig. 1 as a function of limb-darkened and
Rossland angular diameter for each model for the case of i Phe.
The best-fit Rossland angular diameter is well constrained by in-
terferometry and the values of the Rossland and limb-darkened
angular diameters, along with the uncertainty of the fit, for each
star is given in Table 1. The Rossland angular diameter has a
smaller uncertainty than the limb-darkened angular diameter for
each star because the fits to the interferometric data produce
less variation of the Rossland angular diameter than the limb-
darkened angular diameter. This variation is clearly shown in
Fig. 1.

The model visibilities are shown in Fig. 2 for  Phe, with a
close-up of the second lobe, Fig. 3 for y Sge, and Fig. 4 for «
Ceti with a close-up of the second lobe shown. The displayed
model visibilities are chosen to be the smallest, middle and
largest luminosity and gravity from each cube of models. The
model visibilities for y Sge and a Cet agree with the results of
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Fig. 2. (Top) The visibilities calculated for three SATLAS models and the
interferometric data for ¥ Phe. (Bottom) Close-up of the second lobe
of the visibility amplitude. The dotted line refers to the model stellar
atmosphere for L = 1580 Ly, M = 1.6 My, and R = 60 R, the dot-
dashed line represents a model with L = 980Ly, M = 1.2 M, and
R = 80R,, and the dashed line is for L = 630L,, M = 0.6 M, and
R =120R..
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Fig. 3. The visibilities calculated for three SATLAS models and the in-
terferometric data for y Sge. The dotted line refers to the model stellar
atmosphere for L = 700 Lo, M = 1.9 M,,, and R = 30 R, the dot-dashed
line represents a model with L = 550 Ly, M = 1.4 M, and R = 50 R,
and the dashed line is for L =400 Ly, M = 1.0 M, and R = 70 R,

Wittkowski et al. (2006a,b). For y Sge, there is not enough in-
formation to test the limb-darkening of the model atmospheres.
While the model visibilities using SATLAS and PHOENIX both fit
the observed interferometric data well within the uncertainties
of the observations, the minimum value of the y* from fitting the
SATLAS models is smaller than that using the PHOENIX mod-
els. This implies that there are small differences in the model
atmosphere intensity structures predicted from each program. It
is not obvious why the predictions using PHOENIX models and
SATLAS models differ in this case.
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Fig. 4. (Top) The visibilities calculated for three SATLAS models and
the interferometric data for a Cet. (Bottom) Close-up of the second lobe
of the visibility amplitude. The dotted line refers to the model stellar
atmosphere for L = 2000 Ly, M = 3.0 M, and R = 60 R, the dot-
dashed line represents a model with L = 1500 Lo, M = 2.3 M, and
R = 80 R, and the dashed line is for L = 1000 Ly, M = 1.5 M, and
R =100 R,.

Having fit the interferometric data, we next fit the broadband
spectrophotometric data. One concern about fitting stellar atmo-
sphere models to spectrophotometry is that the effective temper-
ature and Rossland angular diameter are related. In Fig. 5, we
compare the best-fit values of Rossland angular diameter as a
function of the best-fit effective temperature for each model for
fitting  Phe. The predicted angular diameter is almost constant
with respect to effective temperature for the fit to interferometry.
Therefore the interferometric fit of the Rossland angular diame-
ter is used to constrain the predicted effective temperature. This
process is repeated for the other two stars and the best-fit effec-
tive temperatures are given in Table 1.

The next step is to calculate the linear radius and luminosity
of the stars. Using the HIPPARCOS parallax with the predicted
Rossland angular diameter, we determine the radius of each star,
the values of the parallax and radius are given in Table 1. The
stellar luminosity is determined using the effective temperature
and radius, L = 47TR20'T:E. The best-fit effective temperature
and luminosity for each star is plotted in Fig. 6 along with evo-
lutionary tracks from Girardi et al. (2000) to determine the mass
and gravity of each star.

4. Conclusions

The purpose of this work is to test the spherical version of
the ATLAS program. By fitting interferometric and spectropho-
tometric observations using model stellar atmospheres, we de-
rive the properties of ¢ Phe, ¥ Sge, and @ Cet. The derived
parameters are compared to earlier results. The angular diam-
eters that are determined by fitting model stellar atmospheres to
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Fig. 5. The best-fit effective temperature as a function of Rossland an-
gular diameter found by fitting spectrophotometry (+’s) and interferom-
etry (x’s) for y Phe.
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Fig. 6. Comparison of the derived effective temperatures and luminosi-
ties of the three stars relative the derived parameters from previous anal-
yses. The lines are evolutionary tracks from Girardi et al. (2000), the
points given by X’s are the predicted effective temperatures and lumi-
nosities found using the SATLAS models and the plusses are the values
found using PHOENIX models.

interferometric observations are the same, except for a Cet, for
which we predict an angular diameter that is 0.1 mas smaller.
The differences in predicted angular diameter are likely due to
differences in limb-darkening of the model atmospheres gener-
ated using SATLAS and PHOENIX. Also our minimum y? value
of the fit of the limb-darkened angular diameter for y Phe, 1.66,
is smaller than the predicted value of y? from the spherically
symmetric PHOENIX models, 1.8. The SATLAS models for ¢ Phe
that best fit the interferometric data have effective temperatures
in the range of 4000 to 4500 K, while the PHOENIX models from
Wittkowski et al. (2004) are all 3550 and 3600 K. The fit of
the SATLAS models to spectrophotometric observations predict
an effective temperature of 3415 K conflicting with the predic-
tion of a higher temperature. For the effective temperature range
of 3400 to 3800 K, the minimum y? values predicted by fitting
SATLAS models are 1.70 to 1.72, similar to the values found us-
ing plane-parallel ATLAS models.

The fit of the SATLAS models to broadband spectrophoto-
metric observations are used to determine the effective tempera-
tures of the three stars because spectrophotometry is much more
sensitive to the effective temperature than interferometry. The
predicted effective temperatures are smaller than those found in
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the previous works, but this difference is due to the methods
used for determining the effective temperature, not differences
in the stellar atmosphere programs. If we use the method from
Wittkowski et al. (2004) where the bolometric flux f,o is cal-
culated by integrating the spectrophotometric data and then
T:ff = 4fiol/ (0'9}22085), we would predict similar effective tem-
peratures. Any variation in that case would be due to differ-
ences in the calculation of the bolometric flux and differences
in the angular diameter. This suggests the effective tempera-
tures here would differ by at most 1%. Our results also differ
because of the spectrophotometric data used. The difference is
smallest for iy Phe because the PHOENIX and SATLAS fits both
use the same spectrophotometric data for the fitting and agree
within the uncertainty. For y Sge, Wittkowski et al. (2006b) com-
plement the Johnson & Mitchell (1975) data with narrow-band
data from Alekseeva et al. (1997) while for a Cet, Wittkowski
et al. (2006a) use optical (Glushneva et al. 1998a,b) and infrared
(Cohen et al. 1996) spectrophotometry. The effective temper-
ature difference for the remaining two stars are about 150 to
200 K.

Because the angular diameters are similar, the predicted
radii are also similar for both fits with SATLAS and PHOENIX.
Therefore the differences between predicted luminosities are
due to differences in effective temperatures and thus due to the
different methods for determining the effective temperatures.
The lower effective temperatures and luminosities imply lower
masses when compared to Girardi et al. (2000) evolutionary
tracks and smaller gravities.

The SATLAS models are consistent with previous results.
Fitting the models to interferometric and spectrophotometric ob-
servations have provided a robust test of the spherically sym-
metric version of the ATLAS program and have shown that the
SATLAS program is a powerful tool for studies of stellar atmo-
spheres.
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