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ABSTRACT

Context. Carbon rich objects represent an important phase durinigtéestages of evolution of low and intermediate mass Stéey
contribute significantly to the chemical enrichment andh® infrared light of galaxies. A proper description of th@imospheres is
crucial for the determination of fundamental parametechsas &ective temperature or mass loss rate.

Aims. We study the spectroscopic and photometric properties iforastars. In the first paper of this series we focus on object
that can be described by hydrostatic models neglectingrdigzd phenomena like pulsation and mass loss. As a consegutre
reddening due to circumstellar dust is not included. Ouultesare collected in a database, which can be used in cdiganwith
stellar evolution and population synthesis calculationslving the AGB.

Methods. We have computed a grid of 746 spherically symmetric COMAR@Bospheres coverindfective temperatures between
2400 and 4000 K, surface gravities from log(g [&3]) = 0.0 to —1.0, metallicities ranging from the solar value down to onettieof
itand GO ratios in the interval between 1.05 and 5.0. Subsequemtlyysed these models to create synthetic low resolutiortrspec
and photometric data for a large number of filter systems. thes including the results are electronically availaBliest tests of
the application on stellar evolution calculations are smow

Results. We have selected some of the most commonly used colours @ todliscuss their behaviour as a function of the stellar
parameters. A comparison with measured data shows that w2800 K the agreement between predictions and obsergatibn
carbon stars is good and our results may be used to determamities like the fective temperature. Below this limit the synthetic
colours are much too blue. The obvious reason for these gamubis the neglect of circumstellar reddening and structivanges due
to pulsation and mass loss.

Conclusions. The warmer carbon stars with weak pulsation can be sucdisdiscribed by our hydrostatic models. In order to
include also the cooler objects with intense variationseast a proper treatment of the reddening caused by the dusglopes is
needed. This will be the topic of the second paper of thigseri

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

1. Introduction Carbon stars are among the brightest stellar objects in re-

solved galaxies containing young and intermediate-agelpep

During the evolution of low to intermediate mass stars alonfs especially i ; ;

; = , especially in the near infrared. Moreover, they dbote
the TP-AGB (Thermal Pulsing Asymptotic Giant Branch), Magjgnificantly to the integrated spectra of such systemss@heo
terial processed by the nuclear reactions n the He bu”.th S facts become obvious in the Magellanic Clouds: in the LMC for
may be dredged up to the surface, changing the chemical abigznce “among the approximately 31000 AGB stars brighter
dances in the e_ltm_o_sphere. Espeually, the amount of ce_lrijbn Hhan the tip of the RGB (Cioni & Habing 2003), there are about
b_e increased significantly by this meqhanlsm. Ifthg PH@”'. 11000 carbon rich objects (Blanco & McCarthy 1983). These
sity exceeds that of oxygen (the ratio of the particle d@sit 4, e alone contribute to roughly 20 percent of the ilatiegk
C/O > 1), the spectral appearance of the object becomes Coijometric luminosity of LMC clusters with intermediateesy
pletely diferent. Instead of O-bearing molecules like TiO, VO Frogel et al. 1990, Fig. 16). Thus, the influence of C-tygets
Sh'o’ t())H an(;:i HO th%.op%cn!es in thg cool ouée;ylégleg anGn the total flux emitted by galaxies is noticeable.
the observed energy distributions are dominate , G, _ .
HCN and GH, (e.g. Querci et al. 1974, Jargensen et al. 2000 It is therefore very important that carbon stars are prgperl

Loidl et al. 2001). This characterizes a classical carban st @Ken into accountin models of galaxies. For this, two mager
gredients are necessary. First, evolutionary tracks piogithe

* Tables of the photometry and spectra are only available én-el distributions of luminosities, féective temperatures and surface
tronic form at the CDS via anonymous ftp ¢dsarc.u-strasbg. fr cOmpositions of the red giants as a function of age, initiabm

(130.79.128.5) or via http://cdsweb.u-strasbg.fr/cgi-- and metallicity have to be available. Such calculationsavwyee-
bin/qcat?]/A+A/503/913. sented for example in the work of Marigo & Girardi (2007).
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Secondly, one needs synthetic spectra including the cistelm book of Spath (1991). The frequency grid adopted for thecopa
lar reddening by dust, which allow the conversion of the niodiy sampling in our calculations corresponds to the one used
quantities into observable properties of stars. The implata Aringer et al. (1997). It consists of 5364 points. Such talléh
tion of this can be found in Marigo et al. (2008). spline codicients for the dferent wavelengths are produced for
The main goal of this work is to present a set of photome¢ach combination of microturbulence and chemical abureanc
ric data and low resolution energy distributions allowingls to be investigated. This was done using the opacity gemerati
a conversion from stellar fundamental parameters into mreascode COMA (Copenhagen Opacities for Model Atmospheres).
able quantities. Based on observational material, libsaof The COMA iginally developed t i
overall carbon star spectra have been published by Lancon & N program was originally developed 1o compute

Wood (2000) and Lancon & Mouhcine (2002). However, the avelength dependent abso_rption fiméents for dynamical
extend only up to 2.5m, neglecting the mid and far infrared. odel atmospheres of cool giants as they are used for example

In addition, their coverage of stellar parameters is vanjtkd. in the work of Hofner et al. (2003). In addition, it was adegt

; ; : - determine weighted mean opacities foffelient applications
This applies also to the input data used by Marigo et al. (20 . . -
which are based on the hydrostatic model atmospheres and stellar evolution calculations (e.g. Cristallo et @007,

thetic spectra of Loidl et al. (2001). As an example, the oniederer & Aringer 2009). Starting from a given temperature-
have ingluded calculations fo(r soIaZ metallicity. P W pressure or temperature-density structure (table withes)lthe

Loidl et al. (2001) and Jargensen et al. (2000) have C()I%l_aundances of many important species are evaluated based on

puted synthetic low and medium resolution spectra based t&? equilibrium for ionisation and molecule formation. Bhu

hydrostatic carbon star models and compared them to obsePg'g assume chemical equilibrium except for the treatment of

tions in the optical as well as in the near and mid infraredjean glsctuI(:tri]gns)lsoAssoamr?e;Et}S;feWlt?héecsz(l;::]s Ijrt?arc;] nz;)ritqi;qurlglarm
Their results were obtained using previous versions of COMSKDJ1 X P, P P P

and the MARCS code (see Sect. 2.1). One of the most import tmiien?#ér?:loﬁtt?nmuihlsogi da“gemodZgﬁleztcggcﬁesglsei?etjo f?ee'
differences to the work presented here is that they have corm- pacity

letely neglected atomic line opacities, which causes flem-d quency point .(in LTE). Since the firSt version of COMA de-
gtionsymaignly at shorter wavelepngths. In addition, theeeadso SCT1P€d by Aringer (2000), a considerable number of updates
changes concerning the molecular input data. A comparisonr@\(e been made mcludmg_a more complete treatment of ioni-
the results based on our calculations to convert the isogso sation (_Gprfer .2005)’ additional chemistry routines (C‘Btd;n—
of Marigo et al. (2008) to the 2MASS ) versus (- Ks) dia- ergy minimisation, Falkesgaard 2001), the addition of atom

gram and the original ones obtained with the spectra fronulILoitr""nS.iti.o.nS from the VALD database (Kupka et al_. 2000 or the
et al. (2001) is shown in Sect. 4.2.2 (Fig. 19). possibility to take the ffect and opacity of dust into account

It was demonstrated for example by Gautschy-Loid| é{\lowotny et al. 2007). And, of course the number of incorpo-

al. (2004), Loidl et al. (1999) or Nowotny et al. (2005a, 2005 rated molecules contributing to the total absorption hasnbe

: . increased significantly. The calculations presented hewerc
that hydrostatic models do not reproduce the atmosphetic-st . o ; X
ture and spectra of cool carbon stars with intense variatzom the following species: CO, CH,CSIO, CN, TiO, HO, GH,,

mass loss. Such objects are dominated by their pulsatiaticge HCN, G, OH, VO, CQ;, SQ;, HF, HCI, FeH, CrH, ZrO and YO.

shock waves, the formation of dust and a strong wind giviag ri A table containing most of the line lists used and the corre-
to a circumstellar shell. Since all of these phenomena are-ti sponding references can be found in Cristallo et al. (20030r
dependent and coupled, they have to be described by com@the molecules included in our work do not appear in the men-
hensive dynamical calculations, such as presented byef@in tioned collection of data: ZrO from Plez et al. (2003), YOrfro
al. (2003) or Mattsson et al. (2008). The photometric proger John Littleton (priv. comm.), FeH from Dulick et al. (2003)ch
of the corresponding models will be discussed in the nexepagCrH from Bauschlicher et al. (2001). The abundance of FeH
of this series. In the current work we focus on warmer objectgiginally was not computed in any of the chemical routines
with small pulsation amplitudes. Nevertheless, the redden of COMA. Thus, we had to add the corresponding equilibrium
due to circumstellar dust, which causes the most importént dconstants to the program. They were determined using the par
ferences between the presented hydrostatic and dynartioad a tition function for FeH given by Dulick et al. (2003) and for
spheres for the cool mass-losing carbon stars, may be digaulathe atomic contributors Fe and H by Irwin (1981). For some of
in connection with our data by using approximative appr@aschthe molecules already appearing in Cristallo et al. (200&)ine
such as in Bressan et al. (1998) and Groenewegen (2006). data changed: In the case of Sghd HCI 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 G€xcalcu-
2. Model atmospheres and spectral synthesis lated from HITEMP (Rothman et al. 1995) instead of HITRAN
which results in a much larger number of transitions (10326
Finally, the lines of HF are taken from the list of R.H. Tipgin
In order to study the spectra and photometric propertiesaof ¢ (priv. comm.) discussed in Uttenthaler et al. (2008). Hosvev
bon stars, we have produced a grid of 746 spherically symmatt of these changes do not have a significéfiat on the at-
ric hydrostatic model atmospheres. They were computed withospheric structures, since the molecules involved arg ohl
the COMARCS program which is based on the version of theinor importance for the overall absorption in the tempenat
MARCS code (Gustafsson et al. 1975, Gustafsson et al. 2008yge covered by the hydrostatic models. Also the unceigain
used in Jgrgensen et al. (1992) and Aringer et al. (1997). ¢hthe opacities from TiO and 4D, where the existing line lists
contrast to the previous approaches, COMARCS works wigithow considerable fierences in some spectral regions (see e.g.
external opacity tables including the dbeients for a two- Aringer et al. 2008), do not influence our results. The phrtia
dimensional spline interpolation in pressure and tempegzt pressures of these species always remain very low in a carbon
the desired wavelengths. The applied method is an algodim rich environment — at least as long as one assumes chemical
veloped by Hardy (1971) with the implementation found in thequilibrium.

2.1. Hydrostatic models and opacities
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The dominating molecules in our models of carbon stars aitee damping constants of molecular transitions. In addjtes-
CO, G, CN, GH,, HCN and G. Their contribution to the spec- pecially for those species which dominate the overall dpaci
tral absorption is shown in Sect. 3.2 (Fig. 4). Followingtark like Co,H, or HCN, and in all regions close to bandheads the
of Loidl et al. (2001) and the suggestions in the SCAN databasings of even the strongest lines will be much weaker than the
(Jargensen 1997) we have scaled downdhealues of the €@ Doppler cores of the many overlapping neighboring ones. The
lines taken from the original list of Querci et al. (1974) atwg- absorption of all atoms except for hydrogen where we interpo
lengths longer than 1.16m by a factor of up to 10 in most of late in tabulated profiles is computed with full Voigt furaris,
the calculations. This has only a minor influence on the modadlopting the damping constants listed in the VALD database.
structures, but it causes moderate changes of the spaupeha
ance in the region between 1.3 and grh. Thus, we have also
produced some reference spectra with unscajede®. The cor- 2-2. Model parameters
responding ffects on the photometric results will be discuss

in more detail later in this work. the parameter range of the COMARCS atmospheres was cho-

sen to include the typicalféective temperatures, surface grav-

As in the original version of COMA, Doppler profiles includ-ities and GO ratios expected for carbon stars from synthetic
ing the thermal and the microturbulent contribution araiassd evolution calculations as they are presented by Marigo &
for the molecules. First, there exists almost no informmatim Girardi (2007) or Marigo et al. (2008). Sub-grids of models
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have been produced for the three metallicitie&ZZ = 1.0, Table 1. Lower limits of log(g) in the grid of atmospheric models for
Z/Zs, = 0.33 and ZZ, = 0.1 which covers the major popu- carbon stars. The upper limit is always log(g [=f)) = 0.0.
lations in the Milky Way as well as in the Magellanic Clouds.

All elements heavier than He were scaled with Z in the same Ter range [K]  Tog(g [cMIS]) min
way. Thus, we did not take into account any possible indizidu 2400 — 2700 -10
variations of the dferent species except for the carbon abun- 2802(502900 ‘8'3
dance. However, due to the combination of the fact that tlae-op 3100 — 3200 06
ities in cool giant atmospheres are dominated by a small mamb . s

. . . 3300 — 3400 0.2
of molecules with the preferred formation of CO, the studied 3500 — 4000 +0.0

model structures and photometric indices will mainly deppen

[C] and the ratio @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). Thisigsshown in Fig. 1. In addition, theffect of changing log(g) is

in agreement with our previous work (e.g. Aringer et al. 1999 emonstrated in Fig. 2.

and results in a Zof approximately 0.02. Models with log(g [cnis?]) = 0.0 have been calculated for

All sub-grids were computed completely for objects with all combinations of #ective temperature, metallicity and@
mass of M= 2.0 M, which can be regarded as typical for manyatio, except f(_)r some of the hotter atmospheres betweefl 350
carbon stars. At constanffective temperature and surface gravand 3800 K with a high total carbon abundanc¢4< = 0.33
ity, this value determines the ratio of the atmosphericresiten  With C/O =5.0 as well as ZZ,, = 1.0 with GO = 2.0) where we
to the stellar radius and thus the overall spherical geomietr could not obtain a converging hydrostatic solution. Thisieaf
order to investigate the influence of the mass we also pratiacethe surface gravity is also the general upper limit of oudgitiis
large number of models with M 1.0 M. For solar metallicity, ©bvious that for the cooler objects it corresponds to lursities
almost the complete grid of 2.0 Mstars is covered by calcu- Much lower than those expected for AGB stars. For example, at
lations for 1.0 M. Exceptions are some of the most extendelier = 2600 K and one solar mass, log(g [¢sf]) = 0.0 results in
atmospheres where it was morefigiult to obtain converging Only 1122 Lo, which is by a factor of 5 to 10 less than predicted
hydrostatic solutions for 1.0 Min several cases, as well as obfor @ typical carbon giant. However, since it was much easier
jects hotter than 3400 K which are not on the AGB (see later {§ 9t converging solutions for the higher surface grasjtiee
this section). For the lower values of/Z,, only a very small always used this value of log(g) in order to iterate from orid g
number of 1.0 M models restricted to anffiective temperature temperature to the next. _
of 2600 K exists. This is not a big problem, since the sphigrici 1 he lower limit for the surface gravity of our models depends
corrections of the photometric indices in the near infrasbd ©n the éfective temperature. It was chosen to cover the region of
ways remain relatively small, as it can be concluded from &ig AGB carbon stars predicted by Marigo & Girardi (2007) and
and the corresponding discussion of the results (Sect1)3.3Marigo et al. (2008) and it is listed in Table 1. The smallest v
Uncertainties due to pulsation and mass loss or unknown-ab#§s of 109(g [cnis?]) = ~1.0 appear for the coolest giants with
dances are much larger. In addition, some of the basic trends < 2700 K, while they increase continuously, when the ob-
of the metal-poor models as a function of mass may also 1§§ts become warmer. In the range between 3500 and 4000 K we
deduced from the solar metallicity atmospheres, although ohave only computed atmospheres with log(g [sff) = 0.0 and
should keep in mind that the behaviour can sometimes be qui€ Mo. As already mentioned before, most or all of these stars
complex. Finally, for Ty = 2800 K, log(g [cnis?]) = —0.70, Will not be on the AGB. The standard (maximum) step width in
Z/Z, = 1.0 and QO = 1.1 we have computed objects with 3.0109(g [cn/s?]) is 0.2 above and 0.1 below0.6. However, due

5.0, 10.0 and 99.0 Min order to follow the convergence towardg© difficulties concerning the convergence of the more extended
the plane parallel solution. 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 lowe
For solar 31etaII|C|ty, our %”d con;a}ms/o ratios of ]}'05' limits given in Table 1 could by far not be reached with all com
1.10, 1.40 and 2.00. Due to the much lower amount of 0xygef|nations of metallicity, O ratio and mass. Especially in situ-
the situation is quite dierent for ZZ, = 0.33 and ZZ, = 0.1.  Liions with a high carbon abundance'Zz = 0.33 with GO =

In such stars, (© values around 1.0 are expected to appeary 77 — 1.0 with GO = 2.0) and around 3000 K, it became
rarely, since they may already increase to much higher giet 1, .qer (1arge number of iterations, highly dependent ofiaini

after one 'third dredge up’ event. On the other hand, for tieeen ¢, itions) or impossible to obtain hydrostatic solutiatsle-
evolved carbon giants, ratios considerably larger tharedrObe 05564 surface gravities. In addition, it turned out to weem
reached (see Marigo & Girardi 2007). Thus, f0fZz, = 0.33 eyt to calculate models with a lower mass (1.g)M
and Z/Z, = 0.1 our grid includes models with/O = 1.4, 2.0 A list of all computed COMARCS models and syn-
and 5.0. thetic spectra including their parameters can be found in
The temperatures covered by the sub-grid for solar met#iie bolometric correction tables which are available at
licity range from 2400 to 4000 K with steps of 100 K. Fohttp://stev.oapd.inaf.it/synphot/Cstars or also at
Z/Z, = 0.33 and ZZ, = 0.1 the lower limit was increased the CDS.
to 2600 K, as expected from stellar evolution calculatiang.( For the microturbulent velocity we adopted a valuefof
Marigo et al. 2008). The region of AGB carbon stars extends5 knys, which is in agreement with our previous work (Aringer
only up to between 3200 and 3500 K, depending on the initial al. 1997) and with high resolution observations of AGBsta
mass and chemical composition. Nevertheless, we alsodadlu (e.g. Smith & Lambert 1990, Lebzelter et al. 2008). Due to the
hotter atmospheres, because the computations predict@omefact that a large fraction of the opacity in cool carbon gsant
jects with GO > 1 having a higher temperature during their postis generated by many weak overlapping lines, a changg¢ of
AGB phase. A typical sequence of models witftelient values does only have a smallffect on the atmospheres and photo-
of Tt at constant surface gravity, mass and element abundaneesric results as long as it remains moderate (e.g. betwden 2
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I ‘ | sosgeoscons | C/Oratio can be seen. It should be noted that the actual sagnplin
—— 280K, log(@)=06, C/O=14 | of the wavelength grid is with R 2000 significantly higher than
2500K, log(g)=-0.9, C/O=1.1 - . . .
the real resolution, resulting in a relatively smooth appeee of
the plotted energy distributions. These-R00 data are electron-

ically available as described in Sect. 3.2.

1e+37}

e

2.4. Synthetic photometry

VL, [erg/s]

1e+39 Based on our theoretical results we have calculated syothet

bolometric corrections following the same formalism as de-
] scribed in Girardi et al. (2002, eq. 7 and 8). For each of the
1 different filters we first convolved the total transmission curve
L ‘ ‘ L with the original opacity sampling spectra, integratiniper the
e85 07 1 3 5 7 10 photon energy or the number of detected photons. The latter
Al selection depends on the definition of the investigated gzhot
Fig.3. Three spectra based on COMARCS models wifZZ= 1.0, metric system, if amplifiers or counting devices are usecenTh
M/M, = 1.0 and diferent values of &, C/O and log(g [cnis’]). The the obtained magnitudes were scaled with respect to vahres ¢
resolution is R= 200. responding to a reference intensity in order to assess tie ze
points. This quantity was determined from a convolutionhwit
. the filter curve applied to a constant flux per unit wavelength
and 3.5 kiys). The m(s)dells were calculated In thg range f.rorf?requency) in thepgase of STmag (ABmag)Psystems orto a\/gega
TRosselang = 1C° t0 107 with a constant Ic_)gar|thm|c step S'Z.e(a Lyr) spectrum for Vegamag systems. The standard star data
of 0.1. Thu_s, each of the structures consists of 71 depthtgoi ere taken from the work of Bohlin (2007). They are expected
For a considerable number of atmospheres we had to excludg g 4ccyrate to within about 2% in the optical and neariafta

f_ew of the outermost layers in order to obtain convergingjsolr nge. Most of the photometric systems are defined in a way tha
tions. The missing data were added subsequently by ex&apgjeqa has magnitudes close to zero in all filters with just smal

tion. It was shown W".[h several test computations that theest o, e ctiong representing theéfsets found during observational
tures produced by this method are usually close to the ones aﬁmpaigns such as, for example, the 2MASS survey.

tern|1ir(1jecé consi?ﬁrin%(;he _futll ((Jleptth rbanged. Hovvfet\r/]er, vvlzm?etve We deal with about 25 photometric systems, most of which
excluded more than 10 points (outer boundary of the calicula ; . . ' .
atTROSS@'a(‘d.: 1(.T4)’ since this may easily [)esu't in larger errorsg(r)irI::SeElsa%llrt]r;ﬁgﬁiszsgn,\/&?\ggse;nﬂ.r(ezf(e)?esrzctg grgr?;g%tvl},uljtggﬂe
already visible in the calculated spectral%). dition, we recently inserted information on the H8WFC3 cam-
era (Girardi et al. 2008), CFHMegacam (McLeod et al. 2000,

2.3. Synthetic spectra Coupon et al. 2008), UDMC (Kuncarayakti et al. 2008)

, i and the WashingtorDDO51 (KPNO Mosaic, Geisler 1984,
The described hydrc_)stauc COMARCS atmospheres were u alstttp: //www.noao. edu/kpno/mosaic/filters)fil-
to compute synthetic opacity sampling spectra covering th&s Since the number of entries in our database is contin-
range between 400 and 22500 tn(0.444 to 25.0um) with ously growing, an updated overview may always be found
a resolution of R=10000. Based on the corresponding r‘_”‘d'ajt http://stev.oapd.inaf.it/cmd. Regarding the specific
temperature-pressure structures we derived the necessacy case of carbon star spectra, we already include most of the ph
ties in the diferent layers again with the COMA code. Except fofy metric systems in which these cool objects are more istere
the denser wavelength grid, this was done with the samelgetumg for observation, such as Bessell JHK, 2MASS, UKIDSS,

as for the generation of the input data produced for the at”\QST/NICMOS OGLE, SDSS, AKARI and Spitzer.
spheric models, ensuring a consistent treatment of therpbso ’ ' ’

tion, which is very important for obtaining realistic spec{see

Aringer 2005). The results of these opacity calculatiorstaen .

processed by a spherical radiative transfer program dpeelo 3 Résults of the modelling

for the work of Windsteig et al. (1997) that computes the @i 3 ;1 n1odel structures

stellar fluxes. This approach is not completely consisteitit w

the models, since COMARCS uses dfelient set of routines. In Figs. 1 and 2 some typical examples for the hydrostatic-mod

Nevertheless, for the atmospheric parameters and waublengls computed with COMARCS are presented. One can see how

ranges studied here, the deviations between the low résolutthe temperature-pressure structure, which is of great ritapoe

opacity sampling spectra generated directly by COMARCS affigt the spectral appearance, changes as a functiongofiid

the code from Windsteig et al. (1997) are negligible. log(g). It is obvious that the variation of these two paraengt
Due to the statistical nature of the opacity sampling aproduces clear and uniform trends concerning the positi@h a

proach, only the average over a larger number of wavelengthape of the corresponding curves. For example, a decreased

points (usually 20 to 100) gives a realistic representabibthe face gravity will always result in an atmosphere extendiog t

observed stellar spectra. As a consequence, we reduceeshelpwer densities at the outer boundary, or with a growing gaiti

olution of our results to R= 200 by convolving them with a Tes the whole structure is shifted to warmer temperatures. &uch

Gaussian function defined by the corresponding half widih. Negular behaviour usually also appears for the other paensie

additional broadening caused for example by a macrotunibulevhich are mass, metallicity and'@ ratio. Thus, in many situa-

velocity was assumed. Some of the emerging spectra are shaions it will be possible to determine atmospheres not idetlin

in Fig. 3 where the change of the overall shape as well as of tfre current grid by interpolation or even extrapolationwdeer,

dividual features with #ective temperature, surface gravity andhis has to be done with care, since uniform clear trends do no
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occur in all cases (see the discussion on tiiece of mass in the than 50% of the radiation. There exists also a general treatd t
spectra in the following section, Sect. 3.2). the molecular features become slightly weaker at loweraserf
gravity, if the other parameters are not altered. This behav
is expected for extended giants and caused by the largendime
3.2. Spectra sions of the corresponding objects creating stronger sgityer
effects at constant mass (Aringer et al. 1999). For both of the
presented sequences the changes as a function of log(geare r

The corresponding tables consist of three columns.: wa mensonably linear. Since the variation with temperature isallgu
P 9 - wag also quite regular, an interpolation concerning these taram-

[A], continuum normalized flux and specific luminosity timeSsters should work well.
frequency ¢-L, [erg/s]). The second quantity is determined from However, in some cases the situation can be more complex.

E:Tjd?::/ |s;1(|)|n001;tg§ égsbultoorf : \fvur:lerraedtlr?g\gi ;rrz;;]\incs;enr dcri%llue)gilr;;rl This is demonstrated in Fig. 6 where we investigate the com-
absorgtion ig com Iet)(/al neglected (only continuum ofizsjt bined dfects of mass and surface gravity at 2600 and 3100 K.
b pieiely neg y The spectra shown are again normalized with respect to the co

This allows us to evaluate the apparent intensity of thkedint finuum and the corresponding models have solar metaltiity

fseaggtrrzs. :ns e?;t : é( ?rr(;]r?wkran]:)oc; élgew?t?\tgi;lnvﬁa?rlﬁieiﬂglsriltFlg' S_thra??io ratio of 1.40. At 2600 K we find a quite regular behaviour
inp e(fecq[ive temperature. surface aravit an;DOatioy’ J_I_Euh§e which also complies with the expectations concerning spiter
9 p ! g y i Y As was discussed before (see Fig. 5) the intensity of thedline

\(;V%Vj;tggn']mﬁggl ffrrgrggr']i tor m gg;cr? dli?ﬁorggtsvgg:]t gf ﬂi sorption decreases for lower values of log(g). On the othadh
P q yrang 9 ' %gre is a shift due to mass which grows for declining surface

25um. As it has been mentioned in the previous section, the r;iﬁ

The complete grid of our final spectra with-R200 can be ob-
tained fromhttp://stev.oapd.inaf.it/synphot/Cstars.

e . . . Yravities. The molecular features are in general deepibeibb-
olution is R= 200, while the sampling of the wavelength gri ects become more massive. Both trends are in agreement with

was chqsen to be ten times higher. . .. the predicted weakening of the line absorption due to spiteri

In Fig. 4 we show spectra demonstrating the contributi@rects. But at 3100 K the behaviour is rathefetient. It is obvi-
of the most important molecules, which have been derived Bys that for this temperature not all parts of the spectriantria
including only the opacity of the corresponding specie® inghe same way to changes of surface gravity and mass. Edgecial
the radiative transfer. Subsequently, the results wermatized he deep feature at@m, produced mainly by HCN and,8,,
to the continuum in the same way as described above. We gées not really follow the trends expected from spericityce
vided them by the output of a calculation where the absorge intensity decreases a lot for more massive stars. A aimil
tion generated by lines was completely neglected. All spechehaviour can be found for the wings of the broaduiband,
are based on the same atmospheric model with= 2600 K, 16t shown in the plot. The absorption in the corresponding re
log(g [CWSZ])F -0.2,7/Z; = 1.0, M/Me = 1.0and GO = jon is also caused by the two species HCN an#iC This
1.10. It is obvious that molecular transitions block a lahge-  jemonstrates that due to the complex interaction of atresgph
tion of the radiation in the shown frequency interval. Th@ep gty cture, opacities and chemical equilibrium, simplegjzéons
ity around and below km is dominated by the bands 0b@nd geduced from a single mechanism are not always possible. On
CN, while at longer wavelengths;8, and HCN are the most {he other hand, there are spectral ranges where we see also at
important species. However, the intensity of the featus®g- 3100 K variations as a function of log(g) and mass, whichegre
ated by the latter polyatomic molecules decreases significa very well with the expectations from sphericity (e.g. ard4hor
for higher efective temperatures. On the other hand, the varig,;m).
tion of the absorption produced by,@nd CN as a function of " g il pe discussed in the next section, the stellar mass has
the stellar parameters is much less pronounced. In addtfien ;, yeneral only a rather small influence on the investigatest p
bands of G may become considerably stronger with growingy netric properties. For the warmer stars witg; T> 3000 K

C/Oratios. _ the spectra below 2 &m also change only marginally as a func-
The behaviour of the molecular features depending on then of log(g). Thus, the mentioned irregularities will @sly not

stellar properties of carbon stars has already been used-to gamper a proper prediction and interpolation of the coloTine

termine parameters likeflective temperature or /O ratio by possible uncertainties due to circumstellar reddeningusy end

a comparison of calculated and observed results (e.g. Aokisgructural variations caused by atmospheric dynamics;fwvaie

al. 1998, Aoki et al. 1999, Jargensen et al. 2000, Loidl @bt considered in the presented models, are much largerjeve

al. 2001). Since this work focuses mainly on the photometrighjects with relatively weak pulsations. The special béaof

characteristics, we will only discuss two selected exasiple the 3m feature might fiect the L band, since it partly overlaps
the spectroscopic changes, which are interesting for aitdess with the corresponding filter curve.

interpolation or extrapolation based on our grid. More deta
studies involving the low resolution energy distributiavi§f fol-
low in the future. 3.3. Photometry

The change of the line absorption with surface gravity is dighe synthetic photometry computed for the complete grid
play_ed in Fig. 5 where we show continuum normalized spectgg oy hydrostatic COMARCS models is available at
for different values of log(g) emerging from cooleratmosphenfﬁtp://Stev_oapd_inaf_it/synphot/CStarS or also at

with Ter = 2600 K and hotter ones withef = 3100 K. The 6 cDS. A detailed description of the corresponding data ca
models have solar metallicity and theif@ratio is 1.10. As 0ne pe found in Sect. 2.4. The tables list the bolometric coivast
would expect, the warmer object produces much weaker molec-

ular features. Even at the low resolution of the final spetitea 1 | extended giants absorption lines or bands will becomekerda
flux level of the continuum is almost reached at some placg$pherical atmosphere, since they are filled with emissionponents

around 4 and Gg:m. This is not the case for the cooler atmoeriginating from the optically thin outer parts of the steldisk (e.g.
sphere where the line absorption blocks in most regions makenger 2005).
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2 3 4 S 6 72 3 4 S 6 7 of log(g [cnys?]). Two effective temperatures
A [um] A [um] are compared: 2600 K and 3100 K.

(BC) as a function of the stellar parametegs,Tog(g [cnys?]), terstellar reddening. Since our results do not includeeitprs-
M /Mo, Z/Z and QO ratio for the diferent included filter mag- cesses, they have to be applied a posteriori to the data.
nitudes. We have prepared a separate file for each of theestudi

photometric systems.
The complete set of tables covers 36 photometric systen%'s?'l' The (J—H) colour

e_ach of them incIu_ding several filters. This wealth of infarm |, Figs. 7, 8 and 9 we investigate the behaviour of theH)J

tion may be exploited by the users of the database. Here, Woyr as a function of theftective temperature. In the first of
restrict ourselves to certain typical examples. We haveseho e piots we do this for the fierent values of log(g), selecting
some of the standard visual and near infrared filters as dkfipe objects with solar metallicity and/O = 1.10 as an example. As
Bessell (1990) and Bessell & Brett (1988), since they were afjascribed in Sect. 2.2 (see Table 1), the range of availaisle s

plied for a large number of observations. The V, J, H and K magsce gravities decreases towards warmer atmospheres awe ab
mtudes and colours appearing in th_e following discussams 3400 k only models with log(g [cs?]) = 0.0 have been in-
figures are based on this photometric system (called theeBesg),,qed in our grid. It is obvious that the spread of theH)
system in our work). colours has a significant minimum around 2900 K, where it be-
The observed colours of many carbon stars are severely edmes practically negligible. It grows quite rapidly, ifetlstars
fected by circumstellar (see the discussion in Sect. 4) and get cooler. As a consequence, the largeffedénces appear at
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log(g [cny's))

Fig. 7. Predicted (3H) colours as a function offeective temperature
calculated from COMARCS models with/Z, = 1.0, M/M, = 2.0,
C/O = 1.10 and dferent values of log(g [ci#*])

the lowest temperature of 2400 K where the dispersion reache

more than 0.1 mag. Above 2900 K the spread also increases, butThe circumstellar reddening, which is discussed in more de-

it remains always moderate or small, which is partly due o thail in the next section (4.1) and in the second paper of #igs,

limited log(g) range for the warmer atmospheres. Below 2Q00affects all photometric indices. It induces changes much targe

the more extended models are redder, while beyond this vathan those caused by the molecular features. Thus, the ambig

they have bluer colours. ity mentioned above plays only a minor role and for the cdoles
The value of 2900 K also corresponds to the point of revestars the determination of the parameters without a proei-m

sion for the general trend as a function of temperature wheglling of mass loss and dust opacities is impossible.

(J-H) reaches a maximum. Towards warmer and cooler atmo- In Fig. 8 we study the influence of the stellar mass on the

spheres the colours become bluer. This turnaround is cdysedJ-H) colour at various values of the surface gravity. The dif-

the behaviour of dferent molecular features situated in the references between 1.0 and 2.Q,Mre shown taking again solar

gion of the filters. In the J band the flux ifected mainly by @ metallicity and GO = 1.10 as an example. As one would expect,

and CN, while the H band covers a considerable depression dlue shifts grow in general for smaller values of log(g). Irdad

to a mixture of G, CN, CO, GH;, and HCN. The temperaturetion, they reach a maximum around 2700 K. Their behaviour as

dependent intensity of the polyatomic species especiddlysp a function of temperature and surface gravity is not always-c

a key role for the colour reversion, which makes a determinpletely regular, which is in agreement with the results fribva

tion of the stellar parametersfiicult and ambiguous. However,synthetic spectra discussed in the previous section (geé)-iA

the turnaround will usually not be visible in observatiofiseml very good example is the filérences at log(g [crs?]) = —1.0.

stars, since all cooler objects are severely reddened iy dus Nevertheless, the spread in-@) due to mass remains in most
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plot) and QO

. ] objects, as one can see in Fig. 10 where we plot the colours of
cases rather smakk(0.04 mag). Otherféects, like changing the models with diferent values of log(g). Following the previous
elemental abundances or adding a dust opacity, are much mgigtussion on (@H), we have taken COMARCS atmospheres
impqrtant. The same is also true for the other colour indines with z/z, = 1.0, M/My, = 2.0 and GO = 1.1 as an example.
vestigated here. Above 2800 K the (JK) index clearly decreases towards higher

The temperature-dependent behaviour ofH} for differ-  temperatures. The scatter in the almost linear relationchvis
ent chemical compositions is shown in Fig. 9. The sequenfces@oduced by the variation of the surface gravity in our gré,
models in the plot represent various metallicities a0 @atios mains negligible. From Fig. 11, where we study tHeeet of
assuming log(g [cre’]) = 0.0 and MM, = 2.0. The latter two different chemical compositions for log(g [¢g]) = 0.0 and
values have been chosen, since the corresponding COMAR[$M, = 2.0, it is evident that down to 3000 K also changes
atmospheres exist for most of the possible combinationkef tof metallicity and GO ratio do not create too large deviations.
remaining parameters &f, C/O, Z). It was already mentioned Nevertheless, similar to the case of ), the trend with temper-
in the preceding discussion that the trend eftj with temper-  ature reverses for the coolest models. As one can see inJgs.
ature reverses at a certain point where the maximum of the ghd 11 the turnaround with the reddest) appears at 2800 K
dex is reached. Towards cooler and warmer models the cologgsz/z, = 1.0 and a value of @ below 1.4. It shifts to 2900
become bluer. In Fig. 9 one can see that this applies to all & even further to 3000 K, if the metallicity decreases arel th
vestigated chemical compositions. However, the maximum rlative abundance of carbon becomes higher. The exptanati
shifted to higher temperatures, if the metallicity becotoeger.  for this reversion is similar to the one for the behaviourdfH))
AtZ/Z, = 0.33 itis situated around 3000 K and atZ = 0.1 in the coolest atmospheres. The suppression of the flux ik the
around 3100 K. band due to molecular absorption of polyatomic species grow

There exists a clear trend that in all atmospheres coolgflower temperatures much more than in the wavelength megio
than about 3300 to 3400 K the-H) index becomes bluer to- where the J magnitude is determined. The K filter covers mainl
wards larger @O ratios, if the metallicity and the other stel-features of CN and £H,. However, the turnaround will usually
lar parameters are kept constant. The corresponding sjimeadlso not become visible in populations of real stars, sihee t
the colour temperature relation for our grid reaches betwk& coolest objects show a severe reddening caused by circilanste
and 0.2 mag. The situation is quitefdirent for models that are dust.
warmer than 3400 K. In those objects the value gD ®lays Looking at Fig. 10 it becomes obvious that significant
only a minor role. On the other hand, one can see in Fig. 9 thalifts introduced by the variation of the surface gravityoimr
at higher temperatures the colours become redder, if thalmeyrid appear only below 2900 K. The corresponding spread in
licity decreases. A multiplication of Z, by a factor of one third the colour temperature relation grows rapidly towards eool
gives a positive shift of 0.04 to 0.05 mag in-). At a constant models. At 2400 K the dierence between atmospheres with
C/O ratio, which introduces significant deviations below 3800 |Og(g [Cm/sz]) = —-1.0 and 0.0 reaches almost 0.2 mag. In gen-
3400 K, this rule applies down to about 3000 K. Around 270ral, the more extended objects are redder inK(J Fig. 11
to 2800 K the colour dierences due to metallicity almost disapshows that below 3000 K the colour also depends on the chem-
pear. And for the cooler temperatures we find a reversion®f tital composition. It gets bluer if the metallicity decressBor

trend, because {H) slightly increases with growing/Z. the coolest models a multiplication of Z,, by a factor of one
third reduces the index by approximately 0.05 to 0.06 mag. Th
3.3.2. The (J-K) colour C/O value also plays a role below 3000 K. As long as the ra-

tio remains small, JK) decreases with higher relative carbon
The behaviour of (JK) as a function of the fective temper- abundance. However, this trend saturates, and ab@e-C1.4
ature is very interesting, since the corresponding retatias there are no noticeableftirences. As already mentioned, we
often been used to determine that stellar parameter from pliiad that the shifts due to the chemical composition, which al
tometric observations. This may work quite well for the warm most disappear between 3000 and 3200 K, never become large in
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calculated from COMARCS models with/Z, = 1.0, M/My = 2.0,
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the warmer models. In general, at the higher temperaturé€)(J
turns slightly redder with an increasing@ratio, while the be-
haviour as a function of metallicity is not so regular andses.
only minor deviations.

3.3.3. The (V-K) colour

As one can see in Figs. 12 and 13 the-f) index could be
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Fig. 13. Predicted (\-K) colours as a function offiective tempera-

ture calculated from COMARCS models with log(g [¢sf]) = 0.0,

M/M, = 2.0 and diferent values of ZZ, (denoted as ZZg, in the

plot) and GO

and QO = 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 [cnis?]) = 0.0 and M/My, = 2.0 is shown

in Fig. 13. The plot reveals that at lower temperatures, rieode
with a higher QO ratio and a decreased metallicity tend to pro-
duce bluer colours. Above 3000 K this trend reverses, but the
corresponding relative ffierences do not become considerable.

4. Discussion
4.1. Comparison with observations

In the previous section we showed some examples repreisentat
of the results of our computations. Now, we compare them to ob
servational data. We will restrict ourselves again to thedad
photometric system (Bessell 1990 and Bessell & Brett 1988).
We start with the work of Bergeat et al. (2001), who estalgigsh

a calibration scheme for theffective temperature of galactic
carbon stars by relating interferometric results to codolike
(J-K), (H-K) or (V-K). The conversion of measured angular
diameters into stellar parameters depends on estimatekédor
distance and functions describing the limb darkening ofithe

a quite good indicator of theffective temperature. The relativevestigated objects. Especially if one studies cooler AGBhty,
scatter due to variations of surface gravity and chemicahab both of these tasks may become quite problematic. THe di

dances remains in most cases reasonably smal.2 mag ~

100 K). Furthermore, in contrast to{8l) or (J-K), the overall
relation that the colour becomes redder for cooler atmossie
never reversed. It only saturates at the lowest tempesivinere
the application of hydrostatic dust-free models is not ulsgsiee
Sect. 4.1). Unfortunately, there are almost no simultaseoea-

culties are mainly caused by the large extensions of the -atmo
spheres, the diameters of which change considerably witlewa
length due to molecular absorption and with time due to pul-
sation. These variations are often accompanied by contetica
radial density structures and the formation of dust shellg.(
Hofmann et al. 1998, Jacob & Scholz 2002, Aringer et al. 2008)

surements of V and K magnitudes for individual carbon starghus, the result will depend very much on the model applied to
In addition, this index will be severelyfi@cted by interstellar as interpret the intensity profile of the observed star and the ¢

well as circumstellar reddening.

responding uncertainties. For such objects, even the ¢tiear

In general, atmospheres with a smaller surface gravity haekoice of a diameter to define th&extive temperature is rather
redder (\-K) colours. In Fig. 12 we demonstrate this for thearbitrary, since the range with an optical depth around oag m

carbon stars from our grid with Z; = 1.0, M/My = 2.0

become quite broad.



B. Aringer et al.: Synthetic photometry for carbon-rich igfis 11

2.2 T * T T T T T T T T T T T T T T T ] 1 T T T T T T T T T T T ™)
* 3  Data from Bergeat et al. (2001) L * 0--0 C/0=1.40, log(g) = +0.0 ]
+ ClO=105log(g)=+0.0 F C/0=2.00, log(g) = +0.0 q
2 e Cl0=110,l0g(g)=+0.0 ] 0.9 G@--a C/0=1.05, log(g) = -0.8 7
rox % CI0=1.40, log(g) =+0.0 | r * C/0=1.10, log(g) = -0.8 q
P X EE o Clo=200,loglg) =400 o E * @ C/0=1.40, log(g) = +0.0, Mot scaled]
180 K x CIO=1.10,log(g) =-04 7 0.8~ * CI0=2.00, log(g) = +0.0, fMot scaled]
L * C/O=1.10, log(g) = -0.8 4 L * _ _ |
m—m C/O=1.05, log(g) = -0.8, Mot scaled
L C/0=1.40, log(g) = -0.9 i k m g
C * # * m  C/O=1.05, log(g) = -1.0 B 0.7 ié ** * C/0=1.10, log(g) = -0.8, Mot scaled-]
1.6 L :/E % ﬁ * i A C/O=1.10, log(g) = -1.0 ] TR i ** % Data from Bergeat et al. (2001) j
= F 1 i — o 1
X F = + T 2 4 193 r 4
3 F =« 4 e ByE g@ﬁk* 1 o6 E
14 & F 2 * * 3 =7 ]
A- i, e * e * 1 F ]
Foe ® ' ] 0sf- ]
12~ @ ¥ - F ]
[ ¥+ ] [ ]
r # ] 04r .
1 A — [ ]
r R d ] S i
L g ] 0.3 O 0]
0l L | L | L | L | L | L | L | L ? ] C | L | L | L | L L -
2400 2600 2800 3000 3200 3400 3600 3800 40( 2400 2600 2800 3000 3200 3400
T . [K] T [KI
eff eff

Fig.14. The (3-K) colour as a function of thefiective temperature Fig.15. The (H-K) colour as a function of thefgective temperature
is shown for COMARCS models with /Z, = 1.0 and MM, = is shown for COMARCS models with/Z, = 1.0 and MM, =
2.0. Several typical sequences characterized Hjemdint values of 2.0. Several typical sequences characterized Hjewdint values of
log(g [cny<?]) and QO are included. The theoretical results are comeg(g [cnys?]) and GO are included. Results from calculations with
pared to the data from Bergeat et al. (2001, Table 4) whicle leen a scaled gline list (dashed lines, open symbols) and with the unscaled
derived from observations (stars). original one (full lines, filled symbols) are compared toleather and
to the data from Bergeat et al. (2001, Table 4) which have beewed
from observations (stars).

4.1.1. (J-K) versus effective temperature

![.n F{g. 14, V\t/herecvg)eMsi]stvS(—J() gsla fL.Jt?]Ct'Oln of tTelf&f- the conversion of measured angular diameters iffextve tem-
ive temperature, models with solar metallicitg ar%eratures also will be problematic.

compared to the results of Bergeat et al. (2001). The seqsen In Fig. 14 one can see two of the observed stars situated at

of atmospheres with fferent values of log(g) and/O, which rather high temperatures above 3600 K (BL Ori, V4378 Sqgr)

are included in the plot, were selected in order to repreapat | i are far away from our COMARCS sequences. However,
proximately the spread introduced by the variation of thse as Bergeat et al. (2001) already have noted they also do not fit

rameters (see Figs. 10 and 11). As one can see, the agreegqg he relation defined by the other measured objectsploss

Eaegwgipor%alé:;g)%t%%ﬁmooggggid .(I:_ﬁleogrr']sl IS diqsltjilrgiti%?woi('js ':;1 Ble that an error concerning the determination of therfate
9 : y . metric data or their interpretation occured. In realitg #tars
the measured data show a much larger scatter than the s;zntq%ta

ones. However, this may very well be due to uncertainties con y be much cooler.

cerning the variability, the correction of the intersteltadden-

ing or the determination of the linear diameters. Below 2B00 4.1.2. (H—K) versus effective temperature

the colours predicted by the COMARCS models are systemat- )

ically bluer than those taken from the observations. WhHike t /" Fig. 15 we present a comparison of the observed colour
(3-K) value in the results of Bergeat et al. (2001) continues t§mMperature relation for carbon stars with COMARCS models,
increase towards the coolest stars, this trend reversesifdry- which is similar to the one in Fig. 14, but shows<{K) instead
drostatic calculations. As a consequence, tifiegince between of (J-K). The plot again includes sequences from our grid of hy-
measured and synthetic data grows considerably at lower tefhostatic atmospheres with solar metallicity anfiatent values
peratures. Nevertheless, this behaviour is not completeék- of log(g) and QO (dashed lines, open symbols). It is obvious
pected. We have already mentioned that the cooler AGB giam;é‘t the (H-K) indices produced by the calculations are system-
are severelyfiected by pulsation, dust formation and mass losatically bluer than the measured ones. Apart from the diewiat
which cannot be described within the framework of hydrcistatbelow 2800 K growing towards cooler temperatures, which al-
models (e.g. Hofner et al. 2003). Due to circumstellar ezdd ready appeared for{K) and have been explained by the contri-
ing and the development of very extended and complicated teftion of circumstellar dust and dynamical changes of theest
perature density structures, these processes show a gtifing turfes, there. exists a sh_lft of arour!d 0.1 mag for all of thedrot
ence on the spectra and filter magnitudes of the stars (Gauts@Pj€cts. This problem is not restricted to the data of Bergea
Loidl et al. 2004). The problem will be discussed in more detz@l- (2001), but occurs also in the two colour diagrams based o
in the second paper of this series where we present synth&§@er observations (not shown here). _

colours based on dynamical calculations taking the cooresp In order to find possible explanations for théfdrences be-
ing time dependent phenomena into account. It is mainly théeen measured and predicted-() values of the warmer stars,
opacity of amorphous carbon dust which changes the overall &€ investigated the influence of the scaling applied to thals
ergy distribution of the objects. It causes the highKJ values SOrption in our calculations. This has been proposed by ILoid
appearing for the observed data in Fig. 14 and is not inclimledet al. (2001) and is described in the section about model-atmo
our COMARCS modefswhich seem to be appropriate down tgPheres and opacities (Sect. 2.1). We produced a few sdries o

about 2800 K. We want to emphasize again that below this pofiyfithetic spectra and filter magnitudes using the originaist
without any changes (full lines and filled symbols in Fig..15)

2 An equilibrium description of the dust in a hydrostatic aspbere The relative &ect of the scaling on (HK) is much stronger
results in much too high condensation degrees and opacities than on the other Bessell colours discussed in our work. This
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®—e C/O=1.10, log(g) = +0.0
C€/0=1.40, log(g) = +0.0

4.1.3. (V-K) versus effective temperature

12
€10=2.00, log(g) = +0.0

Cl0=1.10, log(g) = -0.4
= C/0=1.05, log(g) = -0.8
Cl0=1.10, log(g) = -0.8

The last comparison of our solar metallicity COMARCS se-
guences with the results of Bergeat et al. (2001) is displaye
X Cotmmpe1o in Fig. 16, where we show (VK) as a function of the féec-
3 Data from Bergeat et al. (2007 tive temperature. A plot based on the original photometaitad
as they were published by the authors can be seen in the upper
panel. The obvious agreement between predicted and oloserve
coloursin all regions of the diagram is rather surprisirggduse
from the preceding discussion one would expect deviations f
the cooler stars, which are due to circumstellar reddenimd) a
dynamical changes of the atmospheric structures. The imflie
of dust on (\-K) should be much more pronounced than on
the infrared indices like (HK) or (J-K). However, Bergeat et
T T T T T al. (2001) have n_egl_ected the pulsation of the objgcts miodu
T4 K] the strongest variability at shorter wavelengths, as inthenge.
Since the measurements of the interferometric radii asasatif
the V and K magnitudes have not all been done simultaneously,
this may create some bias in the diagram.
=—& C/O=1.05, log(g) = -0.8

- €I0-1.10, logg) =05 In order to consider at least the V amplitude of the ob-

T i oo m-t0 jects studied by Bergeat et al. (2001), we have determined

1 VHom et iAo ™ the (V-K) values corresponding to the maxima and min-
ima of the visual flux. The K magnitudes were assumed to
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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

(V-K)

[N RN TS |

00
T T[T T [T T T[T [ T[T T T T[T T[T T T T[T [TTTT

sf 1 e et al. 2006, Samus et al. 2007). If the GCVS did not in-
. \'j clude the needed information, we estimated the interval cov
] ered by the V magnitudes using the AAVSO Light Curve

e e e e e Generator fttp://www.aavso.org/data/lcg/). For a few

e [K] of the objects we were not able to find any published measure-
Fig. 16. The (V-K) colour as a function of thefiective temperature [Jn:nndts('&eé/ egg?g t\r}i;%n %Cg? ! S;hg\gsurs?r: égea“uéf ?hler;]ngh:r(\e/

is shown for COMARCS models with /Z, = 1.0 and MM, = . . .
2.0. Several typical sequences characterized Ijextint values of LP (irrégular) variables, which normally show rather moder

log(g [cmy<?]) and QO are included. The theoretical results are corite Photometric changes, we assumed the brightness listed i
pared to the data from Bergeat et al. (2001) which have begvede the General Catalog of Cool Galactic Carbon Stars (GCCCS,

from observations. In the upper panel we present the ofigwiak) Stephenson 1989) as the mean value and an amplitude of
indices given by the authors (stars), while in the lower oretake 0.5 mag. The K magnitudes were taken from tie dxlition

the V variability of the objects into account. The rangesaeen the (Gezari et al. 2000) of the Catalog of Infrared Observations
corresponding maxima and minima are shown as error bars.VI'he(Gezari et al. 1993), the Two Micron All Sky Survey (2MASS,
and K magnitudes used for the second plot were taken fronowari girytskie et al. 2006), Whitelock et al. (2006) and Menzies e
sources listed in the text. They do not include the valuems fBergeat al. (2006). For the correction of the interstellar reddenine

etal. (2001). used the co@cients given by Bergeat et al. (2001).

If one compares the upper and the lower panel of Fig. 16,

it becomes obvious that the original ) data from Bergeat
can be explained by the fact that the corresponding variatiocet al. (2001) are in most cases situated within the rangerf va
reach a maximum in the H band and the comparatively smalbbility, but not in its centre. They are systematically sfto
flux difference between H and K. From looking at Fig. 15 iluer colours. The same is true for the values predicted fsam
becomes clear that the calculated{K) indices based on the COMARCS models, which cover the same regions of the dia-
original linelist are by 0.08 to 0.1 mag higher, if the tengtare gram, as was mentioned before. All of this may be explained
is kept constant. The consequence of the shift to reddeucoloby the fact that the authors have used V measurements biased
is a much better agreement with the observations in the megimwards higher fluxes corresponding to phases of the palsati
above 2800 K, while below this limit we still see considesblwhere the circumstellar extinction caused by dust remaiesaw
deviations, growing towards cooler stars. Thus, the redoit However, also in the bottom panel of Fig. 16, a clear increase
(H-K) with the unscaled gopacity would confirm the ones de-in the diferences between synthetic and observed colours at
rived from (J-K). This may be interpreted as an indication thdbwer temperatures is not visible. Such a behaviour coittad
it is preferable to use the originab@ata without any correction the trend found for 3K) and (H-K) as well as the expecta-
of thegf-values and to add approximately 0.1 mag to theBi tions of stronger dynamicalfiects and higher mass loss rates
indices from our standard grid. However, since there is natim in cooler objects. Nevertheless, since there are seveeriait-
effect on the other colours, one should be careful drawing caties concerning this diagram, one should be rather careitil w
clusions concerning the molecular absorption. Future vaork any definite conclusions. First, we have neglected the tiania
the G opacities and spectral investigations can solve this profi- the K magnitudes and the angular diameters, which is most
lem. likely less pronounced than the change of the visual flux, but
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Fig.17. The bolometric corrections for the K magnitude (BCare Fig.18. Two colour diagram (-K) versus (3K) for several represen-
shown as a function of the {K) colour. Several representative se+ative sequences of COMARCS atmospheres characterizeidfbyemt
quences of COMARCS atmospheres characterized figrdit values values of log(g [cris?]), Z/Z, (denoted as ZZ in the plot) and ¢O.
of log(g [cm/s?]), Z/Z,, (denoted as ZZs in the plot) and @O are dis-  All models have two solar masses. The series start@at=T 2600 K
played. The models, which cover theztive temperature ranges givenand range up to 4000 K for log(g [¢f!]) = 0.0, up to 3200 K for
in the legend, have two solar masses. The minima of B@respond al- |og(g [cmys?]) = —0.4 and up to 2900 K for log(g [cr#?]) = —0.8.
ways to the warmest object in each series. In addition, we heluded The warmest objects correspond to the bluest colours. The ate

the observed mean relations for galactic carbon stars frengéat et compared to observations of LMC carbon stars published kstaC&
al. (2002, dashed line), Costa & Frogel (1996, full line) akbitelock  Frogel (1996).
et al. (2006, dotdashed line).

still quite considerable. In principle it would be desirald use

. corrections decrease again. In the relation published tspaC&
simultaneous measurements or at least temporal mean \&lu

. - eﬁrogel (1996) such a behaviour does not appear. Howevér, the

all |rr]1volved quarétmes.(;Jlnfohrtunat?lyasuch dqta arefwﬁilablg results were mainly determined for bluer carbon stars aed ar

atthe moment. secondly, the applied corrections of theste= .only extrapolated towards large~H) indices.

lar reddening (Knapik & Bergeat 1997) may be problematic in Th i rant lusion f lot of the bol i

the case of stars with intense pulsations, because theyageelb . '€ mtps importan J(éOﬂCIUSIO.n ,L(.)mf;‘.rptﬁ 0 ]? 0 (t)_me g

on assumptions concerning a characteristic energy disipip ' COTECtions versus K colour in Fig. 17 is the confirmation
of the scenario described in the beginning of this secticwiD

forthe objects. to about 2800 K the COMARCS maodels reproduce the obser-
vations quite well, while at cooler temperatures the spédftrx
4.1.4. Bolometric correction BCk distributions of the real stars are dominated by circuntestelust

: . . . shell dd ical ch f the at heric structure.
In Fig. 17 we study the behaviour of the bolometric corrattio Shelis and dynamical changes oTthe atmospheric structure

for the K magnitude (Bg) as a function of the () colour. We
compare severaliective temperature sequences of COMARCS$.1.5. Near infrared two colour diagram
atmospheres with observed mean relations for galacticovarb
stars taken from the work of Bergeat et al. (2002), Costa &nother confirmation of this scenario can be found in Fig. 18,
Frogel (1996) and Whitelock et al. (2006). The included miod@here we show a two colour diagram with-() versus (3K).
series correspond toftiérent values of metallicity, /O ratio and Several representative temperature sequences of subsetalr
surface gravity. Since Costa & Frogel (1996) claim thatrthei  licity COMARCS atmospheres are compared to the observa-
sults may be used for LMC objects, we have also considerediens of LMC carbon stars published by Costa & Frogel (1996).
set of calculations assuming Z,, = 0.33. Again, the included model series correspond tdedéent values
From the hottest COMARCS atmospheres producing ti#é 109(9), Z/Z, and QO. It is obvious that for the warmer ob-
smallest (3K) indices and bolometric corrections down to abougcts having bluer colours the agreement between predasted
2800 K, the agreement between predictions and observasiongieasured positions in the diagram can be regarded as good. On
very good. In this range we see a clear relation that withetessr the other hand, as in Fig. 17, the observed data extend to much
ing effective temperature £K) becomes redder and RGarger. larger (-K) or (3-K) indices than the calculations. They also do
Nevertheless, at the cooler hydrostatic models the trevetses Not show any signs of the reversion of the trend with tempera-
for both quantities and there are deviations between theuealture appearing for the COMARCS atmospheres below 2800 K.
lated positions in the diagram and the measured mean seegjent Similar behaviour confirming the discussed scenario cao al
which grow progressively. As was discussed in the beginnifg found in most of the other two colour diagrams combining
of this section, the observed carbon stars also extend td mtiferent Bessell filters (not shown here).
higher (3-K) values than the COMARCS atmospheres. The re- Samples of distant carbon stars are often selected due to the
sults of Whitelock et al. (2006), which are obviously focd®e®m red colours of these objects. A good example is the critepfon
objects with considerable mass loss rates, have almostemw o¥J — K) > 1.4 (e.g. Cioni & Habing 2003). However, from the
lap with the computed colours, since they only cover theriatie predicted and observed values in Fig. 18 it becomes clear tha
down to (3-K) ~ 1.5. In agreement with the work of Bergeat esuch a photometric choice will neglect many of the bluer sesir
al. (2002), they reveal that for the very red sources therheloic  with low mass loss rates.
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4.2. Application of the data to stellar evolution

F T T ]
4.2.1. Defining an interpolation scheme -
79 -
The models presented in this paper define a 5-dimensiordl gri -
in metallicity, efective temperature, surface gravity/CGCratio
and mass. Nevertheless, the latter has a quite small infiuamc I
the synthetic colours and bolometric corrections, as ihms 8l
in Fig. 8. In addition, the atmospheres for many combinatiafn -
the other parameters have only been calculated with 2,041 r
more extensive grid involving 1.0 Mcomputations exists only » [
.Y =
for solar metallicity. As a consequence, titeet of stellar mass =~ ., |
may be treated as a correction to be applied a posteriorigo th L
results, and we remain with a 4-dimensional interpolatmde- -
termine the desired photometric quantities. r

For an object with a given value of Zf, log(g) and @O we 8L
first identify the metallicity interval (¢ Z;) of the grid where it L
is located and compute the weighting factors for a lineagrint 3
polation in log(Z). Subsequently, we look for the proper pem
ature intervals (1, Ter2) at Z; and %. These are not neces-
sarily equal, since due to problems with the convergenchef t 0.8 1 12 1.4 1.6
more extended models and thdtdient expected properties of
carbon stars (see Sect. 2.2), the spacing and range of gavera
with respect to a certain parameter may change as a fundtiorfig- 19. Selected isochrones from Marigo et al. (2008), focusinghen t
the other stellar quantities. For example, at solar metgfilour Part of the 2MASS I, versus (J- K) diagram that corresponds to the
calculations go down to 2400 K, while for/Z, = 0.33 and UPPer RGB (black lines) and TP-AGB phases. To avoid confugio
Z/Z. = 0.1 the lower limit was increased to 2600 K followingthe figure the TP-AGB part covers only the quiescent stagegenting

o . . the thermal pulse cycle variations, and we do not show thé fiimiats
the predictions from synthetic AGB evolution. From each, in which stars cross back to the blue during their evolutmthe post-

and Ter» we are then able to determine the weighting factolgsg. The TP-AGB is marked either as oxygen rich (blue lineghie
for a linear interpolation in log(dr). As a next step we use thegjectronic version) or as carbon rich (red lines). Full §ire results
same method for log(g) where the interval (log(d®g(g)) has obtained using the present database of transformatiormsafbon stars,
to be defined for all combinations ofiand Z with Teg1 and  whereas dashed lines are the ones from Marigo et al. (20G&)doan
Ter2. Finally, we include also the /O ratio into this scheme. spectra from Loidl et al. (2001). Thefect of circumstellar dust is not
In the ideal case, when the investigated object is situatea-c considered. The ages (log(t [yr])) and metallicities ofsmchrones are
pletely inside all limits, we remain with 16 final weightingd- indicated in the plot.

tors computed from the product of the four individual colpri
tions of the mentioned parameters which may then be apmiedt , . o
the colours or bolometric corrections of the correspondjrig >Pheric models presented here to the determination of pifeito
points. Extrapolations are in general avoided by selectivey ric properties results in some changes in the.dlscusseducolo
available maximum or minimum values. They were only aIIowe'a]agnItUde diagram. Compared to the calculations basedeon th

for the efective temperature with an amount of up to 100 K. 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 @Ks) value decreases by
4.2.2. Theoretical isochrones up to 0.15 mag. A part of the flux flierences can be attributed
to a variation of the photometric zero points caused by theemo
Interpolated bolometric corrections computed in this way ¢ limited wavelength coverage of the data from Loidl et al.q2p
then be applied to theoretical TP-AGB models. Fig. 19 ifatsts The bulk of the change is due to revised opacities and the much
the diference between the results based on our data to conv&fger parameter range included in the current grid. As an ex
the isochrones of Marigo et al. (2008) to the 2MASg Mersus ample, Loidl et al. (2001) did not consider any atomic lined a
(J- Ks) diagram and the original ones obtained with the spectsaly solar metallicity spectra were available for the casien
taken from Loidl et al. (2001). The latter were only availafdr of the isochrones.
afew selected stellar parameters (mainly temperaturesyalar Observed carbon star red tails in systems like the Magellani
metallicity. We have chosen curves with log(t [yr}) 8.5 for  Clouds present the majority of giants extending more orless
Z =127, =0.019, log(t [yr])= 9.0 for Z = 0.42 Z, = 0.008 and formly in the interval 12 < (J- Ks) < 2.0. The results shown in
log(t [yr]) = 9.5 for Z = 0.053 Z, = 0.001, because the typicalFig. 19 do not reproduce the redder part of this distributids
age range for the appearance of the carbon star branch changdgas been discussed, this is mainly due to the neglect afithe
with the chemical abundances. Thigeet of circumstellar dust cumstellar dusty envelopes. Also, thieet of the pulsation on
has been neglected in the plot. As it was already mentionedtie atmospheric structure and colour excursions causekdy t
would shift the objects with mass loss to much redder coloursma] pulse cycles may play a role. Evaluating the impact ohsuc
The figure shows that at all metallicities the AGB C-starghenomenaremains beyond the scope of the present papé&r. Wor
are predicted to be distributed along a sort of tail redward ¢s in progress to create a complete simulation of the Magiglla
the location of the oxygen rich giants. This behaviour igédy Cloud TP-AGB stars considering all the process®scting their
due to lower ective temperatures caused by the opacity of cgshotometric properties.
bonic molecules as has been described in Marigo (2002)gdari The present database of bolometric corrections has al-
et al. (2003) and Marigo & Girardi (2007). Applying the atmofeady been incorporated into the interactive web interface

220019, log(t /yr)=g 5

-

T -0
~=0.008. 10gt/077
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http://stev.oapd.inaf.it/cmd which can be used to gen-dust formation as have been published by Hofner et al. (POO3
erate interpolated Marigo et al. (2008) isochrones andr thailattsson et al. (2008).

derivatives in many photometric systems. The tables coimgi For the warmer COMARCS models, which are in agreement
the BC values as well as the synthetic spectra are providiée@in with the observations, we found that the photometric change
repository http://stev.oapd.inaf.it/synphot/Cstars. as a function of the stellar parameters show in most casas cle
The reddening caused by circumstellar dust may currentind predictable trends. An exception is the dependence sg,ma
be simulated in connection with our data by applying th&hich corresponds to theffect of sphericity. However, as we
approximative approaches from Bressan et al. (1998) ahdve demonstrated, the latter plays only a minor role for the
Groenewegen (2006). This is the same procedure as usecfordiiferent colours. Thus, it is possible to interpolate betwéen t
results of Marigo et al. (2008). photometric fluxes based on our grid, which allows us to cohne
the results to stellar evolution calculations. THEeset of apply-

ing our bolometric corrections to the isochrones from Marig
et al. (2008) has been shown in this paper as a first test. Eor th
We have produced a grid of hydrostatic COMARCS atmdnomentwe have neglected the influence of dynamical prosesse
spheres covering fiective temperatures between 2400 anand the reddening caused by the dusty envelopes of the'Btears.
4000 K, surface gravities from log(g [gfsf]) = 0.0 to —1.0, latter will be included in a more systematic study involvatgl-
metallicities ranging from the solar value down to one temith lar evolution and population synthesis computations thitibe

it and QO ratios in the interval between 1.05 and 5.0. Basdtfesented in a forthcoming publication. It can already erna
on these models we calculated synthetic low resolutiontspednto account in combination with our data by using approxima
and bolometric corrections for a considerable number af-stative descriptions like the ones from Bressan et al. (1998) an
dard photometric systems, which are publicly available lom t Groenewegen (2006).

web. As an example we have shown some of the Bessell colours

as a function of the stellar parameters. It turned out thaiiss, Acknowledgements. We acknowledge financial support from the University of

; ; i i Padova (Progetto di Ricerca di Ateneo CPDA052212). LG acletniges sup-
which represents in prlnC|pIe the Sphe”CIty of the atmcaspla, port from PRIN INAF07 1.06.10.03. The work presented hers stgpported by

usual_ly has only a quite smalifect on the overall energy dls'the Austrian Science Fund (FWF) projects P19503-N16 an®34:8116. BA

trlbUtlon- On the _Other hand,. as one would _eXpect, ﬂjece acknowledges funding by the contract ASI-INAB1607/0. MTL has been sup-

tive temperature is the most important quantity. Especifalt  ported by the Austrian Academy of Sciences (DOC programmé)azknowl-

the warmer carbon stars its determination based on photimmegdges funding by ”(‘je Austrian ﬁ'enczlﬁ“”dh(FWF) project PZlShWe thank
: : U.G. Jgrgensen and R. Gautschy-Loidl for their support eoring the opacity

mea.surements may reveal rather reliable results, if (_)nesehz) data of G and GH;. We acknowledge with thanks the variable star observa-

the right colour indices and has at least a rOL_Jgh estimatleof tions from the AAVSO International Database contributedobgervers world-

other parameters. In addition, théext of the interstellar red- wide and used in this research. We thank A. Bressan and M.n@vesgen for

dening has to be taken into account, which represents thie migir early interest in this work and for many useful sugigest.

source of uncertainties, at least for individual stars.

However, we have also demonstrated that our hydrostatic

dust-free atmospheres fail to reproduce the redder ancecodReferences

carbon stars. The photometric properties based on the M@farez, R. Plez, B. 1998, A&A 330, 1109

els from our grid were compared to several observed data setsers, E., Grevesse, N. 1989, Geochimica et Cosmochimita 38, 197

involving effective temperatures obtained from interferometr%ot!v w $SUJ_!, $ gﬂna::a, E iggg' ﬁiﬁ 3;‘8' 3421123

. . . oki, W., Tsuji, T., naka, K. s )

.bOIOT.eth correct]!pnsﬂ?nd two colour (_jlagDramst. M%St Ct)szgjoeobxringer, B. 2000, The SiO Molecule in the Atmospheres ancc@irstellar

Investigations confirm tne Same scenario. bown to abou 2YY Envelopes of AGB Stars, PhD Thesis, Univ. of Vienna

the agreement bEtWGG.n predlcted and_meaSUI’ed energpulistriringer, B. 2005, in High Resolution Infrared SpectroscdpyAstronomy,

tions is quite good, while below this limit the COMARCS atmo-  Kaufl, H.U., Siebenmorgen, R., Moorwood, A. (eds.), Pracan ESO

spheres are much too blue. In some cases the photometdednd, . Vg‘r)”éSha%fan‘e?asr Chwigédce“ﬁqf;?]inlgpgoa? 1699, AGA 3799

of the coolest models even decreasg again _dye to the mflueﬁ#ﬁ%er: B, Jorgensen, U.G.. LanghdS R, 1097, AGA 323, 202

of molecular features. Such a behaWOl_Jr definitely does pot aringer, B., Nowotny, W., Hofner, S. 2008, in Perspectiie&adiative Transfer

pear for the observed carbon stars, which always extendrto co and Interferometry, Wolf, S., Allard, F., Stee, P. (eds), ERublications

siderably redder colours than any of the calculations. Taenm  Series 28, 67

explanation for these fierences is the neglect of the dusty cirBa“i%hl'gher' C.W.Jr, Ram, R.S., Bernath, P.F., et al1200Chem.Phys. 115,

cumstellar _envelopes in the presented COMARCS atmosphe@e'?geaty J., Knapik, A., Rutily, B., 2001, A&A 369, 178

But dynamical changes _of the radial pressure temperatre-st Bergeat, J., Knapik, A., Rutily, B., 2002, A&A 390, 967

ture connected to pulsation and mass loss also play an iengorBessell, M.S. 1990, PASP 102, 1181

role. Bessell, M.S., Brett, J.M. 1988, PASP 100, 1134

' - nco, V.M., McCarthy, M.F. 1983, AJ 88, 1442
~ Many tlme-depend_ent phenlomena appearing in AGB stagéah“n’ R.C.. 2007, AS>|/=>C 364, 315
like the intense pulsation creating shock waves or dust #rMyessan, A., Granato, G.L., Silva, L. 1998, A&A 332, 135
tion driving heavy stellar winds, cannot be described waiitthie  Cioni, M.-R.L., Habing, H.J. 2003, A&A 402, 133
framework of hydrostatic atmospheres in chemical equiilio;, ~ Costa, E-,J Frotgelly 2«"(-)/851993 %JB ﬁ%3226607
asit h"?‘s been dem.onStrated by a large number of model_s and rlsgl)lr(])’, S.j,eStérla.niero,’g.r, L“éderer; M.T., Aringer, B.0Z0Q ApJ 667, 489
servations (e.g. Aringer et al. 1999, Alvarez & Plez 1998dLo pjick, M., Bauschlicher, C.W.Jr., Burrows, A.. et al. 200@J 594, 651
etal. 1999, Hofner et al. 2003). Thus, a forthcoming pap#ti®  Falkesgaard, J.F. 2001, Chemical equilibrium in cool gétysical media,
series will focus on theffect of dynamics and mass loss on the Master Thesis, Univ. Copenhagen
photometric properties of carbon rich giants. There we demo"gel. J-A., Mould, J., Blanco, V.M. 1990, ApJ 352, 96
strate that these processéeoa natural explanation for the verygf;iustls“;mlg"fg';él'4 R#A';(;,fg%r’ 782"33” rgensen, U.G., Hrore0d, A&A 422, 289
red colours seen in a large number of objects. The calcuigitiGezari, D.Y., Schmitz, M., Pitts, P.S., Mead, J.M. 1993, Thagalog of Infrared

will be based on models including pulsation and time-depehd  Observations (ed3), NASA Reference Publ. 1294

5. Conclusions



16 B. Aringer et al.: Synthetic photometry for carbon-ridangs

Gezari, D.Y., Pitts, P.S., Schmitz, M. 2000, The Cataloghéred Observations
(ed5),http://ircatalog.gsfc.nasa.gov/

Girardi, L., Bertelli, G., Bressan, A., et al. 2002, A&A 39195

Girardi, L., Dalcanton, J., Williams, B., et al. 2008, PASF01583

Gorfer, M. 2005, Metal Lines in Cool Stars, Master ThesisivUof Vienna

Grevesse, N., Sauval, A.J. 1994, Proc. IAU Collog. 146: Males in the
Stellar Environment, ed. U.G. Jgrgensen, Springer-Verdagture Notes
in Physics 428, p. 196

Groenewegen, M.A.T. 2006, A&A 448, 181

Gustafsson, B., Bell, R.A., Eriksson, K., Nordlund, A. 19A8A 42, 407

Gustafsson, B., Edvardsson, B., Eriksson, K., et al. 2088\ A86, 951

Hardy, R.L. 1971, J. Geophys.Res. 76, 1905

Hofner, S., Gautschy-Loidl, R., Aringer, B., JgrgensenGU2003, A&A 399,
589

Hofmann, K.H., Scholz, M., Wood, P.R., 1998, A&A 339, 846

Irwin, A.W. 1981, ApJS 45, 621

Jacob, A.P., Scholz, M., 2002, MNRAS 336, 1377

Jargensen, U.G. 1997, in Molecules in Astrophysics: PrainesProcesses, van
Dishoek, E.F. (ed), Proc. IAU Symp. 178, 441 (Kluwer)

Jargensen, U.G., Hron, J., Loidl, R. 2000, A&A 356, 253

Jorgensen, U.G., Johnson, H.R., Nordlund, A. 1992, A&A 2GR

Knapik, A., Bergeat, J. 1997, A&A 321, 236

Kuncarayakti, H., Doi, M., Malasan, H.L., et al. 2008, Pro.10th Asian-
Pacific Regional IAU Meeting 2008, in press (arXiv:0810.850

Kupka, F.G., Ryabchikova, T.A., Piskunov, N.E., et al. 20B@ltic Ast. 9, 590

Lancon, A., Mouhcine, M. 2002, A&A 393, 167

Lancon, A., Wood, P.R. 2000, A&AS 146, 217

Lebzelter, T., Lederer, M.T., Cristallo, S., et al. 2008, A&86, 511

Lederer, M.T., Aringer, B. 2009, A&A 494, 403

Loidl, R., Hofner, S., Jargensen, U.G., Aringer, B. 1998,A0342, 531

Loidl, R., Lancon, A., Jgrgensen, U.G. 2001, A&A 371, 1065

Marigo, P. 2002, A&A 387, 507

Marigo, P., Girardi, L., Chiosi, C. 2003, A&A 403, 225

Marigo, P., Girardi, L. 2007, A&A 469, 239

Marigo, P., Girardi, L., Bressan, A., et al. 2008, A&A 482,388

Mattsson, L., Wahlin, R., Hofner, S., Eriksson, K. 2008, A&84, L5

McLeod, B.A., Conroy, M., Gauron, T.M., et al. 2000, Furtlizevelopments
in Scientific Optical Imaging, Proc. of the International iference on
Scientific Optical Imaging held in Georgetown, Grand Caynt898, ed.
M.B. Denton, Cambridge: Royal Society of Chemistry, p. 11

Menzies, J.W., Feast, M.W., Whitelock, P.A. 2006, MNRAS 3633

Nowotny, W., Aringer, B., Hofner, S., et al. 2007, AN 328,065

Nowotny, W., Aringer, B., Hofner, S., et al. 2005, A&A 43772

Nowotny, W., Lebzelter, T., Hron, J., Hofner, S. 2005, A&B% 285

Plez, B., van Eck, S., Jorissen, A., et al. 2003, in PiskuhbyWeiss, W.W.,
Gray, D.F. (eds), Modelling of Stellar Atmospheres, IAU Syr210, p. 2P

Querci, F., Querci, M., Tsuji, T. 1974, A&A 31, 265

Rothman, L.S., Jacquemart, D., Barbe, A., et al. 2005, JQBERI39
(HITRAN 2004)

Rothman, L.S., Wattson, R.B., Gamache, R., et al. 1995, imtpaC. (ed),
Atmospheric Propagation and Remote Sensing IV, Proc. SPIEL, p. 105
(HITEMP)

Samus, N.N., Durlevich, O.V., Zharova, A.V., et al. 2006 trAsomy Letters
32(4), 263

Samus, N.N., Pastukhova, E.N., Durlevich, O.V. 2007, Perewge Zvezdy
(Variable Stars) 27, No.6

Skrutskie, M.F., Cutri, R.M., Stiening, R., et al. 2006, A111163

Smith, V.V., Lambert, D.L. 1990, ApJS 72, 387

Spath, H. 1991, Zweidimensionale Spline-Interpolatidigorithmen, R.
Oldenburg-Verlag, Miinchen

Stephenson, C.B. 1989, A General Catalog of Cool Galactib@eStars, ed. 2,
Publ. Warner & Swasey Obs. 3, No.2

Uttenthaler, S., Aringer, B., Lebzelter, T., et al. 2008 J482, 509

Whitelock, P.A., Feast, M.W., Marang, F., Groenewegen, NI.2006, MNRAS
369, 751

Windsteig, W., Dorfi, E.A., Hofner, S., et al. 1997, A&A 32817



