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ABSTRACT

Context. Carbon rich objects represent an important phase during thelate stages of evolution of low and intermediate mass stars.They
contribute significantly to the chemical enrichment and to the infrared light of galaxies. A proper description of theiratmospheres is
crucial for the determination of fundamental parameters such as effective temperature or mass loss rate.
Aims. We study the spectroscopic and photometric properties of carbon stars. In the first paper of this series we focus on objects
that can be described by hydrostatic models neglecting dynamical phenomena like pulsation and mass loss. As a consequence, the
reddening due to circumstellar dust is not included. Our results are collected in a database, which can be used in conjunction with
stellar evolution and population synthesis calculations involving the AGB.
Methods. We have computed a grid of 746 spherically symmetric COMARCSatmospheres covering effective temperatures between
2400 and 4000 K, surface gravities from log(g [cm/s2]) = 0.0 to−1.0, metallicities ranging from the solar value down to one tenth of
it and C/O ratios in the interval between 1.05 and 5.0. Subsequently,we used these models to create synthetic low resolution spectra
and photometric data for a large number of filter systems. Thetables including the results are electronically available. First tests of
the application on stellar evolution calculations are shown.
Results. We have selected some of the most commonly used colours in order to discuss their behaviour as a function of the stellar
parameters. A comparison with measured data shows that downto 2800 K the agreement between predictions and observations of
carbon stars is good and our results may be used to determine quantities like the effective temperature. Below this limit the synthetic
colours are much too blue. The obvious reason for these problems is the neglect of circumstellar reddening and structural changes due
to pulsation and mass loss.
Conclusions. The warmer carbon stars with weak pulsation can be successfully described by our hydrostatic models. In order to
include also the cooler objects with intense variations, atleast a proper treatment of the reddening caused by the dustyenvelopes is
needed. This will be the topic of the second paper of this series.

Key words. stars: late-type – stars: AGB and post-AGB – stars: atmospheres – infrared: stars – stars: carbon – Hertzsprung-Russell
(HR) and C-M diagrams

1. Introduction

During the evolution of low to intermediate mass stars along
the TP-AGB (Thermal Pulsing Asymptotic Giant Branch), ma-
terial processed by the nuclear reactions in the He burning shell
may be dredged up to the surface, changing the chemical abun-
dances in the atmosphere. Especially, the amount of carbon will
be increased significantly by this mechanism. If the particle den-
sity exceeds that of oxygen (the ratio of the particle densities
C/O > 1), the spectral appearance of the object becomes com-
pletely different. Instead of O-bearing molecules like TiO, VO,
SiO, OH and H2O the opacities in the cool outer layers and
the observed energy distributions are dominated by C2, CN, C3,
HCN and C2H2 (e.g. Querci et al. 1974, Jørgensen et al. 2000,
Loidl et al. 2001). This characterizes a classical carbon star.

⋆ Tables of the photometry and spectra are only available in elec-
tronic form at the CDS via anonymous ftp tocdsarc.u-strasbg.fr
(130.79.128.5) or via http://cdsweb.u-strasbg.fr/cgi--
bin/qcat?J/A+A/503/913.

Carbon stars are among the brightest stellar objects in re-
solved galaxies containing young and intermediate-age popula-
tions, especially in the near infrared. Moreover, they contribute
significantly to the integrated spectra of such systems. These two
facts become obvious in the Magellanic Clouds: in the LMC for
instance, among the approximately 31000 AGB stars brighter
than the tip of the RGB (Cioni & Habing 2003), there are about
11000 carbon rich objects (Blanco & McCarthy 1983). These
sources alone contribute to roughly 20 percent of the integrated
bolometric luminosity of LMC clusters with intermediate ages
(Frogel et al. 1990, Fig. 16). Thus, the influence of C-type giants
on the total flux emitted by galaxies is noticeable.

It is therefore very important that carbon stars are properly
taken into account in models of galaxies. For this, two majorin-
gredients are necessary. First, evolutionary tracks providing the
distributions of luminosities, effective temperatures and surface
compositions of the red giants as a function of age, initial mass
and metallicity have to be available. Such calculations were pre-
sented for example in the work of Marigo & Girardi (2007).
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Secondly, one needs synthetic spectra including the circumstel-
lar reddening by dust, which allow the conversion of the model
quantities into observable properties of stars. The implementa-
tion of this can be found in Marigo et al. (2008).

The main goal of this work is to present a set of photomet-
ric data and low resolution energy distributions allowing such
a conversion from stellar fundamental parameters into measur-
able quantities. Based on observational material, libraries of
overall carbon star spectra have been published by Lançon &
Wood (2000) and Lançon & Mouhcine (2002). However, they
extend only up to 2.5µm, neglecting the mid and far infrared.
In addition, their coverage of stellar parameters is very limited.
This applies also to the input data used by Marigo et al. (2008)
which are based on the hydrostatic model atmospheres and syn-
thetic spectra of Loidl et al. (2001). As an example, they only
have included calculations for solar metallicity.

Loidl et al. (2001) and Jørgensen et al. (2000) have com-
puted synthetic low and medium resolution spectra based on
hydrostatic carbon star models and compared them to observa-
tions in the optical as well as in the near and mid infrared range.
Their results were obtained using previous versions of COMA
and the MARCS code (see Sect. 2.1). One of the most important
differences to the work presented here is that they have com-
pletely neglected atomic line opacities, which causes flux devi-
ations mainly at shorter wavelengths. In addition, there are also
changes concerning the molecular input data. A comparison of
the results based on our calculations to convert the isochrones
of Marigo et al. (2008) to the 2MASS MKs versus (J− Ks) dia-
gram and the original ones obtained with the spectra from Loidl
et al. (2001) is shown in Sect. 4.2.2 (Fig. 19).

It was demonstrated for example by Gautschy-Loidl et
al. (2004), Loidl et al. (1999) or Nowotny et al. (2005a, 2005b)
that hydrostatic models do not reproduce the atmospheric struc-
ture and spectra of cool carbon stars with intense variations and
mass loss. Such objects are dominated by their pulsation creating
shock waves, the formation of dust and a strong wind giving rise
to a circumstellar shell. Since all of these phenomena are time-
dependent and coupled, they have to be described by compre-
hensive dynamical calculations, such as presented by Höfner et
al. (2003) or Mattsson et al. (2008). The photometric properties
of the corresponding models will be discussed in the next paper
of this series. In the current work we focus on warmer objects
with small pulsation amplitudes. Nevertheless, the reddening
due to circumstellar dust, which causes the most important dif-
ferences between the presented hydrostatic and dynamical atmo-
spheres for the cool mass-losing carbon stars, may be simulated
in connection with our data by using approximative approaches
such as in Bressan et al. (1998) and Groenewegen (2006).

2. Model atmospheres and spectral synthesis

2.1. Hydrostatic models and opacities

In order to study the spectra and photometric properties of car-
bon stars, we have produced a grid of 746 spherically symmet-
ric hydrostatic model atmospheres. They were computed with
the COMARCS program which is based on the version of the
MARCS code (Gustafsson et al. 1975, Gustafsson et al. 2008)
used in Jørgensen et al. (1992) and Aringer et al. (1997). In
contrast to the previous approaches, COMARCS works with
external opacity tables including the coefficients for a two-
dimensional spline interpolation in pressure and temperature at
the desired wavelengths. The applied method is an algorithmde-
veloped by Hardy (1971) with the implementation found in the

book of Späth (1991). The frequency grid adopted for the opac-
ity sampling in our calculations corresponds to the one usedby
Aringer et al. (1997). It consists of 5364 points. Such tables with
spline coefficients for the different wavelengths are produced for
each combination of microturbulence and chemical abundances
to be investigated. This was done using the opacity generation
code COMA (Copenhagen Opacities for Model Atmospheres).

The COMA program was originally developed to compute
wavelength dependent absorption coefficients for dynamical
model atmospheres of cool giants as they are used for example
in the work of Höfner et al. (2003). In addition, it was adapted
to determine weighted mean opacities for different applications
like stellar evolution calculations (e.g. Cristallo et al.2007,
Lederer & Aringer 2009). Starting from a given temperature-
pressure or temperature-density structure (table with values) the
abundances of many important species are evaluated based on
the equilibrium for ionisation and molecule formation. Thus,
we assume chemical equilibrium except for the treatment of
dust (and also some tests with results from non-equilibrium
calculations). As a next step, the computed partial pressures
of the neutral atoms, ions and molecules can be used to de-
termine the continuous and line opacity at each selected fre-
quency point (in LTE). Since the first version of COMA de-
scribed by Aringer (2000), a considerable number of updates
have been made including a more complete treatment of ioni-
sation (Gorfer 2005), additional chemistry routines (Gibbs en-
ergy minimisation, Falkesgaard 2001), the addition of atomic
transitions from the VALD database (Kupka et al. 2000) or the
possibility to take the effect and opacity of dust into account
(Nowotny et al. 2007). And, of course the number of incorpo-
rated molecules contributing to the total absorption has been
increased significantly. The calculations presented here cover
the following species: CO, CH, C2, SiO, CN, TiO, H2O, C2H2,
HCN, C3, OH, VO, CO2, SO2, HF, HCl, FeH, CrH, ZrO and YO.

A table containing most of the line lists used and the corre-
sponding references can be found in Cristallo et al. (2007).Four
of the molecules included in our work do not appear in the men-
tioned collection of data: ZrO from Plez et al. (2003), YO from
John Littleton (priv. comm.), FeH from Dulick et al. (2003) and
CrH from Bauschlicher et al. (2001). The abundance of FeH
originally was not computed in any of the chemical routines
of COMA. Thus, we had to add the corresponding equilibrium
constants to the program. They were determined using the par-
tition function for FeH given by Dulick et al. (2003) and for
the atomic contributors Fe and H by Irwin (1981). For some of
the molecules already appearing in Cristallo et al. (2007) the line
data changed: In the case of SO2 and HCl they have been updated
from HITRAN 1996 to HITRAN 2004 (Rothman et al. 2005)
which is here now also used for OH. The opacity of CO2 is calcu-
lated from HITEMP (Rothman et al. 1995) instead of HITRAN
which results in a much larger number of transitions (1032269).
Finally, the lines of HF are taken from the list of R.H. Tipping
(priv. comm.) discussed in Uttenthaler et al. (2008). However,
all of these changes do not have a significant effect on the at-
mospheric structures, since the molecules involved are only of
minor importance for the overall absorption in the temperature
range covered by the hydrostatic models. Also the uncertainties
of the opacities from TiO and H2O, where the existing line lists
show considerable differences in some spectral regions (see e.g.
Aringer et al. 2008), do not influence our results. The partial
pressures of these species always remain very low in a carbon
rich environment – at least as long as one assumes chemical
equilibrium.
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Fig. 1. Atmospheric structures of a sequence of
COMARCS models with log(g [cm/s2]) = 0.0,
C/O = 1.4, Z/Z⊙ = 1.0, M/M⊙ = 1.0 and dif-
ferent values of Teff. The temperature is shown
as a function of the gas pressure.
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Fig. 2. Atmospheric structures of a sequence of
COMARCS models with C/O = 1.1, Z/Z⊙ =
1.0, M/M⊙ = 1.0 and different values of
log(g [cm/s2]) at Teff = 2800 K. In addition,
the results for log(g [cm/s2]) = 0.0 at Teff =

3200 K have been included. The temperature is
shown as a function of the gas pressure.

The dominating molecules in our models of carbon stars are
CO, C2, CN, C2H2, HCN and C3. Their contribution to the spec-
tral absorption is shown in Sect. 3.2 (Fig. 4). Following thework
of Loidl et al. (2001) and the suggestions in the SCAN database
(Jørgensen 1997) we have scaled down thegf-values of the C2
lines taken from the original list of Querci et al. (1974) at wave-
lengths longer than 1.15µm by a factor of up to 10 in most of
the calculations. This has only a minor influence on the model
structures, but it causes moderate changes of the spectral appear-
ance in the region between 1.3 and 2.1µm. Thus, we have also
produced some reference spectra with unscaled C2 data. The cor-
responding effects on the photometric results will be discussed
in more detail later in this work.

As in the original version of COMA, Doppler profiles includ-
ing the thermal and the microturbulent contribution are assumed
for the molecules. First, there exists almost no information on

the damping constants of molecular transitions. In addition, es-
pecially for those species which dominate the overall opacity
like C2H2 or HCN, and in all regions close to bandheads the
wings of even the strongest lines will be much weaker than the
Doppler cores of the many overlapping neighboring ones. The
absorption of all atoms except for hydrogen where we interpo-
late in tabulated profiles is computed with full Voigt functions,
adopting the damping constants listed in the VALD database.

2.2. Model parameters

The parameter range of the COMARCS atmospheres was cho-
sen to include the typical effective temperatures, surface grav-
ities and C/O ratios expected for carbon stars from synthetic
evolution calculations as they are presented by Marigo &
Girardi (2007) or Marigo et al. (2008). Sub-grids of models
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have been produced for the three metallicities Z/Z⊙ = 1.0,
Z/Z⊙ = 0.33 and Z/Z⊙ = 0.1 which covers the major popu-
lations in the Milky Way as well as in the Magellanic Clouds.
All elements heavier than He were scaled with Z in the same
way. Thus, we did not take into account any possible individual
variations of the different species except for the carbon abun-
dance. However, due to the combination of the fact that the opac-
ities in cool giant atmospheres are dominated by a small number
of molecules with the preferred formation of CO, the studied
model structures and photometric indices will mainly depend on
[C] and the ratio C/O. For the solar composition we adopted the
values from Anders & Grevesse (1989) except for C, N and O
where we took the data from Grevesse & Sauval (1994). This is
in agreement with our previous work (e.g. Aringer et al. 1999)
and results in a Z⊙ of approximately 0.02.

All sub-grids were computed completely for objects with a
mass of M= 2.0 M⊙, which can be regarded as typical for many
carbon stars. At constant effective temperature and surface grav-
ity, this value determines the ratio of the atmospheric extension
to the stellar radius and thus the overall spherical geometry. In
order to investigate the influence of the mass we also produced a
large number of models with M= 1.0 M⊙. For solar metallicity,
almost the complete grid of 2.0 M⊙ stars is covered by calcu-
lations for 1.0 M⊙. Exceptions are some of the most extended
atmospheres where it was more difficult to obtain converging
hydrostatic solutions for 1.0 M⊙ in several cases, as well as ob-
jects hotter than 3400 K which are not on the AGB (see later in
this section). For the lower values of Z/Z⊙, only a very small
number of 1.0 M⊙ models restricted to an effective temperature
of 2600 K exists. This is not a big problem, since the sphericity
corrections of the photometric indices in the near infraredal-
ways remain relatively small, as it can be concluded from Fig. 8
and the corresponding discussion of the results (Sect. 3.3.1).
Uncertainties due to pulsation and mass loss or unknown abun-
dances are much larger. In addition, some of the basic trends
of the metal-poor models as a function of mass may also be
deduced from the solar metallicity atmospheres, although one
should keep in mind that the behaviour can sometimes be quite
complex. Finally, for Teff = 2800 K, log(g [cm/s2]) = −0.70,
Z/Z⊙ = 1.0 and C/O = 1.1 we have computed objects with 3.0,
5.0, 10.0 and 99.0 M⊙ in order to follow the convergence towards
the plane parallel solution.

For solar metallicity, our grid contains C/O ratios of 1.05,
1.10, 1.40 and 2.00. Due to the much lower amount of oxygen,
the situation is quite different for Z/Z⊙ = 0.33 and Z/Z⊙ = 0.1.
In such stars, C/O values around 1.0 are expected to appear
rarely, since they may already increase to much higher quantities
after one ’third dredge up’ event. On the other hand, for the more
evolved carbon giants, ratios considerably larger than 2.0can be
reached (see Marigo & Girardi 2007). Thus, for Z/Z⊙ = 0.33
and Z/Z⊙ = 0.1 our grid includes models with C/O = 1.4, 2.0
and 5.0.

The temperatures covered by the sub-grid for solar metal-
licity range from 2400 to 4000 K with steps of 100 K. For
Z/Z⊙ = 0.33 and Z/Z⊙ = 0.1 the lower limit was increased
to 2600 K, as expected from stellar evolution calculations (e.g.
Marigo et al. 2008). The region of AGB carbon stars extends
only up to between 3200 and 3500 K, depending on the initial
mass and chemical composition. Nevertheless, we also included
hotter atmospheres, because the computations predict someob-
jects with C/O> 1 having a higher temperature during their post-
AGB phase. A typical sequence of models with different values
of Teff at constant surface gravity, mass and element abundances

Table 1. Lower limits of log(g) in the grid of atmospheric models for
carbon stars. The upper limit is always log(g [cm/s2]) = 0.0.

Teff range [K] log(g [cm/s2])min

2400 — 2700 −1.0
2800 — 2900 −0.9

3000 −0.8
3100 — 3200 −0.6
3300 — 3400 −0.2
3500 — 4000 +0.0

is shown in Fig. 1. In addition, the effect of changing log(g) is
demonstrated in Fig. 2.

Models with log(g [cm/s2]) = 0.0 have been calculated for
all combinations of effective temperature, metallicity and C/O
ratio, except for some of the hotter atmospheres between 3500
and 3800 K with a high total carbon abundance (Z/Z⊙ = 0.33
with C/O= 5.0 as well as Z/Z⊙ = 1.0 with C/O= 2.0) where we
could not obtain a converging hydrostatic solution. This value of
the surface gravity is also the general upper limit of our grid. It is
obvious that for the cooler objects it corresponds to luminosities
much lower than those expected for AGB stars. For example, at
Teff = 2600 K and one solar mass, log(g [cm/s2]) = 0.0 results in
only 1122 L⊙, which is by a factor of 5 to 10 less than predicted
for a typical carbon giant. However, since it was much easier
to get converging solutions for the higher surface gravities, we
always used this value of log(g) in order to iterate from one grid
temperature to the next.

The lower limit for the surface gravity of our models depends
on the effective temperature. It was chosen to cover the region of
AGB carbon stars predicted by Marigo & Girardi (2007) and
Marigo et al. (2008) and it is listed in Table 1. The smallest val-
ues of log(g [cm/s2]) = −1.0 appear for the coolest giants with
Teff ≤ 2700 K, while they increase continuously, when the ob-
jects become warmer. In the range between 3500 and 4000 K we
have only computed atmospheres with log(g [cm/s2]) = 0.0 and
2.0 M⊙. As already mentioned before, most or all of these stars
will not be on the AGB. The standard (maximum) step width in
log(g [cm/s2]) is 0.2 above and 0.1 below−0.6. However, due
to difficulties concerning the convergence of the more extended
models it had to be decreased in many cases by a factor of two
to 0.1 or 0.05. These problems are also the reason why the lower
limits given in Table 1 could by far not be reached with all com-
binations of metallicity, C/O ratio and mass. Especially in situ-
ations with a high carbon abundance (Z/Z⊙ = 0.33 with C/O =
5.0, Z/Z⊙ = 1.0 with C/O = 2.0) and around 3000 K, it became
harder (large number of iterations, highly dependent on initial
conditions) or impossible to obtain hydrostatic solutionsat de-
creased surface gravities. In addition, it turned out to be more
difficult to calculate models with a lower mass (1.0 M⊙).

A list of all computed COMARCS models and syn-
thetic spectra including their parameters can be found in
the bolometric correction tables which are available at
http://stev.oapd.inaf.it/synphot/Cstars or also at
the CDS.

For the microturbulent velocity we adopted a value ofξ =
2.5 km/s, which is in agreement with our previous work (Aringer
et al. 1997) and with high resolution observations of AGB stars
(e.g. Smith & Lambert 1990, Lebzelter et al. 2008). Due to the
fact that a large fraction of the opacity in cool carbon giants
is generated by many weak overlapping lines, a change ofξ
does only have a small effect on the atmospheres and photo-
metric results as long as it remains moderate (e.g. between 2.0
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Fig. 3. Three spectra based on COMARCS models with Z/Z⊙ = 1.0,
M/M⊙ = 1.0 and different values of Teff, C/O and log(g [cm/s2]). The
resolution is R= 200.

and 3.5 km/s). The models were calculated in the range from
τRosseland= 102 to 10−5 with a constant logarithmic step size
of 0.1. Thus, each of the structures consists of 71 depth points.
For a considerable number of atmospheres we had to exclude a
few of the outermost layers in order to obtain converging solu-
tions. The missing data were added subsequently by extrapola-
tion. It was shown with several test computations that the struc-
tures produced by this method are usually close to the ones de-
termined considering the full depth range. However, we never
excluded more than 10 points (outer boundary of the calculation
atτRosseland= 10−4), since this may easily result in larger errors,
already visible in the calculated spectra (> 1%).

2.3. Synthetic spectra

The described hydrostatic COMARCS atmospheres were used
to compute synthetic opacity sampling spectra covering the
range between 400 and 22500 cm−1 (0.444 to 25.0µm) with
a resolution of R= 10000. Based on the corresponding radial
temperature-pressure structures we derived the necessaryopaci-
ties in the different layers again with the COMA code. Except for
the denser wavelength grid, this was done with the same settings
as for the generation of the input data produced for the atmo-
spheric models, ensuring a consistent treatment of the absorp-
tion, which is very important for obtaining realistic spectra (see
Aringer 2005). The results of these opacity calculations are then
processed by a spherical radiative transfer program developed
for the work of Windsteig et al. (1997) that computes the desired
stellar fluxes. This approach is not completely consistent with
the models, since COMARCS uses a different set of routines.
Nevertheless, for the atmospheric parameters and wavelength
ranges studied here, the deviations between the low resolution
opacity sampling spectra generated directly by COMARCS and
the code from Windsteig et al. (1997) are negligible.

Due to the statistical nature of the opacity sampling ap-
proach, only the average over a larger number of wavelength
points (usually 20 to 100) gives a realistic representationof the
observed stellar spectra. As a consequence, we reduced the res-
olution of our results to R= 200 by convolving them with a
Gaussian function defined by the corresponding half width. No
additional broadening caused for example by a macroturbulent
velocity was assumed. Some of the emerging spectra are shown
in Fig. 3 where the change of the overall shape as well as of in-
dividual features with effective temperature, surface gravity and

C/O ratio can be seen. It should be noted that the actual sampling
of the wavelength grid is with R= 2000 significantly higher than
the real resolution, resulting in a relatively smooth appearance of
the plotted energy distributions. These R= 200 data are electron-
ically available as described in Sect. 3.2.

2.4. Synthetic photometry

Based on our theoretical results we have calculated synthetic
bolometric corrections following the same formalism as de-
scribed in Girardi et al. (2002, eq. 7 and 8). For each of the
different filters we first convolved the total transmission curve
with the original opacity sampling spectra, integrating either the
photon energy or the number of detected photons. The latter
selection depends on the definition of the investigated photo-
metric system, if amplifiers or counting devices are used. Then,
the obtained magnitudes were scaled with respect to values cor-
responding to a reference intensity in order to assess the zero
points. This quantity was determined from a convolution with
the filter curve applied to a constant flux per unit wavelength
(frequency) in the case of STmag (ABmag) systems or to a Vega
(α Lyr) spectrum for Vegamag systems. The standard star data
were taken from the work of Bohlin (2007). They are expected
to be accurate to within about 2% in the optical and near infrared
range. Most of the photometric systems are defined in a way that
Vega has magnitudes close to zero in all filters with just small
corrections representing the offsets found during observational
campaigns such as, for example, the 2MASS survey.

We deal with about 25 photometric systems, most of which
are listed in Table 2 of Marigo et al. (2008) together with their
sources of transmission curves and reference magnitudes. In ad-
dition, we recently inserted information on the HST/WFC3 cam-
era (Girardi et al. 2008), CFHT/Megacam (McLeod et al. 2000,
Coupon et al. 2008), UT/DMC (Kuncarayakti et al. 2008)
and the Washington+DDO51 (KPNO Mosaic, Geisler 1984,
see alsohttp://www.noao.edu/kpno/mosaic/filters) fil-
ters. Since the number of entries in our database is contin-
uously growing, an updated overview may always be found
at http://stev.oapd.inaf.it/cmd. Regarding the specific
case of carbon star spectra, we already include most of the pho-
tometric systems in which these cool objects are more interest-
ing for observation, such as Bessell JHK, 2MASS, UKIDSS,
HST/NICMOS, OGLE, SDSS, AKARI and Spitzer.

3. Results of the modelling

3.1. Model structures

In Figs. 1 and 2 some typical examples for the hydrostatic mod-
els computed with COMARCS are presented. One can see how
the temperature-pressure structure, which is of great importance
for the spectral appearance, changes as a function of Teff and
log(g). It is obvious that the variation of these two parameters
produces clear and uniform trends concerning the position and
shape of the corresponding curves. For example, a decreasedsur-
face gravity will always result in an atmosphere extending to
lower densities at the outer boundary, or with a growing value of
Teff the whole structure is shifted to warmer temperatures. Sucha
regular behaviour usually also appears for the other parameters,
which are mass, metallicity and C/O ratio. Thus, in many situa-
tions it will be possible to determine atmospheres not included in
the current grid by interpolation or even extrapolation. However,
this has to be done with care, since uniform clear trends do not
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occur in all cases (see the discussion on the effect of mass in the
spectra in the following section, Sect. 3.2).

3.2. Spectra

The complete grid of our final spectra with R= 200 can be ob-
tained fromhttp://stev.oapd.inaf.it/synphot/Cstars.
The corresponding tables consist of three columns: wavelength
[Å], continuum normalized flux and specific luminosity times
frequency (ν·Lν [erg/s]). The second quantity is determined from
the division of the result of a full radiative transfer calculation in-
cluding all opacities by one where the atomic and molecular line
absorption is completely neglected (only continuum opacities).
This allows us to evaluate the apparent intensity of the different
features. As an example for the data we present in Fig. 3 three
spectra generated from models with similar luminosity, butvary-
ing effective temperature, surface gravity and C/O ratio. They
cover the interval from 0.5 to 10µm, which is only a part of the
whole computed frequency range extending between 0.444 and
25µm. As it has been mentioned in the previous section, the res-
olution is R= 200, while the sampling of the wavelength grid
was chosen to be ten times higher.

In Fig. 4 we show spectra demonstrating the contribution
of the most important molecules, which have been derived by
including only the opacity of the corresponding species into
the radiative transfer. Subsequently, the results were normalized
to the continuum in the same way as described above. We di-
vided them by the output of a calculation where the absorp-
tion generated by lines was completely neglected. All spectra
are based on the same atmospheric model with Teff = 2600 K,
log(g [cm/s2]) = −0.2, Z/Z⊙ = 1.0, M/M⊙ = 1.0 and C/O =
1.10. It is obvious that molecular transitions block a largefrac-
tion of the radiation in the shown frequency interval. The opac-
ity around and below 1µm is dominated by the bands of C2 and
CN, while at longer wavelengths C2H2 and HCN are the most
important species. However, the intensity of the features gener-
ated by the latter polyatomic molecules decreases significantly
for higher effective temperatures. On the other hand, the varia-
tion of the absorption produced by C2 and CN as a function of
the stellar parameters is much less pronounced. In addition, the
bands of C3 may become considerably stronger with growing
C/O ratios.

The behaviour of the molecular features depending on the
stellar properties of carbon stars has already been used to de-
termine parameters like effective temperature or C/O ratio by
a comparison of calculated and observed results (e.g. Aoki et
al. 1998, Aoki et al. 1999, Jørgensen et al. 2000, Loidl et
al. 2001). Since this work focuses mainly on the photometric
characteristics, we will only discuss two selected examples of
the spectroscopic changes, which are interesting for a possible
interpolation or extrapolation based on our grid. More detailed
studies involving the low resolution energy distributionswill fol-
low in the future.

The change of the line absorption with surface gravity is dis-
played in Fig. 5 where we show continuum normalized spectra
for different values of log(g) emerging from cooler atmospheres
with Teff = 2600 K and hotter ones with Teff = 3100 K. The
models have solar metallicity and their C/O ratio is 1.10. As one
would expect, the warmer object produces much weaker molec-
ular features. Even at the low resolution of the final spectrathe
flux level of the continuum is almost reached at some places
around 4 and 6µm. This is not the case for the cooler atmo-
sphere where the line absorption blocks in most regions more

than 50% of the radiation. There exists also a general trend that
the molecular features become slightly weaker at lower surface
gravity, if the other parameters are not altered. This behaviour
is expected for extended giants and caused by the larger dimen-
sions of the corresponding objects creating stronger sphericity
effects1 at constant mass (Aringer et al. 1999). For both of the
presented sequences the changes as a function of log(g) are rea-
sonably linear. Since the variation with temperature is usually
also quite regular, an interpolation concerning these two param-
eters should work well.

However, in some cases the situation can be more complex.
This is demonstrated in Fig. 6 where we investigate the com-
bined effects of mass and surface gravity at 2600 and 3100 K.
The spectra shown are again normalized with respect to the con-
tinuum and the corresponding models have solar metallicityand
a C/O ratio of 1.40. At 2600 K we find a quite regular behaviour
which also complies with the expectations concerning sphericity.
As was discussed before (see Fig. 5) the intensity of the lineab-
sorption decreases for lower values of log(g). On the other hand,
there is a shift due to mass which grows for declining surface
gravities. The molecular features are in general deeper, ifthe ob-
jects become more massive. Both trends are in agreement with
the predicted weakening of the line absorption due to sphericity
effects. But at 3100 K the behaviour is rather different. It is obvi-
ous that for this temperature not all parts of the spectrum react in
the same way to changes of surface gravity and mass. Especially
the deep feature at 3µm, produced mainly by HCN and C2H2,
does not really follow the trends expected from spericity, since
the intensity decreases a lot for more massive stars. A similar
behaviour can be found for the wings of the broad 14µm band,
not shown in the plot. The absorption in the corresponding re-
gion is also caused by the two species HCN and C2H2. This
demonstrates that due to the complex interaction of atmospheric
structure, opacities and chemical equilibrium, simple predictions
deduced from a single mechanism are not always possible. On
the other hand, there are spectral ranges where we see also at
3100 K variations as a function of log(g) and mass, which agree
very well with the expectations from sphericity (e.g. around 4 or
6 µm).

As will be discussed in the next section, the stellar mass has
in general only a rather small influence on the investigated pho-
tometric properties. For the warmer stars with Teff ≥ 3000 K
the spectra below 2.5µm also change only marginally as a func-
tion of log(g). Thus, the mentioned irregularities will usually not
hamper a proper prediction and interpolation of the colours. The
possible uncertainties due to circumstellar reddening by dust and
structural variations caused by atmospheric dynamics, which are
not considered in the presented models, are much larger, even in
objects with relatively weak pulsations. The special behaviour of
the 3µm feature might affect the L band, since it partly overlaps
with the corresponding filter curve.

3.3. Photometry

The synthetic photometry computed for the complete grid
of our hydrostatic COMARCS models is available at
http://stev.oapd.inaf.it/synphot/Cstars or also at
the CDS. A detailed description of the corresponding data can
be found in Sect. 2.4. The tables list the bolometric corrections

1 In extended giants absorption lines or bands will become weaker in
a spherical atmosphere, since they are filled with emission components
originating from the optically thin outer parts of the stellar disk (e.g.
Aringer 2005).



B. Aringer et al.: Synthetic photometry for carbon-rich giants 7

0

0.5

1

C
2

0

0.5

1
CN

0

0.5

1

CO

0

0.5

1

F
/F

C
on

t

HCN

0

0.5

1

C
2
H

2

0

0.5

1

C
3

0.5 0.7 1 3 5 7 10 20
λ [µm]

0

0.5

1

CrH
Fig. 4. Continuum normalized spectra for the
most important molecular species based on
a COMARCS model with Teff = 2600 K,
log(g [cm/s2]) = −0.2, Z/Z⊙ = 1.0, M/M⊙ =
1.0 and C/O = 1.10.

2 3 4 5 6 7
λ [µm]

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

F
/F

C
on

t

T=2600K, log(g)=+0.0
T=2600K, log(g)=-0.4
T=2600K, log(g)=-0.6
T=2600K, log(g)=-0.8

2 3 4 5 6 7
λ [µm]

T=3100K, log(g)=+0.0
T=3100K, log(g)=-0.4
T=3100K, log(g)=-0.6

Fig. 5. Continuum normalized spectra based
on COMARCS models with Z/Z⊙ = 1.0,
M/M⊙ = 2.0, C/O = 1.10 and different values
of log(g [cm/s2]). Two effective temperatures
are compared: 2600 K and 3100 K.

(BC) as a function of the stellar parameters Teff, log(g [cm/s2]),
M/M⊙, Z/Z⊙ and C/O ratio for the different included filter mag-
nitudes. We have prepared a separate file for each of the studied
photometric systems.

The complete set of tables covers 36 photometric systems,
each of them including several filters. This wealth of informa-
tion may be exploited by the users of the database. Here, we
restrict ourselves to certain typical examples. We have chosen
some of the standard visual and near infrared filters as defined by
Bessell (1990) and Bessell & Brett (1988), since they were ap-
plied for a large number of observations. The V, J, H and K mag-
nitudes and colours appearing in the following discussionsand
figures are based on this photometric system (called the Bessell
system in our work).

The observed colours of many carbon stars are severely af-
fected by circumstellar (see the discussion in Sect. 4) and in-

terstellar reddening. Since our results do not include these pro-
cesses, they have to be applied a posteriori to the data.

3.3.1. The (J−H) colour

In Figs. 7, 8 and 9 we investigate the behaviour of the (J−H)
colour as a function of the effective temperature. In the first of
the plots we do this for the different values of log(g), selecting
objects with solar metallicity and C/O= 1.10 as an example. As
described in Sect. 2.2 (see Table 1), the range of available sur-
face gravities decreases towards warmer atmospheres and above
3400 K only models with log(g [cm/s2]) = 0.0 have been in-
cluded in our grid. It is obvious that the spread of the (J−H)
colours has a significant minimum around 2900 K, where it be-
comes practically negligible. It grows quite rapidly, if the stars
get cooler. As a consequence, the largest differences appear at
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calculated from COMARCS models with Z/Z⊙ = 1.0, M/M⊙ = 2.0,
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the lowest temperature of 2400 K where the dispersion reaches
more than 0.1 mag. Above 2900 K the spread also increases, but
it remains always moderate or small, which is partly due to the
limited log(g) range for the warmer atmospheres. Below 2900K
the more extended models are redder, while beyond this value
they have bluer colours.

The value of 2900 K also corresponds to the point of rever-
sion for the general trend as a function of temperature where
(J−H) reaches a maximum. Towards warmer and cooler atmo-
spheres the colours become bluer. This turnaround is causedby
the behaviour of different molecular features situated in the re-
gion of the filters. In the J band the flux is affected mainly by C2
and CN, while the H band covers a considerable depression due
to a mixture of C2, CN, CO, C2H2 and HCN. The temperature
dependent intensity of the polyatomic species especially plays
a key role for the colour reversion, which makes a determina-
tion of the stellar parameters difficult and ambiguous. However,
the turnaround will usually not be visible in observations of real
stars, since all cooler objects are severely reddened by dust.
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Fig. 8. Predicted differences in the (J−H) colours between objects with
1.0 and 2.0 M⊙ as a function of effective temperature calculated from
COMARCS models with Z/Z⊙ = 1.0, C/O= 1.10 and various values of
log(g [cm/s2])

The circumstellar reddening, which is discussed in more de-
tail in the next section (4.1) and in the second paper of this series,
affects all photometric indices. It induces changes much larger
than those caused by the molecular features. Thus, the ambigu-
ity mentioned above plays only a minor role and for the coolest
stars the determination of the parameters without a proper mod-
elling of mass loss and dust opacities is impossible.

In Fig. 8 we study the influence of the stellar mass on the
(J−H) colour at various values of the surface gravity. The dif-
ferences between 1.0 and 2.0 M⊙ are shown taking again solar
metallicity and C/O= 1.10 as an example. As one would expect,
the shifts grow in general for smaller values of log(g). In addi-
tion, they reach a maximum around 2700 K. Their behaviour as
a function of temperature and surface gravity is not always com-
pletely regular, which is in agreement with the results fromthe
synthetic spectra discussed in the previous section (see Fig. 6). A
very good example is the differences at log(g [cm/s2]) = −1.0.
Nevertheless, the spread in (J−H) due to mass remains in most
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plot) and C/O

cases rather small (≤ 0.04 mag). Other effects, like changing the
elemental abundances or adding a dust opacity, are much more
important. The same is also true for the other colour indicesin-
vestigated here.

The temperature-dependent behaviour of (J−H) for differ-
ent chemical compositions is shown in Fig. 9. The sequences of
models in the plot represent various metallicities and C/O ratios
assuming log(g [cm/s2]) = 0.0 and M/M⊙ = 2.0. The latter two
values have been chosen, since the corresponding COMARCS
atmospheres exist for most of the possible combinations of the
remaining parameters (Teff, C/O, Z). It was already mentioned
in the preceding discussion that the trend of (J−H) with temper-
ature reverses at a certain point where the maximum of the in-
dex is reached. Towards cooler and warmer models the colours
become bluer. In Fig. 9 one can see that this applies to all in-
vestigated chemical compositions. However, the maximum is
shifted to higher temperatures, if the metallicity becomeslower.
At Z/Z⊙ = 0.33 it is situated around 3000 K and at Z/Z⊙ = 0.1
around 3100 K.

There exists a clear trend that in all atmospheres cooler
than about 3300 to 3400 K the (J−H) index becomes bluer to-
wards larger C/O ratios, if the metallicity and the other stel-
lar parameters are kept constant. The corresponding spreadin
the colour temperature relation for our grid reaches between 0.1
and 0.2 mag. The situation is quite different for models that are
warmer than 3400 K. In those objects the value of C/O plays
only a minor role. On the other hand, one can see in Fig. 9 that
at higher temperatures the colours become redder, if the metal-
licity decreases. A multiplication of Z/Z⊙ by a factor of one third
gives a positive shift of 0.04 to 0.05 mag in (J−H). At a constant
C/O ratio, which introduces significant deviations below 3300to
3400 K, this rule applies down to about 3000 K. Around 2700
to 2800 K the colour differences due to metallicity almost disap-
pear. And for the cooler temperatures we find a reversion of the
trend, because (J−H) slightly increases with growing Z/Z⊙.

3.3.2. The (J−K) colour

The behaviour of (J−K) as a function of the effective temper-
ature is very interesting, since the corresponding relation has
often been used to determine that stellar parameter from pho-
tometric observations. This may work quite well for the warmer
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Fig. 10. Predicted (J−K) colours as a function of effective temperature
calculated from COMARCS models with Z/Z⊙ = 1.0, M/M⊙ = 2.0,
C/O = 1.10 and different values of log(g [cm/s2])

objects, as one can see in Fig. 10 where we plot the colours of
models with different values of log(g). Following the previous
discussion on (J−H), we have taken COMARCS atmospheres
with Z/Z⊙ = 1.0, M/M⊙ = 2.0 and C/O = 1.1 as an example.
Above 2800 K the (J−K) index clearly decreases towards higher
temperatures. The scatter in the almost linear relation, which is
produced by the variation of the surface gravity in our grid,re-
mains negligible. From Fig. 11, where we study the effect of
different chemical compositions for log(g [cm/s2]) = 0.0 and
M/M⊙ = 2.0, it is evident that down to 3000 K also changes
of metallicity and C/O ratio do not create too large deviations.
Nevertheless, similar to the case of (J−H), the trend with temper-
ature reverses for the coolest models. As one can see in Figs.10
and 11 the turnaround with the reddest (J−K) appears at 2800 K
for Z/Z⊙ = 1.0 and a value of C/O below 1.4. It shifts to 2900
or even further to 3000 K, if the metallicity decreases and the
relative abundance of carbon becomes higher. The explanation
for this reversion is similar to the one for the behaviour of (J−H)
in the coolest atmospheres. The suppression of the flux in theK
band due to molecular absorption of polyatomic species grows
at lower temperatures much more than in the wavelength region
where the J magnitude is determined. The K filter covers mainly
features of CN and C2H2. However, the turnaround will usually
also not become visible in populations of real stars, since the
coolest objects show a severe reddening caused by circumstellar
dust.

Looking at Fig. 10 it becomes obvious that significant
shifts introduced by the variation of the surface gravity inour
grid appear only below 2900 K. The corresponding spread in
the colour temperature relation grows rapidly towards cooler
models. At 2400 K the difference between atmospheres with
log(g [cm/s2]) = −1.0 and 0.0 reaches almost 0.2 mag. In gen-
eral, the more extended objects are redder in (J−K). Fig. 11
shows that below 3000 K the colour also depends on the chem-
ical composition. It gets bluer if the metallicity decreases. For
the coolest models a multiplication of Z/Z⊙ by a factor of one
third reduces the index by approximately 0.05 to 0.06 mag. The
C/O value also plays a role below 3000 K. As long as the ra-
tio remains small, (J−K) decreases with higher relative carbon
abundance. However, this trend saturates, and above C/O = 1.4
there are no noticeable differences. As already mentioned, we
find that the shifts due to the chemical composition, which al-
most disappear between 3000 and 3200 K, never become large in
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Fig. 11. Predicted (J−K) colours as a function of effective tempera-
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Fig. 12. Predicted (V−K) colours as a function of effective temperature
calculated from COMARCS models with Z/Z⊙ = 1.0, M/M⊙ = 2.0,
C/O = 1.10 and different values of log(g [cm/s2])

the warmer models. In general, at the higher temperatures (J−K)
turns slightly redder with an increasing C/O ratio, while the be-
haviour as a function of metallicity is not so regular and causes
only minor deviations.

3.3.3. The (V−K) colour

As one can see in Figs. 12 and 13 the (V−K) index could be
a quite good indicator of the effective temperature. The relative
scatter due to variations of surface gravity and chemical abun-
dances remains in most cases reasonably small (< 0.2 mag ∼
100 K). Furthermore, in contrast to (J−H) or (J−K), the overall
relation that the colour becomes redder for cooler atmospheres is
never reversed. It only saturates at the lowest temperatures where
the application of hydrostatic dust-free models is not useful (see
Sect. 4.1). Unfortunately, there are almost no simultaneous mea-
surements of V and K magnitudes for individual carbon stars.
In addition, this index will be severely affected by interstellar as
well as circumstellar reddening.

In general, atmospheres with a smaller surface gravity have
redder (V−K) colours. In Fig. 12 we demonstrate this for the
carbon stars from our grid with Z/Z⊙ = 1.0, M/M⊙ = 2.0
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Fig. 13. Predicted (V−K) colours as a function of effective tempera-
ture calculated from COMARCS models with log(g [cm/s2]) = 0.0,
M/M⊙ = 2.0 and different values of Z/Z⊙ (denoted as Z/Zsol in the
plot) and C/O

and C/O = 1.10. One can see that significant shifts due to the
different values of log(g) appear only below 2900 to 3000 K,
and they increase towards the coolest temperatures where up
to 0.5 mag may be reached. This applies also to the variations
caused by changes of the chemical abundances. The behaviour
of objects with log(g [cm/s2]) = 0.0 and M/M⊙ = 2.0 is shown
in Fig. 13. The plot reveals that at lower temperatures, models
with a higher C/O ratio and a decreased metallicity tend to pro-
duce bluer colours. Above 3000 K this trend reverses, but the
corresponding relative differences do not become considerable.

4. Discussion

4.1. Comparison with observations

In the previous section we showed some examples representative
of the results of our computations. Now, we compare them to ob-
servational data. We will restrict ourselves again to the Bessell
photometric system (Bessell 1990 and Bessell & Brett 1988).
We start with the work of Bergeat et al. (2001), who established
a calibration scheme for the effective temperature of galactic
carbon stars by relating interferometric results to colours like
(J−K), (H−K) or (V−K). The conversion of measured angular
diameters into stellar parameters depends on estimates forthe
distance and functions describing the limb darkening of thein-
vestigated objects. Especially if one studies cooler AGB giants,
both of these tasks may become quite problematic. The diffi-
culties are mainly caused by the large extensions of the atmo-
spheres, the diameters of which change considerably with wave-
length due to molecular absorption and with time due to pul-
sation. These variations are often accompanied by complicated
radial density structures and the formation of dust shells (e.g.
Hofmann et al. 1998, Jacob & Scholz 2002, Aringer et al. 2008).
Thus, the result will depend very much on the model applied to
interpret the intensity profile of the observed star and the cor-
responding uncertainties. For such objects, even the theoretical
choice of a diameter to define the effective temperature is rather
arbitrary, since the range with an optical depth around one may
become quite broad.
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Fig. 14. The (J−K) colour as a function of the effective temperature
is shown for COMARCS models with Z/Z⊙ = 1.0 and M/M⊙ =
2.0. Several typical sequences characterized by different values of
log(g [cm/s2]) and C/O are included. The theoretical results are com-
pared to the data from Bergeat et al. (2001, Table 4) which have been
derived from observations (stars).

4.1.1. (J−K) versus effective temperature

In Fig. 14, where we show (J−K) as a function of the effec-
tive temperature, COMARCS models with solar metallicity are
compared to the results of Bergeat et al. (2001). The sequences
of atmospheres with different values of log(g) and C/O, which
are included in the plot, were selected in order to representap-
proximately the spread introduced by the variation of thesepa-
rameters (see Figs. 10 and 11). As one can see, the agreement
between calculated and observed colours is quite good in the
range from 3200 down to 2800 K. The only distinction is that
the measured data show a much larger scatter than the synthetic
ones. However, this may very well be due to uncertainties con-
cerning the variability, the correction of the interstellar redden-
ing or the determination of the linear diameters. Below 2800K
the colours predicted by the COMARCS models are systemat-
ically bluer than those taken from the observations. While the
(J−K) value in the results of Bergeat et al. (2001) continues to
increase towards the coolest stars, this trend reverses forour hy-
drostatic calculations. As a consequence, the difference between
measured and synthetic data grows considerably at lower tem-
peratures. Nevertheless, this behaviour is not completelyunex-
pected. We have already mentioned that the cooler AGB giants
are severely affected by pulsation, dust formation and mass loss,
which cannot be described within the framework of hydrostatic
models (e.g. Höfner et al. 2003). Due to circumstellar redden-
ing and the development of very extended and complicated tem-
perature density structures, these processes show a stronginflu-
ence on the spectra and filter magnitudes of the stars (Gautschy-
Loidl et al. 2004). The problem will be discussed in more detail
in the second paper of this series where we present synthetic
colours based on dynamical calculations taking the correspond-
ing time dependent phenomena into account. It is mainly the
opacity of amorphous carbon dust which changes the overall en-
ergy distribution of the objects. It causes the high (J−K) values
appearing for the observed data in Fig. 14 and is not includedin
our COMARCS models2 which seem to be appropriate down to
about 2800 K. We want to emphasize again that below this point

2 An equilibrium description of the dust in a hydrostatic atmosphere
results in much too high condensation degrees and opacities.
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Fig. 15. The (H−K) colour as a function of the effective temperature
is shown for COMARCS models with Z/Z⊙ = 1.0 and M/M⊙ =
2.0. Several typical sequences characterized by different values of
log(g [cm/s2]) and C/O are included. Results from calculations with
a scaled C2 line list (dashed lines, open symbols) and with the unscaled
original one (full lines, filled symbols) are compared to each other and
to the data from Bergeat et al. (2001, Table 4) which have beenderived
from observations (stars).

the conversion of measured angular diameters into effective tem-
peratures also will be problematic.

In Fig. 14 one can see two of the observed stars situated at
rather high temperatures above 3600 K (BL Ori, V4378 Sgr)
which are far away from our COMARCS sequences. However,
as Bergeat et al. (2001) already have noted they also do not fit
into the relation defined by the other measured objects. It ispos-
sible that an error concerning the determination of the interfer-
ometric data or their interpretation occured. In reality the stars
may be much cooler.

4.1.2. (H−K) versus effective temperature

In Fig. 15 we present a comparison of the observed colour
temperature relation for carbon stars with COMARCS models,
which is similar to the one in Fig. 14, but shows (H−K) instead
of (J−K). The plot again includes sequences from our grid of hy-
drostatic atmospheres with solar metallicity and different values
of log(g) and C/O (dashed lines, open symbols). It is obvious
that the (H−K) indices produced by the calculations are system-
atically bluer than the measured ones. Apart from the deviations
below 2800 K growing towards cooler temperatures, which al-
ready appeared for (J−K) and have been explained by the contri-
bution of circumstellar dust and dynamical changes of the struc-
tures, there exists a shift of around 0.1 mag for all of the hotter
objects. This problem is not restricted to the data of Bergeat et
al. (2001), but occurs also in the two colour diagrams based on
other observations (not shown here).

In order to find possible explanations for the differences be-
tween measured and predicted (H−K) values of the warmer stars,
we investigated the influence of the scaling applied to the C2 ab-
sorption in our calculations. This has been proposed by Loidl
et al. (2001) and is described in the section about model atmo-
spheres and opacities (Sect. 2.1). We produced a few series of
synthetic spectra and filter magnitudes using the original C2 list
without any changes (full lines and filled symbols in Fig. 15).
The relative effect of the scaling on (H−K) is much stronger
than on the other Bessell colours discussed in our work. This
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Fig. 16. The (V−K) colour as a function of the effective temperature
is shown for COMARCS models with Z/Z⊙ = 1.0 and M/M⊙ =
2.0. Several typical sequences characterized by different values of
log(g [cm/s2]) and C/O are included. The theoretical results are com-
pared to the data from Bergeat et al. (2001) which have been derived
from observations. In the upper panel we present the original (V−K)
indices given by the authors (stars), while in the lower one we take
the V variability of the objects into account. The ranges between the
corresponding maxima and minima are shown as error bars. TheV
and K magnitudes used for the second plot were taken from various
sources listed in the text. They do not include the values from Bergeat
et al. (2001).

can be explained by the fact that the corresponding variations
reach a maximum in the H band and the comparatively small
flux difference between H and K. From looking at Fig. 15 it
becomes clear that the calculated (H−K) indices based on the
original linelist are by 0.08 to 0.1 mag higher, if the temperature
is kept constant. The consequence of the shift to redder colours
is a much better agreement with the observations in the region
above 2800 K, while below this limit we still see considerable
deviations, growing towards cooler stars. Thus, the results for
(H−K) with the unscaled C2 opacity would confirm the ones de-
rived from (J−K). This may be interpreted as an indication that
it is preferable to use the original C2 data without any correction
of thegf-values and to add approximately 0.1 mag to the (H−K)
indices from our standard grid. However, since there is not much
effect on the other colours, one should be careful drawing con-
clusions concerning the molecular absorption. Future workon
the C2 opacities and spectral investigations can solve this prob-
lem.

4.1.3. (V−K) versus effective temperature

The last comparison of our solar metallicity COMARCS se-
quences with the results of Bergeat et al. (2001) is displayed
in Fig. 16, where we show (V−K) as a function of the effec-
tive temperature. A plot based on the original photometric data
as they were published by the authors can be seen in the upper
panel. The obvious agreement between predicted and observed
colours in all regions of the diagram is rather surprising, because
from the preceding discussion one would expect deviations for
the cooler stars, which are due to circumstellar reddening and
dynamical changes of the atmospheric structures. The influence
of dust on (V−K) should be much more pronounced than on
the infrared indices like (H−K) or (J−K). However, Bergeat et
al. (2001) have neglected the pulsation of the objects producing
the strongest variability at shorter wavelengths, as in theV range.
Since the measurements of the interferometric radii as wellas of
the V and K magnitudes have not all been done simultaneously,
this may create some bias in the diagram.

In order to consider at least the V amplitude of the ob-
jects studied by Bergeat et al. (2001), we have determined
the (V−K) values corresponding to the maxima and min-
ima of the visual flux. The K magnitudes were assumed to
remain constant. The colour ranges obtained with this ap-
proach are displayed in the lower panel of Fig. 16 (bars).
In most cases we could take the necessary photometric data
from the General Catalogue of Variable Stars (GCVS4, Samus
et al. 2006, Samus et al. 2007). If the GCVS did not in-
clude the needed information, we estimated the interval cov-
ered by the V magnitudes using the AAVSO Light Curve
Generator (http://www.aavso.org/data/lcg/). For a few
of the objects we were not able to find any published measure-
ments revealing the temporal behaviour of the fluxes in the V
band (AB Gem, V4378 Sgr, DR Ser). Since all of them are
Lb (irregular) variables, which normally show rather moder-
ate photometric changes, we assumed the brightness listed in
the General Catalog of Cool Galactic Carbon Stars (GCCCS,
Stephenson 1989) as the mean value and an amplitude of
0.5 mag. The K magnitudes were taken from the 5th edition
(Gezari et al. 2000) of the Catalog of Infrared Observations
(Gezari et al. 1993), the Two Micron All Sky Survey (2MASS,
Skrutskie et al. 2006), Whitelock et al. (2006) and Menzies et
al. (2006). For the correction of the interstellar reddening we
used the coefficients given by Bergeat et al. (2001).

If one compares the upper and the lower panel of Fig. 16,
it becomes obvious that the original (V−K) data from Bergeat
et al. (2001) are in most cases situated within the range of vari-
ability, but not in its centre. They are systematically shifted to
bluer colours. The same is true for the values predicted fromour
COMARCS models, which cover the same regions of the dia-
gram, as was mentioned before. All of this may be explained
by the fact that the authors have used V measurements biased
towards higher fluxes corresponding to phases of the pulsation
where the circumstellar extinction caused by dust remains weak.
However, also in the bottom panel of Fig. 16, a clear increase
in the differences between synthetic and observed colours at
lower temperatures is not visible. Such a behaviour contradicts
the trend found for (J−K) and (H−K) as well as the expecta-
tions of stronger dynamical effects and higher mass loss rates
in cooler objects. Nevertheless, since there are severe uncertain-
ties concerning this diagram, one should be rather careful with
any definite conclusions. First, we have neglected the variation
of the K magnitudes and the angular diameters, which is most
likely less pronounced than the change of the visual flux, but
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Fig. 17. The bolometric corrections for the K magnitude (BCK) are
shown as a function of the (J−K) colour. Several representative se-
quences of COMARCS atmospheres characterized by different values
of log(g [cm/s2]), Z/Z⊙ (denoted as Z/Zsol in the plot) and C/O are dis-
played. The models, which cover the effective temperature ranges given
in the legend, have two solar masses. The minima of BCK correspond al-
ways to the warmest object in each series. In addition, we have included
the observed mean relations for galactic carbon stars from Bergeat et
al. (2002, dashed line), Costa & Frogel (1996, full line) andWhitelock
et al. (2006, dotdashed line).

still quite considerable. In principle it would be desirable to use
simultaneous measurements or at least temporal mean valuesof
all involved quantities. Unfortunately, such data are not available
at the moment. Secondly, the applied corrections of the interstel-
lar reddening (Knapik & Bergeat 1997) may be problematic in
the case of stars with intense pulsations, because they are based
on assumptions concerning a characteristic energy distribution
for the objects.

4.1.4. Bolometric correction BCK

In Fig. 17 we study the behaviour of the bolometric corrections
for the K magnitude (BCK) as a function of the (J−K) colour. We
compare several effective temperature sequences of COMARCS
atmospheres with observed mean relations for galactic carbon
stars taken from the work of Bergeat et al. (2002), Costa &
Frogel (1996) and Whitelock et al. (2006). The included model
series correspond to different values of metallicity, C/O ratio and
surface gravity. Since Costa & Frogel (1996) claim that their re-
sults may be used for LMC objects, we have also considered a
set of calculations assuming Z/Z⊙ = 0.33.

From the hottest COMARCS atmospheres producing the
smallest (J−K) indices and bolometric corrections down to about
2800 K, the agreement between predictions and observationsis
very good. In this range we see a clear relation that with decreas-
ing effective temperature (J−K) becomes redder and BCK larger.
Nevertheless, at the cooler hydrostatic models the trend reverses
for both quantities and there are deviations between the calcu-
lated positions in the diagram and the measured mean sequences,
which grow progressively. As was discussed in the beginning
of this section, the observed carbon stars also extend to much
higher (J−K) values than the COMARCS atmospheres. The re-
sults of Whitelock et al. (2006), which are obviously focused on
objects with considerable mass loss rates, have almost no over-
lap with the computed colours, since they only cover the interval
down to (J−K) ∼ 1.5. In agreement with the work of Bergeat et
al. (2002), they reveal that for the very red sources the bolometric
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Fig. 18. Two colour diagram (I−K) versus (J−K) for several represen-
tative sequences of COMARCS atmospheres characterized by different
values of log(g [cm/s2]), Z/Z⊙ (denoted as Z/Zsol in the plot) and C/O.
All models have two solar masses. The series start at Teff = 2600 K
and range up to 4000 K for log(g [cm/s2]) = 0.0, up to 3200 K for
log(g [cm/s2]) = −0.4 and up to 2900 K for log(g [cm/s2]) = −0.8.
The warmest objects correspond to the bluest colours. The data are
compared to observations of LMC carbon stars published by Costa &
Frogel (1996).

corrections decrease again. In the relation published by Costa &
Frogel (1996) such a behaviour does not appear. However, their
results were mainly determined for bluer carbon stars and are
only extrapolated towards larger (J−K) indices.

The most important conclusion from our plot of the bolomet-
ric corrections versus (J−K) colour in Fig. 17 is the confirmation
of the scenario described in the beginning of this section. Down
to about 2800 K the COMARCS models reproduce the obser-
vations quite well, while at cooler temperatures the spectral flux
distributions of the real stars are dominated by circumstellar dust
shells and dynamical changes of the atmospheric structure.

4.1.5. Near infrared two colour diagram

Another confirmation of this scenario can be found in Fig. 18,
where we show a two colour diagram with (I−K) versus (J−K).
Several representative temperature sequences of subsolarmetal-
licity COMARCS atmospheres are compared to the observa-
tions of LMC carbon stars published by Costa & Frogel (1996).
Again, the included model series correspond to different values
of log(g), Z/Z⊙ and C/O. It is obvious that for the warmer ob-
jects having bluer colours the agreement between predictedand
measured positions in the diagram can be regarded as good. On
the other hand, as in Fig. 17, the observed data extend to much
larger (I−K) or (J−K) indices than the calculations. They also do
not show any signs of the reversion of the trend with tempera-
ture appearing for the COMARCS atmospheres below 2800 K.
A similar behaviour confirming the discussed scenario can also
be found in most of the other two colour diagrams combining
different Bessell filters (not shown here).

Samples of distant carbon stars are often selected due to the
red colours of these objects. A good example is the criterionof
(J− K) > 1.4 (e.g. Cioni & Habing 2003). However, from the
predicted and observed values in Fig. 18 it becomes clear that
such a photometric choice will neglect many of the bluer sources
with low mass loss rates.
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4.2. Application of the data to stellar evolution

4.2.1. Defining an interpolation scheme

The models presented in this paper define a 5-dimensional grid
in metallicity, effective temperature, surface gravity, C/O ratio
and mass. Nevertheless, the latter has a quite small influence on
the synthetic colours and bolometric corrections, as it is shown
in Fig. 8. In addition, the atmospheres for many combinations of
the other parameters have only been calculated with 2.0 M⊙. A
more extensive grid involving 1.0 M⊙ computations exists only
for solar metallicity. As a consequence, the effect of stellar mass
may be treated as a correction to be applied a posteriori to the
results, and we remain with a 4-dimensional interpolation to de-
termine the desired photometric quantities.

For an object with a given value of Z, Teff, log(g) and C/O we
first identify the metallicity interval (Z1,Z2) of the grid where it
is located and compute the weighting factors for a linear inter-
polation in log(Z). Subsequently, we look for the proper temper-
ature intervals (Teff,1,Teff,2) at Z1 and Z2. These are not neces-
sarily equal, since due to problems with the convergence of the
more extended models and the different expected properties of
carbon stars (see Sect. 2.2), the spacing and range of coverage
with respect to a certain parameter may change as a function of
the other stellar quantities. For example, at solar metallicity our
calculations go down to 2400 K, while for Z/Z⊙ = 0.33 and
Z/Z⊙ = 0.1 the lower limit was increased to 2600 K following
the predictions from synthetic AGB evolution. From each Teff,1
and Teff,2 we are then able to determine the weighting factors
for a linear interpolation in log(Teff). As a next step we use the
same method for log(g) where the interval (log(g)1, log(g)2) has
to be defined for all combinations of Z1 and Z2 with Teff,1 and
Teff,2. Finally, we include also the C/O ratio into this scheme.
In the ideal case, when the investigated object is situated com-
pletely inside all limits, we remain with 16 final weighting fac-
tors computed from the product of the four individual contribu-
tions of the mentioned parameters which may then be applied to
the colours or bolometric corrections of the correspondinggrid
points. Extrapolations are in general avoided by selectingthe
available maximum or minimum values. They were only allowed
for the effective temperature with an amount of up to 100 K.

4.2.2. Theoretical isochrones

Interpolated bolometric corrections computed in this way can
then be applied to theoretical TP-AGB models. Fig. 19 illustrates
the difference between the results based on our data to convert
the isochrones of Marigo et al. (2008) to the 2MASS MKs versus
(J− Ks) diagram and the original ones obtained with the spectra
taken from Loidl et al. (2001). The latter were only available for
a few selected stellar parameters (mainly temperatures) and solar
metallicity. We have chosen curves with log(t [yr])= 8.5 for
Z = Z⊙ = 0.019, log(t [yr])= 9.0 for Z = 0.42 Z⊙ = 0.008 and
log(t [yr]) = 9.5 for Z = 0.053 Z⊙ = 0.001, because the typical
age range for the appearance of the carbon star branch changes
with the chemical abundances. The effect of circumstellar dust
has been neglected in the plot. As it was already mentioned it
would shift the objects with mass loss to much redder colours.

The figure shows that at all metallicities the AGB C-stars
are predicted to be distributed along a sort of tail redward of
the location of the oxygen rich giants. This behaviour is largely
due to lower effective temperatures caused by the opacity of car-
bonic molecules as has been described in Marigo (2002), Marigo
et al. (2003) and Marigo & Girardi (2007). Applying the atmo-

Fig. 19. Selected isochrones from Marigo et al. (2008), focusing on the
part of the 2MASS MKs versus (J−Ks) diagram that corresponds to the
upper RGB (black lines) and TP-AGB phases. To avoid confusion in
the figure the TP-AGB part covers only the quiescent stages, neglecting
the thermal pulse cycle variations, and we do not show the final points
in which stars cross back to the blue during their evolution to the post-
AGB. The TP-AGB is marked either as oxygen rich (blue lines inthe
electronic version) or as carbon rich (red lines). Full lines are results
obtained using the present database of transformations forcarbon stars,
whereas dashed lines are the ones from Marigo et al. (2008) based on
spectra from Loidl et al. (2001). The effect of circumstellar dust is not
considered. The ages (log(t [yr])) and metallicities of theisochrones are
indicated in the plot.

spheric models presented here to the determination of photomet-
ric properties results in some changes in the discussed colour
magnitude diagram. Compared to the calculations based on the
spectra of Loidl et al. (2001) the objects become bluer and in
most cases brighter. As a consequence, especially at the two
higher metallicities, the maximum (J− Ks) value decreases by
up to 0.15 mag. A part of the flux differences can be attributed
to a variation of the photometric zero points caused by the more
limited wavelength coverage of the data from Loidl et al. (2001).
The bulk of the change is due to revised opacities and the much
larger parameter range included in the current grid. As an ex-
ample, Loidl et al. (2001) did not consider any atomic lines and
only solar metallicity spectra were available for the conversion
of the isochrones.

Observed carbon star red tails in systems like the Magellanic
Clouds present the majority of giants extending more or lessuni-
formly in the interval 1.2 <∼ (J− Ks) <∼ 2.0. The results shown in
Fig. 19 do not reproduce the redder part of this distribution. As
it has been discussed, this is mainly due to the neglect of thecir-
cumstellar dusty envelopes. Also, the effect of the pulsation on
the atmospheric structure and colour excursions caused by ther-
mal pulse cycles may play a role. Evaluating the impact of such
phenomena remains beyond the scope of the present paper. Work
is in progress to create a complete simulation of the Magellanic
Cloud TP-AGB stars considering all the processes affecting their
photometric properties.

The present database of bolometric corrections has al-
ready been incorporated into the interactive web interface
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http://stev.oapd.inaf.it/cmdwhich can be used to gen-
erate interpolated Marigo et al. (2008) isochrones and their
derivatives in many photometric systems. The tables containing
the BC values as well as the synthetic spectra are provided inthe
repository http://stev.oapd.inaf.it/synphot/Cstars.
The reddening caused by circumstellar dust may currently
be simulated in connection with our data by applying the
approximative approaches from Bressan et al. (1998) and
Groenewegen (2006). This is the same procedure as used for the
results of Marigo et al. (2008).

5. Conclusions

We have produced a grid of hydrostatic COMARCS atmo-
spheres covering effective temperatures between 2400 and
4000 K, surface gravities from log(g [cm/s2]) = 0.0 to −1.0,
metallicities ranging from the solar value down to one tenthof
it and C/O ratios in the interval between 1.05 and 5.0. Based
on these models we calculated synthetic low resolution spectra
and bolometric corrections for a considerable number of stan-
dard photometric systems, which are publicly available on the
web. As an example we have shown some of the Bessell colours
as a function of the stellar parameters. It turned out that the mass,
which represents in principle the sphericity of the atmospheres,
usually has only a quite small effect on the overall energy dis-
tribution. On the other hand, as one would expect, the effec-
tive temperature is the most important quantity. Especially for
the warmer carbon stars its determination based on photometric
measurements may reveal rather reliable results, if one chooses
the right colour indices and has at least a rough estimate of the
other parameters. In addition, the effect of the interstellar red-
dening has to be taken into account, which represents the main
source of uncertainties, at least for individual stars.

However, we have also demonstrated that our hydrostatic
dust-free atmospheres fail to reproduce the redder and cooler
carbon stars. The photometric properties based on the mod-
els from our grid were compared to several observed data sets
involving effective temperatures obtained from interferometry,
bolometric corrections and two colour diagrams. Most of these
investigations confirm the same scenario. Down to about 2800K
the agreement between predicted and measured energy distribu-
tions is quite good, while below this limit the COMARCS atmo-
spheres are much too blue. In some cases the photometric indices
of the coolest models even decrease again due to the influence
of molecular features. Such a behaviour definitely does not ap-
pear for the observed carbon stars, which always extend to con-
siderably redder colours than any of the calculations. The main
explanation for these differences is the neglect of the dusty cir-
cumstellar envelopes in the presented COMARCS atmospheres.
But dynamical changes of the radial pressure temperature struc-
ture connected to pulsation and mass loss also play an important
role.

Many time-dependent phenomena appearing in AGB stars,
like the intense pulsation creating shock waves or dust forma-
tion driving heavy stellar winds, cannot be described within the
framework of hydrostatic atmospheres in chemical equilibrium,
as it has been demonstrated by a large number of models and ob-
servations (e.g. Aringer et al. 1999, Alvarez & Plez 1998, Loidl
et al. 1999, Höfner et al. 2003). Thus, a forthcoming paper of this
series will focus on the effect of dynamics and mass loss on the
photometric properties of carbon rich giants. There we demon-
strate that these processes offer a natural explanation for the very
red colours seen in a large number of objects. The calculations
will be based on models including pulsation and time-dependent

dust formation as have been published by Höfner et al. (2003) or
Mattsson et al. (2008).

For the warmer COMARCS models, which are in agreement
with the observations, we found that the photometric changes
as a function of the stellar parameters show in most cases clear
and predictable trends. An exception is the dependence on mass,
which corresponds to the effect of sphericity. However, as we
have demonstrated, the latter plays only a minor role for the
different colours. Thus, it is possible to interpolate between the
photometric fluxes based on our grid, which allows us to connect
the results to stellar evolution calculations. The effect of apply-
ing our bolometric corrections to the isochrones from Marigo
et al. (2008) has been shown in this paper as a first test. For the
moment we have neglected the influence of dynamical processes
and the reddening caused by the dusty envelopes of the stars.The
latter will be included in a more systematic study involvingstel-
lar evolution and population synthesis computations that will be
presented in a forthcoming publication. It can already be taken
into account in combination with our data by using approxima-
tive descriptions like the ones from Bressan et al. (1998) and
Groenewegen (2006).
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Nowotny, W., Aringer, B., Höfner, S., et al. 2005, A&A 437, 273
Nowotny, W., Lebzelter, T., Hron, J., Höfner, S. 2005, A&A 437, 285
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