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Abstract. We have calculated synthetic opacity sampling spectra for carbon-rich Asymptotic Giant Branch (AGB)
stars based on dynamic model atmospheres which couple time-dependent dynamics and frequency-dependent
radiative transfer, as presented in the third paper of this series. We include the molecules CO, CH, CN, C2,
CS, HCN, C2H2 and C3 in our calculations, both when computing the atmospheric structures, and the synthetic
spectra. A comparison of the synthetic spectra with various observed colours and spectra in the wavelength range
between 0.5 and 25 µmof TXPsc, WZ Cas, V460Cyg, T Lyr and SCep is presented. We obtain good agreement
between observations gathered at different phases and synthetic spectra of one single hydrodynamical model for
each star in the wavelength region between 0.5 and 5 µm. At longer wavelengths our models showing mass loss
offer a first self-consistent qualitative explanation of why a strong feature around 14 µm, which is predicted by all
hydrostatic models as well as dynamical models showing no mass loss, is missing in observed AGB carbon star
spectra.
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1. Introduction

Large amplitude pulsations with periods of about 100 to
1000 days are characteristic for stars on the Asymptotic
Giant Branch (AGB). Stellar pulsation creates strong
shock waves in their atmospheres, causing a levitation
of the outer layers. The density-temperature structure is
highly dependent on dynamical phenomena, such as shock
waves and stellar winds. In addition, the formation of
molecules and dust grains plays a very important role for
the atmospheric structures and the observable properties
of these stars.

In the past, observed spectra of cool stars have
been mostly analysed with synthetic spectra calculated
from hydrostatic model atmospheres (e.g. Jørgensen 1989,
Lambert et al. 1986, Goebel et al. 1980, Jørgensen et
al. 2000, Ohnaka et al. 2000, Loidl et al. 2001 for carbon-
rich stars; Tsuji et al. 1997b for oxygen-rich stars) or with
simple blackbodies (e.g. Goebel et al. 1980). Spectra based
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on hydrostatic models are applicable for the description of
giants showing no significant pulsation. But for an investi-
gation of the effects of various time-dependent phenomena
(shocks, stellar winds) on observable properties of pulsat-
ing AGB stars the use of dynamic models is the only self-
consistent method.

Due to new instrumental developments during the last
few years more and better observational data on AGB
stars became available. The ISO mission provided for the
first time full spectral coverage of the wavelength range
between 2.5 and 197.6 µm and multi-epoch spectroscopic
observations of carbon-rich AGB variables. This has made
the shortcomings of hydrostatic standard model atmo-
spheres more apparent, especially with regard to temporal
variations in observed spectra and in photometric colours
which are connected to stellar pulsation.

In the last few years, considerable progress has been
made with regard to modelling of AGB star atmospheres.
Bessell et al. (1989, 1996) have computed pioneering syn-
thetic spectra for oxygen rich AGB stars based on dy-
namic model atmospheres, and Beach et al. (1988) anal-
ysed effects of pulsation on apparent diameters and broad
band fluxes. For carbon-rich objects, Fleischer et al. (1992)
and Höfner & Dorfi (1997) have presented the first sets of
dynamic models which include time-dependent dust for-
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mation in a self-consistent way. For these models of cir-
cumstellar envelopes qualitative agreement with observ-
able quantities like IR light curves (Winters et al. 1997) or
IRAS colours (Windsteig et al. 1997) could be obtained.
Hron et al. (1998) presented a first comparison of dy-
namical model spectra with ISO observations of R Scl.
Recently, Tej et al. (2003) analysed the effects of the water
molecule on diameter measurements in oxygen-rich stars
using the dynamical models of Bessel et al. (1996) and
Hofmann et al. (1998).

So far, dynamical modelling of C-stars has mainly
concentrated on objects with high mass loss rates
(

.

M > 10−6 M¯ yr−1) and more or less optically thick dust
envelopes, investigating the properties of the circumstel-
lar dust shells and mass loss by dust-driven stellar winds
(e.g. Höfner& Dorfi 1997, Winters et al. 2000). In paper
I (Höfner et al. 1998) and paper III (Höfner et al. 2003)
of this series we focused on the structure of the inner
dust-free atmospheric regions. In AGB stars which are
not completely obscured by an optically thick dust en-
velope, the visual and near infrared absorption spectra
are mainly formed in this zone. Our recently developed
model atmospheres couple time-dependent dynamics and
frequency-dependent radiative transfer. This improvement
was necessary in order to obtain reasonable atmospheric
structures and realistic molecular features. Furthermore,
we have improved these models by including a non-grey
description of the dust component (see Höfner et al. 2003
for details). The new generation of dynamical models has
been developed with the goal of predicting spectra of stars
with low mass loss rates (

.

M ≤ 10−7 M¯ yr−1) and cir-
cumstellar envelopes of moderate optical depths which si-
multaneously show spectral features originating in photo-
spheric layers and the stellar wind.

In this paper we present a comparison of our dynamic
opacity sampling spectra with observations of TX Psc,
WZCas, V460 Cyg, TLyr and S Cep which cover the wave-
length region from 0.5 to 25 µm. Several authors have anal-
ysed these stars by use of hydrostatic atmospheric models
and assigned fundamental parameters and C/O ratios to
them (e.g. Lambert et al. 1986, Aoki et al. 1998, Jørgensen
et al. 2000). For example, TX Psc has been listed in the
literature as having Teff between 2800 K and 3200K, and
its carbon to oxygen abundance ratio has been estimated
to values between 1.02 and 1.1. Obviously, the chemical
abundance cannot be a function of phase for a given star,
but it is also problematic to define the effective tempera-
ture of a cool variable star. The only really meaningful way
of describing the observations of these stars, is to ascribe
one pulsating model atmosphere to the star, and explain
the different observations as different phases of this model.
We attempt in this paper to identify such models, based on
various photometric and spectroscopic observational ma-
terial. This approach in principle gives information about
the mass and the chemical abundances of the star, and
it assigns fundamental parameters (T∗, L∗, R∗) to the hy-
drostatic initial model (which can be compared to Teff , L

and log(g) in the traditional model atmosphere analysis
and stellar evolution models).

2. Hydrodynamic models and spectral synthesis

2.1. Dynamic Models

We use the dynamic model atmospheres developed by
Höfner et al. (2003, paper III in this series) for the calcula-
tion of synthetic spectra. To obtain the atmospheric struc-
ture, the coupled system of frequency-dependent radia-
tion hydrodynamics and time-dependent dust formation
is solved, employing an implicit numerical method and an
adaptive grid. The dust formation is treated by the so-
called moment method (Gail & Sedlmayr 1988, Gauger et
al. 1990). A set of four equations which describe the time-
dependent formation, growth and evaporation of grains is
solved simultaneously with the radiation-hydrodynamics
equations, providing information about the number den-
sity and average size of the grains, and the fraction of con-
densible material actually condensed into dust particles
(degree of condensation). These quantities are sufficient
to derive e.g. the dust opacity (provided the dust grains
are small compared to the relevant wavelengths which is
a fair approximation in this context) and to describe the
effects of the newly formed grains on the dynamical atmo-
sphere.

In contrast to earlier dynamic models, the treatment of
the radiation field in the present dynamical simulations is
frequency-dependent, including both gas and dust opac-
ities (Höfner 1999; Höfner et al. 2003). The gas is repre-
sented by opacity sampling data of molecular opacities
(SCAN data base, Jørgensen 1997) at 51 frequency points
between 0.3 and 25 µm. The optical properties of the dust
grains are calculated using the data for amorphous carbon
by Roleau & Martin (1991). More details about the mod-
elling method can be found in Höfner et al. (2003) and
references therein.

The dynamical calculations start from hydrostatic ini-
tial models which are characterised by the following pa-
rameters: luminosity L?, mass M?, temperature T? and
the elemental abundances (all abundances except that of
carbon are assumed to be solar). An initial model cor-
responds to the hydrostatic limit case of the radiation-
hydrodynamical equations, assuming that no dust is
present. It can be directly compared to classic model at-
mospheres.

The stellar pulsation of the AGB star is simulated by
a variable inner boundary (piston) located beneath the
stellar photosphere. The piston varies sinusoidally with a
velocity amplitude ∆up and a period P . The luminosity at
the inner boundary varies proportional to the square of the
radius of the inner boundary times a free parameter fL,
where fL = 1 corresponds to our previously used bound-
ary condition where the flux is kept constant at the radius
of the inner boundary. The introduction of fL allows us
to adjust the amplitude of the luminosity variation to the
observed values of the bolometric amplitude while keeping
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a given mechanical energy input (through ∆up). For fixed
stellar parameters, the atmospheric structure is mostly de-
termined by ∆up, and the influence of fL is rather limited
in that respect, at least for the range of values used in this
paper. Note that most models discussed in this paper use
the original boundary condition, i.e. fL = 1.

The outer boundary of the hydrostatic initial models
is relatively close to the photosphere, due to the strong
density gradient in the atmosphere. During the dynami-
cal calculation we allow the outer boundary to vary with
the upper layers of the atmosphere in the case of dust-
free models without wind. If a model develops a wind,
the outflowing gas is traced out to about 20-30 R? and
there the outer boundary is fixed, allowing outflow of ma-
terial. Experience shows that the wind in a fully developed
model has usually reached its final outflow velocity at this
distance.

2.2. Model Parameters and Wind Properties

The parameters and properties of the models used for
the calculation of the synthetic spectra are summarized
in Table 1. If a stellar wind developed, the mass loss rate

.

M is listed together with the asymptotic wind velocity u
and the degree of condensation fc. Note that all dynam-
ical models were calculated allowing for the formation of
dust grains and stellar winds, but many of the models dis-
cussed in this paper (in particular those with high effective
temperatures, low C/O values and/or low pulsation ampli-
tudes) result in dust-free pulsating atmospheres without
mass loss.

In fact, the stellar parameters of the models in this
paper were specifically chosen to produce atmospheres
which are not significantly obscured by dusty circumstel-
lar envelopes. The latter would complicate the comparison
with observations severely, due to the effects of uncertain
micro-physical data for dust grains (see, e.g., Andersen et
al. 2003), and possible ambiguities in observational con-
straints like the spectral energy distribution (see Sect. 5
for details). It should be noted here that only one star
discussed here, S Cep, shows a significant mass loss rate
in the sense that the spectrum at short wavelengths is al-
tered noticeably. All other stars have mass loss rates of at
least one order of magnitude lower (see Tab. 2), and they
may be compared with ‘purely photospheric’ models (i.e.
such with no wind).

From the theoretical point of view, the production of
wind models with very low mass loss rates is difficult. As
demonstrated by several systematic studies (e.g. Höfner &
Dorfi 1997, Winters et al. 2000) the transition from models
without winds to models with considerable mass loss rates
occurs in a very narrow range of stellar parameters (in par-
ticular T?, C/O and piston amplitude). Dust formation in
AGB stars is usually proceeding far from equilibrium since
the corresponding time scales are comparable to the ones
which characterize the changes in the thermodynamical
conditions in the stellar atmospheres (pulsation, shocks,

etc.; see, e.g., Gustafsson & Höfner 2004 for simple esti-
mates). This leads to a strongly non-linear response of
dust formation to the thermodynamical conditions, and,
via complex feedback mechanisms, to the sensitive depen-
dence of the wind properties on the stellar parameters
as mentioned above. In practice, this means that a very
dense model grid is necessary to capture the transitions
from windless models to noticeable outflows, covering a
wide range of mass loss rates. Such a grid is beyond the
scope of this paper, and therefore we have decided to use
models without winds for the stars with low mass loss
rates, instead of trying to produce such outflows which
would not affect the resulting spectra in the most relevant
spectral range.

2.3. Spectral synthesis

The dynamical calculation yields the structure of the at-
mosphere and circumstellar envelope (density, tempera-
ture, degree of condensation, etc.) as a function of time.
Based on this structure we computed the synthetic spectra
by evaluating (1) the chemical abundances of molecules
using an equilibrium chemistry, (2) the continuum absorp-
tion using routines from the MARCS code (Gustafsson
et al. 1975 in the version of Jørgensen et al. 1992) and
(3) the molecular opacities as a function of wavelength
using the opacity sampling method (as well as the dust
opacities if the model formed dust). For the computa-
tion of the synthetic spectra we use a larger frequency
set of our opacity samplings than the one used for the
model construction. The spectral sampling density cor-
responds to a resolution of approximately 20,000 in the
wavelength range between 0.3 and 25 µm. We include
the molecules CO (from Goorvitch & Chackerian 1994),
CN (from Jørgensen & Larsson 1990), C2 (from Querci
et al. 1974), CH (from Jørgensen et al. 1996), CS (from
Chandra et al. 1995), HCN, C2H2, and C3 (as described
in Jørgensen 1997) in the opacity, together with contin-
uum sources as described in Gustafsson et al. (1975). The
CN opacities have been improved compared to Jørgensen
& Larsson (1990), by including also the violet system, and
the C2 opacities have been modified somewhat in the in-
frared spectral range as described in Loidl et al. (2001).
The molecular dissociation energies are from Tsuji (1973),
Sauval & Tatum (1984) and Irwin (1981, 1988), with minor
updates. For this work the values of particular importance
are those for CN from Costes et al. (1990) and for C3 which
is scaled as described in Jørgensen et al. (2000). Compared
to our previous systematic investigation of synthetic spec-
tra of dynamical model atmospheres (Loidl et al. 1999)
and a first comparison of these spectra with ISO observa-
tions of R Scl (Hron et al. 1998), the model structures here
are improved by being based on non-gray radiative trans-
fer (Höfner et al. 2003), and the synthetic spectra are now
calculated with a spherically symmetric radiative trans-
fer (instead of plane parallel), and frequency-dependent
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Table 1. Model parameters (L?, M?, T?, C/O; P , ∆up, fL; see Sect. 2.1) and results: mass loss rate
.

M , mean velocity at the
outer boundary 〈u〉, mean degree of condensation at the outer boundary 〈fc〉; for convenience, we also list the corresponding
lg g? and the full amplitude ∆mbol. Models which are discussed in the text in detail are marked with bold fonts.

Model L? M? T? lg g? C/O P ∆up fL ∆mbol

.

M 〈u〉 〈fc〉
[L¯] [M¯] [K] [d] [km/s] [mag] [M¯ yr−1] [km/s]

l52t34c11u2p 5200 1.0 3400 -0.19 1.10 148 2.0 1.0 0.13 − − −
l52t34c12u2p 5200 1.0 3400 -0.19 1.20 148 2.0 1.0 0.13 − − −
l52t32c11u2p 5200 1.0 3200 -0.30 1.10 148 2.0 1.0 0.10 − − −
l52t32c11u2 5200 1.0 3200 -0.30 1.10 295 2.0 1.0 0.13 − − −
l52t32c11u4 5200 1.0 3200 -0.30 1.10 295 4.0 1.0 0.44 − − −
l52t32c12u2p 5200 1.0 3200 -0.30 1.20 148 2.0 1.0 0.10 − − −
l52t32c12u2 5200 1.0 3200 -0.30 1.20 295 2.0 1.0 0.24 − − −
l52t31c14u2pim15 5200 1.5 3100 -0.18 1.40 180 2.0 1.0 0.13 − − −
l52t31c14u4pim15 5200 1.5 3100 -0.18 1.40 180 4.0 1.0 0.24 − − −
l52t31c14u2pim20 5200 2.0 3100 -0.06 1.40 180 2.0 1.0 0.13 − − −
l52t31c14u4pim20 5200 2.0 3100 -0.06 1.40 180 4.0 1.0 0.24 − − −
l52t30c05u4p 5200 1.0 3000 -0.41 1.05 148 4.0 1.0 0.15 − − −
l52t30c05u6pi 5200 1.0 3000 -0.41 1.05 186 6.0 1.0 0.31 − − −
l52t30c11u2 5200 1.0 3000 -0.41 1.10 295 2.0 1.0 0.20 − − −
l52t30c11u2f20 5200 1.0 3000 -0.41 1.10 295 2.0 2.0 0.41 − − −
l52t30c11u4 5200 1.0 3000 -0.41 1.10 295 4.0 1.0 0.41 − − −
l70t30c11u2 7000 1.0 3000 -0.54 1.10 390 2.0 1.0 0.23 − − −
l70t30c11u2f20 7000 1.0 3000 -0.54 1.10 390 2.0 2.0 0.46 − − −
l70t30c11u4 7000 1.0 3000 -0.54 1.10 390 4.0 1.0 0.46 − − −
l70t30c14u2 7000 1.0 3000 -0.54 1.40 390 2.0 1.0 0.24 − − −
l70t30c14u2f20 7000 1.0 3000 -0.54 1.40 390 2.0 2.0 0.48 − − −
l70t30c14u4 7000 1.0 3000 -0.54 1.40 390 4.0 1.0 0.48 − − −
l52t30c16u2 5200 1.0 3000 -0.41 1.60 295 2.0 1.0 0.21 − − −
l70t30c16u2 7000 1.0 3000 -0.54 1.60 390 2.0 1.0 0.24 − − −
l52t30c20u2pm20 5200 2.0 3000 -0.12 2.00 148 2.0 1.0 0.10 − − −
l70t28c11u2 7000 1.0 2800 -0.66 1.10 390 2.0 1.0 0.21 − − −
l70t28c11u4 7000 1.0 2800 -0.66 1.10 390 4.0 1.0 0.42 − − −
l70t28c14u2 7000 1.0 2800 -0.66 1.40 390 2.0 1.0 0.21 − − −
l70t28c14u4 7000 1.0 2800 -0.66 1.40 390 4.0 1.0 0.42 2.4 · 10−6 11 0.28
l70t28c14u5 7000 1.0 2800 -0.66 1.40 390 5.0 1.0 0.53 3.5 · 10−6 15 0.33
l10t28c14u2 10000 1.0 2800 -0.82 1.40 525 2.0 1.0 0.20 − − −
l10t28c14u4 10000 1.0 2800 -0.82 1.40 525 4.0 1.0 0.41 2.5 · 10−7 14 0.22
l70t28c16u2 7000 1.0 2800 -0.66 1.60 390 2.0 1.0 0.21 − − −
l70t28c16u4 7000 1.0 2800 -0.66 1.60 390 4.0 1.0 0.42 6.6 · 10−7 17 0.22
l70t28c20u2m20 7000 2.0 2800 -0.36 2.00 390 2.0 1.0 0.20 − − −
l70t28c20u4m20 7000 2.0 2800 -0.36 2.00 390 4.0 1.0 0.40 − − −
l10t26c14u2 10000 1.0 2600 -0.94 1.40 525 2.0 1.0 0.20 3.6 · 10−6 18 0.30
l10t26c14u4 10000 1.0 2600 -0.94 1.40 525 4.0 1.0 0.41 5.9 · 10−6 18 0.37
l10t26c14u4f20pi 10000 1.0 2600 -0.94 1.40 490 4.0 2.0 0.81 4.3 · 10−6 15 0.28
l10t26c16u2 10000 1.0 2600 -0.94 1.60 525 2.0 1.0 0.20 4.9 · 10−6 26 0.39
l10t26c16u4 10000 1.0 2600 -0.94 1.60 525 4.0 1.0 0.41 7.8 · 10−6 24 0.40

dust opacities for amorphous carbon are included in our
spectra using the data of Roleau & Martin (1991).

3. Observations

We use spectra which were obtained with four different
telescopes during the last 30 years: The first data set are
spectra which were observed with the Kuiper Airborne

Observatory (KAO) in the years 1976 to 1978 (Goebel et
al. 1978). These spectra cover the wavelength region be-
tween 1.23 and 5.5 µmsimultaneously. The spectral cali-
bration is based on observations of Vega and on the as-
sumption that its energy distribution may be described
by a 10000K blackbody in the wavelength region between
1.2 and 4 µm. Strecker et al. (1978) report that for sources
which were observed during two successive nights with the
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KAO a comparison of spectral shape and absolute signal
level showed agreement of ±2%. We assume the accuracy
of the calibrated spectra to be 5% or better.

The second data set are spectra which were ob-
served by Lázaro et al. (1994) during two campaigns in
1983 and 1985. Both times the Carlos Sanchez Telescope
(TCS) of the Observatorio del Teide in Tenerife was used.
The observations were made by driving the grating at
a constant speed across the various wavelengths of in-
terest (1.0−1.40 µm, 1.50−1.90 µm, 1.90−2.45 µm and/or
2.9−4.20 µm). The spectra have a resolution of about 500.
Vega was used for the flux calibration and in order to
determine the air mass extinction. The difference in air
masses within a scan can be appreciable. This is impor-
tant at wavelengths with strong water telluric lines. For
the conversion to absolute fluxes an ATLAS6 model atmo-
sphere of Vega was used. Lázaro et al. (1994) estimate the
accuracy of their calibrated spectrophotometry to be 6%
between 1.0 and 1.08 µm and 5% between 1.4 and 4.1 µm.
We assume the accuracy of the gradients within a band to
be better than 5% and the accuracy of the absolute fluxes
and the overall gradients to be about 10%.

The third data set contains spectra obtained by
Joyce (1998) with the 1.3 m telescope at Kitt Peak
National Observatory using the IR cryogenic spectrograph
CRSP in 1991. These spectra have a resolution of about
250 and they cover the wavelength range between 1.08 and
1.83 µm, between 1.99 and 2.53 µm, and between 2.88 and
4.16 µm. Due to nonphotometric conditions the spectra
were not flux-calibrated. The spectra were ”pseudocali-
brated” by converting the telluric-corrected spectra to a
logarithmic magnitude scale and setting the average value
over the standard photometric filter bandpass to a pub-
lished value for the object. They were then converted to
fluxes by using a blackbody with 11400 K which is an em-
pirically determined best fit to observed infrared spectra
of Vega. Tying the flux calibration of spectra to photome-
try obtained several years previous assumes the star to be
nonvariable, which is a dangerous assumption in the case
of carbon-rich AGB stars. Thus we assume the accuracy
of the gradients within a band to be better than 5% and
the accuracy of the absolute fluxes and the overall gradi-
ents to be about 10% based on the fact that our objects
are Lb and SRb variables, for Miras the accuracy may be
significantly worse than 10%.

The forth and last data set contains spectra ob-
tained with the Short-Wavelength-Spectrometer (SWS;
de Graauw et al. 1996) on board of the Infrared
Space Observatory (ISO) which was operated between
November 1995 and April 1998. Its grating spectrometers
cover the wavelength region 2.36−45.2 µm, with an overall
spectral resolution of about 200 for the SWS01 and a reso-
lution of about 1000 for the SWS06. The speed of the used
SWS01 observations was either 1 or 2. All our pipeline
processed ISO data (OLP versions 8.7 and 9.5) were fur-
ther reduced with the ISO Spectroscopic Analysis Package
(http://www.ipac.caltech.edu/iso/isap/isap.html). First,
we removed bad data points, then the 12 bands were

cut shortwards and longwards of those wavelengths where
the data are not reliable anymore. As a next step we
checked whether one or more of the 12 detectors pro-
duced abnormal spectra, which happened quite often. We
checked whether a significant offset existed between the
data points recorded in the two scan directions, if so, the
down-scan direction was rejected in the SWS01 data. In
the case of the SWS06 data the average of the two scan
directions has been used. For the joining of the bands
we used band 1A (2.36 - 2.61 µm) as a flux reference.
Between all 12 bands short regions of overlap exist. We
calculated the mean flux values of the neighbouring bands
in the overlap region. The averaging of the detectors and
the way of joining the 12 bands is crucial for the final
appearance of the ISO spectra and hence for the inter-
pretation of the data. Following the instructions of the
ISO calibration team, the individual detectors in a band
were corrected to a mean value by additive constants if
the flux was below 200 Jy and by multiplicative correc-
tions otherwise. For the joining of the bands, originally
the same procedure was suggested by the ISO calibration
team. However, this change of the way of correction at a
certain flux level influences the overall shape of the spec-
trum dramatically for most of our sample stars as they
have low fluxes. We tested different reduction methods
by comparing five K giants and three moderately variable
AGB stars surrounded by almost no dust with the IRAS
fluxes and continua of model spectra. Based on these re-
sults we concluded in accordance with members of the ISO
calibration team (Kieron Leech, private communication)
that for joining the bands we should use multiplicative
corrections all over the spectrum, no matter what the ac-
tual flux level is. As a final step we smoothed the spectra
and rebinned them to the desired resolution. The standard
deviation is up to 1% to 10 µm for our ISO data. Thus we
assume the accuracy within a band to be < 5% (typically
1% in regions with high fluxes) and the accuracy of the
absolute fluxes and the overall gradients to be about 5%.

Colour measurements in the optical and the NIR
wavelength range were taken from Baumert (1972). The
Photometric System used in Baumert’s study is a sys-
tem of eight interference filters specifically designed for
the study of late-type stars with the central wavelengths
at 0.7117, 0.7544, 0.7809, 0.8122, 1.0395, 1.0544, 1.0804,
and 1.0975 µm. This system is described in Wing (1971).
These observations were obtained at three different ob-
servatories with seven telescopes and three photome-
ters (Baumert 1972). Baumert lists his colour measure-
ments normalised to the flux of Vega at 1.0395 µmfor
all filters. The Vega flux at 1.0395 µmis assumed to
have zero magnitude. Thus the observed colour mea-
surements were converted to fluxes by using the relation
magx =−2.5 · log (Fx/F1.0395).
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4. Comparison of synthetic spectra of dust-free
windless models with observations

In this section we will compare observed colours and spec-
tra in the wavelength region between 0.5 and 25 µmof
TXPsc, WZCas, V460Cyg, and T Lyr with our dynami-
cal model spectra. Table 2 lists the basic properties of all
our sample stars.

Table 2. Basic properties of our sample stars.

star name var. type sp. type P
.

M
[days] [M¯ yr−1]

TX Psc Lb C7,2 − 9.1 · 10−8 (1)
WZ Cas SRb C9,2 186 6.5 · 10−9 (2)
V460 Cyg SRb C6,4 180 1.8 · 10−7 (2)
T Lyr Lb C6,5 − 7.0 · 10−8 (2)
S Cep M C7,3 486.84 1.5 · 10−6 (2)

(1) from Olofsson et al. (1993)
(2) from Schöier & Olofsson (2001)

4.1. Fit criteria and model grid

For each of the stars investigated here we intend to de-
scribe all observations between 0.5 and 25µm reasonably
well with one dynamical model from our grid. As main
diagnostic tools for the estimation of the temperature of
the star we use the 2.5, 3 and 3.8 µmC2H2 /HCN feature
intensities as well as the overall shape of the energy dis-
tribution (for stars with low mass loss rates) which should
be described correctly. For the estimation of the C/O ra-
tio the intensity of the 5.1 µmC3 feature is used. We use
these features because Gautschy-Loidl (2001) showed that
their feature intensities are reacting very sensitively to
changes in temperature and C/O ratio respectively. The
CN and C2 feature intensities in the wavelength region
between 0.5 and about 2 µm are only used as secondary
tool for parameter estimations due to some uncertainties
in the opacity data of C2 which are discussed in detail
in Loidl et al. (2001). Fig. 1 shows the contributions of
single molecules to the full spectrum for phase 0.50 of
model l52t32c11u4. The grey line shows the continuum,
the crosses denote wavelengths which were used to nor-
malise observations and model spectra.

The piston velocity ∆up is responsible for the amount
of variation of the spectral features during a pulsation
period. All other model parameters (L?, M?, P ) have
only a minor influence on the appearance of the result-
ing spectra compared to the temperature and the C/O
ratio. All our models and synthetic spectra are calculated
with opacity data computed for a microturbulent veloc-
ity of 3 km s−1 and a 12C/13C ratio of 89 (which is the
solar value). From our detailed comparison of plane paral-
lel hydrostatic model spectra with observations (Loidl et
al. 2001) we know that varying the 12C/13C ratio between
3.5 (the CNO cycle equilibrium, which is the theoretical

1.0 1.50.6 0.8
 18

 19

 20

 21

 22

lo
g

F
+

co
ns

t.

C2

CN

1.0 10.02. 20.5.

 15

 20

wavelength [ m]

lo
g

F
+

co
ns

t. full

C2

CN

CO

CS

C3

HCN

C2H2

Fig. 1. Upper panel: Full synthetic spectrum at minimum
phase of model l52t32c11u4 in the wavelength region between
0.5 and 1.5 µm (top black line), the continuum (grey line) and
the contributions of C2, and CN. Lower panel: Full synthetic
spectrum in the wavelength region between 1 and 25 µm (black
line), the continuum (grey line) and the contributions of C2,
CN, CO, CS, C3, HCN, and C2H2. Crosses denote wavelengths
which were used to normalise observations and model spectra.

minimum value) and 89 typically results in a best fit ob-
tained with a difference in effective temperature of 100 K
and a difference in the C/O ratio of about 0.05. But it
would be far beyond the scope of this paper to vary also
these parameters in our current dynamical models.

To find a model matching the observed spectra for each
star we proceeded in two steps. First, we extended the
model grid presented in Höfner et al. (2003) using a prede-
fined sequence of luminosities (5200, 7000 and 10000 L¯)
and effective temperatures (3400, 3200, 3000, 2800 and
2600K) in combination with different values of C/O (1.1
and 1.4) and keeping the stellar mass constant. As in the
previous paper, the pulsation periods (295d, 390d and
525d) are related to the luminosities through an observed
P −L relation and the piston velocity amplitudes are cho-
sen as ∆up = 2 or 4 km s−1.1 After selecting the closest

1 Note that not all combinations of these values were used for
the primary grid, but a ’band’ of models with the luminosity
and C/O increasing with decreasing effective temperature, as
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matching model from this first grid we further adjusted
one or more parameters of the model (notably C/O, P ,
∆up, M?) if it was necessary to get a better fit.

The dynamical model which resulted in spectra match-
ing closest all our observations in the wavelength range
between 0.5 and 25 µm of a specific star we denote as
”best fit model” for this star. It should be stated, how-
ever, that we cannot exclude the possibility that a fit of
equal quality may be obtained with another set of param-
eters (see also Jørgensen et al. 2000). Thus we discuss for
each star how sensitively, and in which way, the synthetic
spectra depend on the chosen stellar parameters. We also
want to state that at this stage the fitting of synthetic
to observed spectra should rather be regarded as a way of
testing the dynamical models than as an independent way
of determining stellar parameters.

For the comparison with the four only moderately vari-
able stars (which show semiregular or irregular variations)
we did not assign phases to the observed spectra and com-
pare them with the corresponding model phases, but we
simply chose the model phases describing the observed
spectra best. Our dynamical atmospheres are not based
on pulsational models, but a piston located beneath the
stellar photosphere is responsible for the variations, and
the changes of the bolometric luminosity at this loca-
tion have to be specified explicitly (cf. Sect. 2.1). This
may result in offsets between the ’mechanical behaviour’
(density-temperature structure, propagating waves) and
the corresponding luminosity phase of the models relative
to the observations. Preliminary results by Nowotny et
al. (2004) show reasonable agreement of line profile vari-
ations (radial velocities) of the CN 0−2 red bands at
1.995 µmand second overtone lines of CO resulting from
our models with observed variations as a function of phase.
However, these lines form relatively deep in the atmo-
spheres, mainly at temperatures above 3000 K. On the
other hand, the molecular features which dominate the
low-resolution spectra discussed here, and which are used
as fit criteria in this paper, partly form in the upper layers
of the atmospheres or the inner wind region (at tempera-
tures below 2200K). These layers may not even vary pe-
riodically with the piston period but can show a multi- or
non-periodic behaviour. This leads to uncertainties in the
association of the synthetic spectra with observed phases
(see also Sect. 5).

4.2. TXPsc

TXPsc is the brightest carbon star and hence it is
among the best studied ones. Numerous observational
data exist. We selected data of Baumert (1972), of
Lázaro et al. (1994), two spectra obtained by the KAO
(Martin Cohen; private communication), a spectrum by
Joyce (1998), and three ISO SWS spectra. TXPsc is an

expected from evolution models. In addition, we also calculated
models with a shorter period (half the value obtained from the
P − L relation) in some selected cases.

irregular variable (Lb) star and Olofsson et al. (1993) list
a mass loss rate of 9.1 · 10−8 M¯ yr−1.

We obtained the best fit of all our observational
data with model l52t32c11u4 (T? =3200 K, L? =5200 L¯,
M? =1 M¯, C/O = 1.1 for the hydrostatic initial model;
P =295 d, ∆up = 4km s−1). These values are in good
agreement with parameter determinations for TX Psc
from other authors (see Table 3 and Jørgensen et al. 2000
for a more detailed summary for this star), as may be
expected for a relatively warm star with a moderate am-
plitude of variability.
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Fig. 2. Comparison of a l52t32c11u4 minimum (phase 0.50)
model spectrum with the Baumert observations of TXPsc. The
maximum values of his colour measurements are denoted by
triangles, the minimum values by diamonds. On top of the
figure the main contributing molecule is labelled.

Figure 2 shows a comparison of phase 0.50 (mini-
mum) of model l52t32c11u4 with the Baumert observa-
tions. Baumert (1972) measured TX Psc at ten epochs be-
tween November 1969 and June 1971. We adopted the
maximum and minimum values of his colour measure-
ments; the maximum values (i.e. the warmest colour tem-
perature) are denoted by triangles in Fig. 2, the minimum
values (i.e. the coolest colour temperature) by diamonds.
Minimum observations and models were forced to have
equal flux at 1.0804 µm because this seems to be the wave-
length where we reach closest to the real continuum. We
see that the overall shape of the energy distribution is very
well represented by our model, only the contributions of
C2 at 1.0395 and 1.0544 µmare too strong.

In Fig. 3 the following observational data (black dot-
ted lines) are plotted from top to bottom: a spectrum
obtained by Joyce (1998) in September 1991; two spectra
from Lázaro et al. (1994) obtained in 1983 and 1985; and
two spectra by KAO observed in June 1976 and September
1976. Observed (black) and model spectra (grey lines)
were forced to have equal flux at 1.7 µm because this wave-
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Table 3. Observations and stellar parameters.

Parameter TX Psc WZCas V460Cyg TLyr

Teff , C/O, log g:
Ohnaka (1997) 3080 1.16 0.0 3160 − 0.0 3230 − 0.0 − − −
Lambert et al. (1986) 3030 1.027 0.0 2850 1.010 0.0 2845 1.062 0.0 2380 1.29 0.0

Aoki et al. (1998) 3080 1.10 0.0 2900 1.01(1) 0.0 − − − − − −
Jørgensen et al. (2000) 3100 1.10 0.0 − − − 3000 1.20 −0.5 − − −
This work 3200 1.10 −0.3 3000 1.05 −0.41 3400 1.20 −0.19 3000 2.00 −0.12

3100 1.40 −0.18 2800 1.60 −0.66
(1) C/O ratio adopted from Lambert et al. (1986).
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Fig. 3. Comparison of l52t32c11u4 model spectra (grey lines)
with the following observational data (black lines) of TX Psc
(from top to bottom): one spectrum from Joyce (1998); two
spectra from Lázaro et al. (1994); and two KAO spectra. The
model phases are (from top to bottom): 0.83, 0.66, 0.71, 0.71,
and 0.66. On top of the figure the main contributing molecules
are labelled.

length is covered in all observations and additionally it is
close to the centre of the H band. The model spectra were
rebinned to a resolution of 250 for this comparison. We see
that while the first three observed spectra (from the top)
can be fitted well in the 1.4 to 5 µmrange, our model is
not able to describe the very weak 3 µmC2H2/HCN fea-
ture at any phase which was observed with KAO in June
1976 (second spectrum from the bottom). The intensities
of the CN band at 1.46 and of the C2 band at 1.77 µmare
well reproduced by our synthetic spectra, thus giving an
independent confirmation of our determination of the tem-
perature (in the case of the CN band) and the C/O ratio
(in the case of the C2 band) which relies mainly on the
intensities of the C2H2, HCN and C3 features. The dis-
crepancy between our synthetic spectra and especially the
Lázaro observations in the wavelength region between 1.2
and 1.4 µmis probably due to the influence of the atmo-

spheric water absorption at these wavelengths since the
same wavelength region is described reasonably well in
the comparison with the KAO spectra which are not in-
fluenced by the atmospheric water absorption. The overall
slope of the observed spectra between 1 and 5 µmis rep-
resented well by our dust-free dynamical model. Thus we
can conclude that we see a pure photospheric spectrum in
this wavelength region. The very small discrepancies are
consistent with flux calibration uncertainties of about 10%
in the observed spectra.
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Fig. 4. Comparison of l52t32c11u4 model spectra (grey lines)
with ISO SWS06 and ISO SWS01 spectra (black lines) of
TXPsc. The model phases are (from top to bottom): 0.66, 0.71,
and 0.83. On top of the figure the main contributing molecules
are labelled.

In Fig. 4, one ISO SWS06 spectrum and two ISO
SWS01 spectra are shown. The uppermost spectrum was
observed in November 1996, the middle one in May 1997,
and the lower one in December 1997. When looking at the
3 µm C2H2/HCN feature, one can see that the star cooled
between the first and the last ISO observation. Observed
(black lines) and model (grey lines) spectra were forced to
have equal flux at 3.4 µm because this wavelength is close
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to the centre of the L band and thus very well covered in
all observations and because it is at the edge of the 3 µm
feature. The model spectra were rebinned to a resolution
of 500 (for comparison with the SWS06 observation) or
to a resolution of 250 (for comparison with the SWS01
observations).

We focused on fitting the 2.5, 3 and 3.8 µm C2H2/HCN
features in this wavelength range. In the case of TX Psc
we see basically a pure photospheric spectrum and our
dynamical l52t32c11u4 model spectra should be able to
describe this wavelength region correctly. At wavelengths
longwards of 7 µm we have to expect to see the influence
of the circumstellar envelope which we are not able to
account for with our wind-free l52t32c11u4 model.

While we are able to describe the observed spectra be-
tween 2.4 and 4 µmwell, we see a discrepancy between
the observed and the dynamical model spectra in the
wavelength region 5.5 to 7 µm. It barely exists in the
hottest spectrum of the star. However, it becomes pro-
gressively more pronounced towards lower temperatures.
Our model spectra do not reproduce correctly the shape of
the long-wavelength side of the 5 µmfeature, which is due
to C3 (the short wavelength side is due to the fundamen-
tal band of CO). The computed band that stretches from
approximately 6 to 8.5 µmis dominated by C2H2/HCN
shortward of 7 µmand by CS longward of 7 µm. It is re-
markable that the observed spectrum is dominated by CS,
while HCN and C2H2 are almost invisible in this region
of the spectrum (as in the 14 µmregion). Seemingly we
see the deep photosphere (CS) in this region, while the
HCN (and C2H2) absorption we expect in the higher lay-
ers are invisible. Our dynamical models predict too strong
C2H2 absorption in the 6 to 7 µmregion, like hydrostatic
spherical models do (Gautschy-Loidl 2001). The fact that
this problem does not show up in plane parallel model
spectra (Jørgensen et al. 2000) hints at an additional ab-
sorption originating from the outermost model layers2.

The discrepancy at wavelengths longer than 10 µm is
most likely due to a non-photospheric contribution and
will be discussed separately in Sect. 6.

We conclude that we can quite well explain observed
spectra of TXPsc self-consistently with synthetic spectra
of one dynamical model in the wavelength range between
0.5 and 5 µm.

4.2.1. Influence of model parameters on the fit

For TX Psc we obtained a best simultaneous fit of all
observed spectra and colour measurements with model
l52t32c11u4 (T? = 3200K, L? =5200 L¯, M? =1 M¯,
C/O= 1.1 for the hydrostatic initial model; P = 295 d,
∆up =4 km s−1).

2 The spherical model structures have lower temperatures at
a fixed pressure than plane parallel ones and hence the partial
pressures of C2H2 (and HCN) are considerably higher in the
spherical case.

The most important parameter is the temperature of
the star. If the temperature is only about 100K higher the
3 µm C2H2/HCN feature will be considerably weaker. But
a model with higher effective temperature which would be
able to explain also the very weak 3 µm C2H2/HCN fea-
ture observed with the KAO fails to describe the overall
energy distribution correctly. Other parameters like the
luminosity (e.g. 7000 L¯ instead of 5200) and mass (e.g.
1.5M¯ instead of 1) have a much smaller influence on
the resulting feature intensities than a change in temper-
ature. A higher C/O ratio results mainly in a stronger C3

feature at 5.1 µmand in stronger C2 features between 0.5
and 3 µm. A common feature is (see also Sects. 4.3 - 4.5)
that our models predict too strong contributions of C2 at
1.0395 and 1.0544 µmwhile at the same time we are able
to explain the C2 feature at 1.77 µmvery well and while we
are not able to explain the strong observed C3 feature at
5.1µm in stars with a C/O ratio significantly higher than
1. This is probably due to some uncertainties in the opac-
ity data of C2 which are discussed in Loidl et al. (2001).
Changing the period to e.g. half of its value in dust-free
and windless models has on first sight an astonishing ef-
fect: all features become considerably stronger. The reason
for this is that the atmosphere has less time between suc-
cessive shocks to relax, and as a consequence the levitation
of the atmosphere is stronger. This results in higher par-
tial pressures of polyatomic molecules like HCN or C2H2

which causes the stronger feature intensities of e.g. the
3 µmand the 3.8 µm features which we use as main diag-
nostic tools to determine the temperature. A higher piston
velocity ∆up causes stronger variations of the feature in-
tensities.

4.3. WZ Cas

For the SRb variable WZCas, observational data of
Baumert (1972), of Lázaro et al. (1994), of Joyce (1998),
and one ISO SWS06 spectrum were available. Schöier &
Olofsson (2001) list a mass loss rate of 6.5 · 10−9 M¯ yr−1.

The best fit was obtained with model l52t30c05u6pi
(T? =3000 K, L? = 5200 L¯, M? =1 M¯, C/O = 1.05 for
the hydrostatic initial model; P =186 d, ∆up =6 km s−1).
These values are in good agreement with parameter deter-
minations for WZCas from other authors (see Table 3).

Figure 5 shows a comparison of a minimum model
spectrum (phase 0.52) with the Baumert observations.
Baumert (1972) measured WZCas four times between
November 1969 and November 1970. We took the max-
imum and minimum colour values of his measurements,
the maximum values are denoted by triangles in Fig. 5,
the minimum values by diamonds. Minimum observations
and models were forced to have equal flux at 1.0804 µm.
The CN feature intensities at 0.7117 (∆ν =+3), 0.8122
(∆ν =+2) and at 1.0975 µm (0,0) of our model spectrum
are well represented, but the contributions of C2 at 1.0395
and 1.0544 µmare too strong.
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Fig. 5. Comparison of a l52t30c05u6pi minimum model spec-
trum (phase 0.52) with the Baumert observations of WZCas.
The maximum values of his colour measurements are denoted
by triangles, the minimum values by diamonds. On top of the
figure the main contributing molecule is labelled.
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Fig. 6. Comparison of l52t30c05u6pi model spectra (grey lines)
with the following observational data (black lines) of WZCas
(from top to bottom): one ISO SWS06 spectrum; on spectrum
from Joyce (1998); and one spectrum from Lázaro et al. (1994).
The model phases are (from top to bottom): 0.83, 0.89, and
0.83. On top of the figure the main contributing molecules are
labelled.

In Fig. 6, one ISO SWS06 spectrum obtained in July
1996 (top), and data from Joyce (1998) which were ob-
tained in September 1991 (middle), and a spectrum by
Lázaro et al. (1994) observed in 1983 (bottom) are shown.
Observed (black lines) and model (grey lines) spectra were

forced to have equal flux at 3.4 µm. The model spectra
were rebinned to a resolution of 500 (for comparison with
the SWS06 observation) or to a resolution of 250 (for
comparison with the Joyce and Lázaro observations). We
are able to describe the shape of the 3 and the 3.8µm
C2H2/HCN feature correctly and also the observed over-
all energy distribution is well represented. However, there
remain discrepancies at wavelengths longwards of 4.5 µm.
The CO feature at 4.6 µmin our model spectra is too
weak, the contribution of C2H2 in the 6 to 7µm region too
strong, and also the synthetic CS feature around 8µmmay
be too strong. WZ Cas is the star with the lowest mass loss
rate in our sample, thus we can not expect that the influ-
ence of dust is responsible for the discrepancies in these
wavelength regions. The discrepancy between models and
the Joyce and Lázaro observations starting at about 2.3
to 2.4 µm are possibly due to the influence of the atmo-
spheric water absorption at these wavelengths.

The discrepancy at wavelengths longer than 10 µm will
be discussed separately in Sect. 6.

We conclude that we can quite well explain observed
spectra of WZ Cas self-consistently with synthetic spectra
of one dynamical model in the wavelength range between
0.5 and 4.5 µm and that we see a pure photospheric spec-
trum at wavelengths shortwards of about 10µm.

4.3.1. Influence of model parameters on the fit

For WZCas we obtained a best simultaneous fit of all
observed spectra and colour measurements with model
l52t30c05u6pi (T? =3000 K, L? =5200 L¯, M? = 1 M¯,
C/O=1.05 for the hydrostatic initial model; P =186 d,
∆up = 6km s−1). The adopted C/O ratio of 1.05 may be
slightly too high, Lambert et al. (1986) determined a C/O
ratio of 1.01 which was later adopted also by Aoki et
al. (1998). However, Lamberts C/O values are lower for all
the stars investigated in this and our earlier papers (see
e.g. Jørgensen et al. 2000), and it is far beyond the scope
of the current dynamical models to determine the C/O ra-
tio of a star with a higher precision than 0.053. Therefore
our grid of dynamical models currently does not include
models with C/O ratios closer to 1 than 1.05. However, the
fact that the CO band at 4.6µmis too weak, the contribu-
tions of C2 around 1.04 µmand the 7 µm C2H2 feature too
strong in our model spectra hints at that our adopted C/O
ratio for WZ Cas is indeed too high. As diagnostic tool for
the determination of the temperature we used the inten-
sity of the 3 and the 3.8µm C2H2/HCN features and the
overall shape of the energy distribution. A lower temper-
ature makes it impossible to fit the 3 and 3.8 µmfeature
simultaneously, a higher temperature on the other hand
decreases the quality of the fit of the overall energy dis-
tribution. All other model parameters (luminosity, mass,

3 Concerning this point see also the short discussion in
Sect. 4.1 about the influence of the 12C/13C ratio on the ”best
fit”.
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period, piston velocity) have the same influences as dis-
cussed in Sect. 4.2.1.

4.4. V460Cyg

For the SRb variable V460Cyg, observational data of
Baumert (1972), of Lázaro et al. (1994), two ISO SWS01
spectra, and one ISO SWS06 spectrum (between 2.8 and
5.1 µm) were available. Schöier & Olofsson (2001) list a
mass loss rate of 1.8 · 10−7 M¯ yr−1.

We obtained the best fit with model l52t34c12u2p
(T? =3400 K, L? = 5200 L¯, M? = 1 M¯, C/O =1.2 for
the hydrostatic initial model; P =148 d, ∆up =2km s−1).
These values are in fair agreement with parameter deter-
minations for V460 Cyg from other authors (see Table 3).
Figure 7 shows a comparison of our dynamical model spec-
tra with the Baumert observations.
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Fig. 7. Comparison of a l52t34c12u2p minimum (phase 0.51)
model spectrum with the Baumert observations of V460 Cyg.
The maximum values of his colour measurements are denoted
by triangles, the minimum values by diamonds. On top of the
figure the main contributing molecule is labelled.

Baumert (1972) measured V460 Cyg four times be-
tween November 1969 and November 1970. We took the
maximum and minimum colour values of his measure-
ments, the maximum values are denoted by triangles in
Fig. 7, the minimum values by diamonds. Minimum ob-
servations and models were forced to have equal flux at
1.0804 µm. We see that the overall shape of the energy dis-
tribution is well represented by our model. The C2 features
at 1.0395 and 1.0544µm are too strong.

In Fig. 8, one ISO SWS01 spectrum from January
1997, one ISO SWS01 spectrum from November 1997, one
ISO SWS06 spectrum, obtained in November 1997, and
a spectrum by Lázaro et al. (1994) observed in 1983 are
shown. Observed (black lines) and model (grey lines) spec-
tra were forced to have equal flux at 3.4 µm. The model
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Fig. 8. Comparison of l52t34c12u2p model spectra (grey lines)
with the following observational data (black lines) of V460 Cyg
(from top to bottom): two ISO SWS01 spectra, one ISO SWS06
spectrum, and one spectrum from Lázaro et al. (1994). The
model phases are (from top to bottom): 0.54, 0.56, 0.56, and
0.57. On top of the figure the main contributing molecules are
labelled.

spectra were rebinned to a resolution of 500 (for compar-
ison with the SWS06 observation) or to a resolution of
250 (for comparison with the ISO SWS01 and Lázaro ob-
servations). We are able to describe the region between
2.4 and 4.6 µm correctly. The discrepancy in the overall
shape and thus the mismatch at wavelengths shortwards
of about 2.5 µmand longwards of 6 µmis due to the fact
that our best fit model is a dustless and wind-free model
which is not able to reproduce the overall shape of the
spectral energy distribution of a star which shows a con-
siderable mass loss. The adopted C/O ratio of 1.2 is too
low to describe the C3 feature at 5.1 µmcorrectly. On the
other hand the contribution of C2H2 in the 7 µmregion
is too strong. Around 11µm V460 Cyg shows a weak SiC
dust feature which is not included in our calculations. The
discrepancy at wavelengths longer than 10µm will be dis-
cussed separately in Sect. 6.

4.4.1. Influence of model parameters on the fit

For V460 Cyg we obtained a best simultaneous fit of all
observed spectra and colour measurements with model
l52t34c12u2p (T? =3400 K, L? =5200 L¯, M? = 1 M¯,
C/O=1.2 for the hydrostatic initial model; P =148 d,
∆up = 2km s−1). The fit is not of very high quality,
thus we tried to systematically vary the model param-
eters within certain ranges. A model with a lower tem-
perature on the one hand improves the quality of the
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fit of the overall shape of the spectral energy distri-
bution at wavelengths shortwards of 2.5µm, but on
the other hand makes it impossible to fit the ob-
served weak 3 µm C2H2/HCN features and it decreases
the quality of the fit of the 7 µmregion drastically. A
model with a higher C/O ratio (1.4 instead of 1.2)
improves the fit of the C3 feature at 5.1 µmand of
the C2 features between 1 and 2 µm, but decreases the
quality of the fit in the 7 µmregion. Unfortunately we
were not able to converge any hydrostatic initial model
with T? > 3100 K and C/O =1.4 when varying L? and
M? within the range of our grid. The same problem
occurs in the calculation of spherical MARCS atmo-
spheres in these parameter ranges (Gautschy-Loidl 2001
and Eriksson, private comm.). Thus we calculated a
model with C/O= 1.4, lower temperature and higher
mass. Figure 9 shows the resulting comparison of syn-
thetic spectra of model l52t31c14u4pim15 (T? =3100 K,
L? =5200 L¯, M? =1.5 M¯ and C/O =1.4 for the hydro-
static initial model; P = 180 d, ∆up =4 km s−1) with the
observations of V460 Cyg. We see that although the fit
of the overall energy distribution and of the C3 feature at
5.1 µmis quite good, we are unable to explain the weak
observed 3 µmC2H2/HCN feature intensities and the ab-
sence of the C2H2 contribution around 7 µm. While the
latter may be well due to the influence of the dust which
we can not account for with our dustless l52t31c14u4pm15
model, we can not expect that the contribution of the dust
weakens the 3 µm feature intensities to such a degree.

1.0 10.02. 20.5.
 0

 1

 2

 3

wavelength [ m]

lo
g

F
+

co
ns

t.

C
N

C
2

C
N

C
2

C
N

C
2H

2
+

H
C

N

C
2H

2
+

H
C

N

C
S

+
C

2H
2

C
O

C
3

C
2H

2
+

H
C

N
C

S

C
2H

2
+

H
C

N

Fig. 9. Comparison of l52t31c14u4pim15 model spectra with
observations of V460Cyg. The model phase is 0.55 in all cases.
On top of the figure the main contributing molecules are la-
belled.

4.5. T Lyr

TLyr is an irregular variable (Lb) star. Observational data
of Baumert (1972), of Lázaro et al. (1994), of Joyce (1998),
and one ISO SWS06 spectrum were available. Schöier &
Olofsson (2001) list a mass loss rate of 7.0 · 10−8 M¯ yr−1.
Although we computed various models with different sets
of parameters we were not able to find one which rep-
resents a fit of high quality covering a large wavelength
region, but instead we have several models describing the
observations of T Lyr with about equal quality. Thus it
is difficult to speak of a ”best fit model” in this case. A
reasonable fit was obtained with model l52t30c20u2pm20
(T? =3000 K, L? =5200 L¯, M? =2 M¯, C/O = 2.0 for
the hydrostatic initial model; P =148 d, ∆up =2 km s−1).
These temperature and C/O ratio values differ signifi-
cantly from parameter determinations of other authors
(see Table 3).
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Fig. 10. Comparison of a l52t30c20u2pm20 minimum model
spectrum (phase 0.52) with the Baumert observations of TLyr.
The maximum values of his colour measurements are denoted
by triangles, the minimum values by diamonds. On top of the
figure the main contributing molecule is labelled.

Baumert (1972) measured TLyr five times between
November 1969 and November 1970. We took the max-
imum and minimum colour values of his measurements,
the maximum values are denoted by triangles in Fig. 10,
the minimum values by diamonds. Minimum observations
and models were forced to have equal flux at 1.0804 µm.
We see that the overall shape of the energy distribution is
very well represented by our model. The contributions of
C2 at 1.0395 and 1.0544 µm, however, are too strong.

In Fig. 11, one ISO SWS06 spectrum from November
1996, one spectrum from Joyce from September 1991, and
one spectrum from Lázaro et al. (1994) observed in 1983
are shown. Observed (black lines) and model (grey lines)
spectra were forced to have equal flux at 3.4µm. The
model spectra were rebinned to a resolution of 500 (for
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Fig. 11. Comparison of l52t30c20u2pm20 model spectra (grey
lines) with the following observational data (black lines) of
TLyr (from top to bottom): one ISO SWS06 spectrum, one
spectrum from Joyce, and one spectrum from Lázaro et
al. (1994). The model phases are (from top to bottom): 0.61,
0.52, and 0.09. On top of the figure the main contributing
molecules are labelled.

comparison with the SWS06 observation) or to a resolu-
tion of 250 (for comparison with the Joyce and Lázaro
observations). T Lyr shows strong C2 bands between 1
and 2 µm, strong C2H2/HCN absorption features at 3,
around 7 and around 14µm, a strong C3 feature at 5.1 µm,
and no or only a very weak SiC emission feature around
11 µm. Noticeable is the absence of the 3.8 µmfeature.
Obviously our fit to the observed spectra is of poor quality.
We are able to explain the intensities of the 2.5 and the
3 µmC2H2/HCN features with this model. Still, choosing
a C/O ratio as high as 2.0, we are far from being able
to explain the strong observed C3 feature at 5.1 µm while
the C2H2/HCN absorption predicted by our model in the
7 µmregion is too strong and also the overall shape of the
energy distribution is poorly represented. The discrepancy
at wavelengths longer than 10µmwill be discussed sepa-
rately in Sect. 6.

4.5.1. Influence of model parameters on the fit

For T Lyr we obtained a reasonable simultaneous fit (ac-
cording to our criteria) of all observed spectra and colour
measurements with model l52t30c20u2pm20 (T? =3000 K,
L? =5200 L¯, M? =2 M¯, C/O = 2.0 for the hydrostatic
initial model; P =148 d, ∆up =2 km s−1). Due to the low
quality of this fit we calculated various models where we
varied all model parameters systematically. Choosing a
mass of 2 M¯ instead of 1 enabled us to explain the
presence of the strong 3 µmand the simultaneously weak

3.8µm C2H2/HCN feature intensities. A lower T? im-
proves the match of the overall energy distribution, but
makes it impossible to describe the intensities of the 2.5,
3 and the 3.8 µm C2H2/HCN features correctly. One of our
models with higher L?, lower T? and M? (l70t28c16u4) de-
veloped a relatively weak, irregular wind. Figure 12 shows
the results of the comparison of the spectra of model
l70t28c16u4 (T? =2800K, L? =7000 L¯, M? =1 M¯ and
C/O=1.6 for the hydrostatic initial model; P =390 d,
∆up = 4km s−1) with the observations of TLyr.
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Fig. 12. Comparison of l70t28c16u4 model spectra (grey lines)
with observational data (black lines) of T Lyr. The model
phases are (from top to bottom): 0.09, 0.82, and 0.00. On top
of the figure the main contributing molecules are labelled.

We see that this model explains the overall energy dis-
tribution much better, but longwards of 3.5 µmthe quality
of the fit is worse than with model l52t30c20u2pm20. The
mass loss rate of our l70t28c16u4 model is an order of mag-
nitude higher (6.6 · 10−7) than the observed one (7 · 10−8).
The low observed mass loss rate of TLyr tells us that we
see basically a pure photospheric 3 and 3.8µmC2H2/HCN
feature. This means that T? can not be much lower than
3000K, otherwise one can not explain the observed inten-
sities of these features. On the other hand, the shape of
the overall energy distribution suggests a much lower T?.
A possible solution to this puzzle may be that one has to
adopt a muchhigher C/O ratio than we did. The strong
observed C2 bands in the wavelength region between 1 and
2 µm as well as the strong C3 feature at 5.1 µmwould at
least support the assumption that a C/O ratio of about 3
may be indeed realistic for this star.
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5. Comparison between observations and
synthetic spectra of models with mass loss

At present, our grid of dynamical models contains mainly
dustless and wind-free models which are appropriate to
describe relatively hot carbon stars. We focused on these
models to perform a detailed comparison with the results
of standard hydrostatic spherical models on the one hand,
and on the other hand to explain the observed variations
of only moderately variable carbon stars more consistently
by different phases of one dynamical model instead of a
sequence of several hydrostatic models with different ef-
fective temperatures.

When we compute models of cool carbon stars which
show considerable mass loss in the form of a dust-driven
stellar wind, then another set of data enters the calculation
which have to be carefully chosen: the micro-physical dust
properties. Andersen et al. (2003) have recently shown
that the choice of dust material properties is significant
for the derived outflow velocities, the degrees of conden-
sation, the resulting mass-loss rates, and hence also for
the appearance of our synthetic spectra. Up to now we
have used the optical properties of amorphous carbon of
Rouleau & Martin (1991) and a value of 2.25 g/cm3 (which
is the value of graphite) for the intrinsic density of the
amorphous carbon material for reasons of comparability
with our earlier models (this value has been used in many
studies because the correct value for amorphous carbon
was not known at the time when the first dynamical mod-
els were constructed). In a further step we intend to cal-
culate and investigate a grid of dynamical models of cool
carbon stars where we use the best available set of micro-
physical dust data. Here, we limit the discussion of models
with dust-driven winds to qualitative effects on the spec-
tra.

Those of our models which develop a stellar wind ex-
tend outwards to temperatures of about 300K. However,
in the calculation of the synthetic spectra, gas opacities are
only included down to temperatures of 1000 K. At cooler
temperatures dust is likely to dominate the total opacity.
The influence of cutting the gas opacities at 1000K on
the synthetic spectra is small: only the 14 µm region is af-
fected in such a way that the resulting emission is slightly
weaker4.

Due to the restrictions mentioned above we will
present only two general results in this section which are
not critically dependent on the dust data which we are
using. In a first step we will compare spectra in the wave-
length region between 1 and 25µmof SCep with our dy-
namical model spectra and discuss the influence of the
wind on the synthetic spectra. Secondly we show that our
cool dynamical models can explain and reproduce a fea-
ture at 1.53 µm which is observed in a few cool carbon
Miras around minimum light but is not reproduced by
hydrostatic model atmospheres.

4 Our dustless models are not affected at all because they do
not extend outwards to temperatures below 1000K.

5.1. S Cep

Table 2 lists the basic properties of SCep. We want to
stress that we do not intend to present a fit of the ob-
served spectra of S Cep here, but that we want to discuss
a few basic properties of the spectra resulting from our
dynamical models which show a considerable mass loss
rate. Therefore we show a comparison of two ISO SWS01
spectra and one KAO spectrum of S Cep with model
l10t26c14u4f20pi in the upper panel of Fig. 13. Observed
(black lines) and model (grey lines) spectra were forced
to have equal flux at 3.4 µm. The model spectra were re-
binned to a resolution of 250 for the comparison with the
observations. The lower panel of Fig. 13 shows the pure
dust spectrum of the l10t26c14u4f20pi model at phase
0.53.

1.0 10.02. 20.5.
 0

 1

 2

 3
lo

g
F

+
co

ns
t.

C
N

C
2

C
N

C
2H

2
+

H
C

N

C
2H

2
+

H
C

N

C
S

+
C

2H
2

C
O

C
3

C
2H

2
+

H
C

N
C

S

S
iC C
2H

2
+

H
C

N

1.0 10.02. 20.5.
0.0

0.5

1.0

1.5

2.0

wavelength [ m]

lo
g

F
+

co
ns

t.

Fig. 13. Upper panel: Comparison of l10t26c14u4f20pi model
spectra (grey lines) with the following observational data
(black lines) of S Cep (from top to bottom): one ISO SWS01
spectrum from December 5th 1997 (visual maximum; phase
0.0), one ISO SWS01 spectrum from May 31st 1997 (visual
minimum; phase 0.4), and one KAO spectrum from December
13th 1976 (phase 0.56; half way between minimum and max-
imum - the light curve has a strong bump in the rising
branch). The model phases are (from top to bottom): 0.53,
0.89, and 0.70. On top of the figure the main contributing
molecules are labelled. Lower panel: Pure dust spectrum of
the l10t26c14u4f20pi model at phase 0.53.
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SCep shows strong C2H2/HCN absorption features
at 3 and 3.8 µm, and a strong C3 feature at 5.1 µm. We
interpret the spectrum longwards of 5 µmas two strong
C2H2/HCN absorption bands around 7 and 14 µm, and
a strong SiC emission feature around 11 µm. For the de-
termination of the temperature of the star we use as cri-
teria that the 2.5, the 3 and the 3.8 µmC2H2/HCN fea-
ture should be described properly by our dynamical mod-
els as well as the overall shape of the energy distribu-
tion. Obviously we fail to match these criteria at least for
the phases where SCep shows a strong 3 µmC2H2/HCN
feature. When we are able to reproduce the overall en-
ergy distribution, the observed spectrum at wavelengths
shorter than 2.3 µmand the 3.8 µmC2H2/HCN feature
correctly (lowest spectrum in Fig. 13), we are unable to
reproduce the strong 3µmC2H2/HCN feature as well as
the 4.6 µmCO and the 5.1 µmC3 feature. Another dis-
crepancy, but a more technical one, is, that we can de-
scribe the spectrum observed at maximum visual light
best with a model from bolometric minimum light and
vice versa. While in the observed spectra the 3 and
3.8 µmC2H2/HCN features are strongest at visual phase
0.56 (which is half way between the visual maximum and
minimum light due to a strong bump in the light curve of
SCep in the rising branch), and weakest at visual mini-
mum light (phase 0.4), our l10t26c14u4f20pi model spec-
tra show the strongest 3 and 3.8 µmC2H2/HCN features
around bolometric minimum light (phase 0.53) and the
weakest ones shortly before the bolometric maximum light
(phase 0.89). However, Nowotny et al. (2004), using the
same model and comparing the line profile variations of
CO and CN with observed ones from SCep, obtain good
quantitative agreement with the observed variations as
a function of phase. Only the C2H2 features which are
formed much further out in the atmosphere and the wind
region vary ”out of phase” and their variation is very much
dependent on the model parameters and sometimes very
complex (see also Sect. 4.1 for a discussion of the problem
of assigning phases).5

When comparing Figs. 4, 6, 8 and 11 (models showing
no mass loss) with Fig. 13 (model with mass loss), we see
immediately that the mass loss influences the synthetic
spectra such that:

– the 3 and 3.8 µmC2H2/HCN features become consid-
erably weaker

– the 4.6 µmCO, the 5.1 µmC3 and the photospheric
C2H2 and HCN features around 7 and 14µmare filled
up by emission

– the maximum of the energy distribution is shifted to
longer wavelengths

5 E.g. model l52t30c05u4p shows quite irregular variations
of the C2H2 features, resulting in minimum feature intensities
either around phase 0.9 or phase 0.2 and maximum intensities
around phase 0.1. On the other hand the feature intensities of
these features vary very regularly in model l70t30c11u2 with
minimum feature intensities around phase 0.4 and maximum
intensities around phase 0.0.

The photospheric C2H2, C3 and HCN features become
weaker because they are superposed on the continuous
dust emission. The model spectra in Fig. 13 are the first to
explain in a self-consistent way how the 3µmC2H2/HCN
band can stay strong (as in a pure photospheric spectrum)
while the photospheric 7 and 14 µmC2H2/HCN bands be-
come almost invisible, and the explanation (as seen by
comparison of Figs. 4, 6, 8 and 11 with 13) is routed in
the mass loss process. When mass loss sets in, our dynam-
ical frequency-dependent models and corresponding syn-
thetic spectra predict an emission component in the same
transitions which cause the photospheric absorption, as a
natural consequence of the wind properties. In low reso-
lution the 7 and 14 µmC2H2/HCN absorption bands are
hence selectively filled in by emission and disappear. We
predict that in high resolution one would be able to trace
the individual absorption and emission lines side-by-side.
However, we also see that our models are not yet able to
quantitatively predict quite right the ratio between ab-
sorption and emission, since we see that the computed
bands become too weak, at least in the case of S Cep with
the adopted model.

5.2. The 1.53µm feature in cool carbon stars

The appearance of a strong band is very remarkable in
the dynamical spectra at 1.53 µmof our cool models which
show a wind (e.g. l70t28c14u5) at phases close to minimum
light.

Figure 14 shows a zoom-in on the appropriate region.
Here a minimum (black) spectrum of model l70t28c14u5
and the contributions of the molecules C2, HCN and
C2H2 (grey; from top to bottom) are plotted in the up-
per panel in the wavelength region between 1 and 2 µm.
The dotted line marks the short-wavelength edge of the
1.53µm feature. Such a feature has been observed in spec-
tra of a few cool carbon-rich Miras (lower panel of Fig. 14),
e.g. in R Lep (Lançon & Wood 2000). The feature was ten-
tatively attributed to C2H by Lançon & Wood (2000) in
accordance with the C2H absorption cross sections pre-
sented in Goebel et al. (1983). Goebel et al. (1981), and
later Joyce (1998), discussed the possibility of the 1.53 µm
feature to be due to a HCN and/or C2H2 combination
band. This later identification is in agreement with the re-
sults of our dynamical computations which attribute the
1.53µm band to the (020−000) transition of HCN and
mainly to the (10100−00000) transition of C2H2. These
transitions are weak and only at very low temperatures
they give rise to enough absorption in order that we can
recognise the C2H2/HCN feature on top of the C2 feature
at the same position. However, C2H might potentially also
contribute to the 1.53 µmfeature since it has a very high
partial pressure in our models, but due to the lack of ap-
propriate laboratory data and theoretical computations
(see discussion in Loidl et al. 2001), it is not possible to
include C2H in the synthetic spectra at present.
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Fig. 14. Full synthetic spectrum at minimum phase of model
l70t28c14u5 in the wavelength region between 1 and 2 µm
(black line in upper panel) and the contributions of C2, HCN
and C2H2 (grey lines; from top to bottom) to the synthetic
spectrum. The dotted line marks the short-wavelength edge of
the 1.53 µm feature which is observed in cool carbon-rich Miras
(e.g. in R Lep; lower panel). The grey shaded areas mark re-
gions of the spectra which are contaminated by the Earth’s
atmosphere.

6. The 14 µm feature of carbon stars

In Sects. 4.2 to 4.5, we excluded the discussion of the
wavelength region beyond 10µm. Plane parallel hydro-
static models, spherical hydrostatic models as well as dy-
namical models without mass loss predict a deep and
broad absorption feature due to C2H2 and HCN around
14 µm. Compared to the computed spectra, the observed
14 µmband is weak and narrow in most stars, consisting
typically of only a small, narrow absorption at 13.7µm(see
e.g. Fig.8). If the 14 µmband indeed forms at photo-
spheric depths and temperatures as it happens in all self-
consistent models without mass loss, then it has to show
up as a very broad feature, because many hot-band tran-
sitions contribute to the observed band. The anharmonic-
ity constants determining the widths of such an absorption
feature in a hot gas are very well determined by laboratory
experiments. Therefore, from the discrepancy between ob-
servations and models we can conclude that we do not see
a pure photospheric spectrum in the long-wavelength re-
gion of the ISO spectra.

The idea of a so-called “warm molecular envelope”
was introduced in the literature and discussed by sev-
eral authors (e.g. Tsuji et al. 1997a and Yamamura et
al. 1999) in order to explain the discrepancies between

computed molecular bands and the observed cool-star
spectra. Basically, in the case of a “warm molecular en-
velope” one or more detached, relatively dense layers
of molecular gas above the photosphere are introduced.
Temperatures and densities are free parameters which can
be adjusted to increase (i.e. absorption) or decrease (i.e.
emission) the computed photospheric band intensities un-
til they fit the observed intensities. The disadvantages of
such a simplified approach are two: (1) there is no self-
consistent physics behind the warm envelope model as it
has been presented in the literature, and hence fitting the
observed spectrum with such a model cannot reveal phys-
ical information about the star, and (2) the intrinsic tran-
sition probabilities that give rise to the 3 and 14 µmbands
are very similar, and the separation in the excitation ener-
gies of the vibrational levels that give rise to the hot-bands
are almost identical in the two cases. This means that any
temperature inversion in (or dense molecular layer above)
the photosphere that weakens the 14 µm band would also
weaken the 3 µmband, which is not observed.

Jørgensen et al. (2000) tried to simulate combined dust
and gas spectra, firstly by adding a Planck function emis-
sion of low temperature to the photospheric spectrum and
secondly by using the photospheric dust-free spectra as
input to a program that computes dust envelopes. Based
on these investigations, they proposed that if the lacking
14 µmphotospheric band should be explained by the exis-
tence of a separate layer of dust and gas above the photo-
sphere, this layer would have to be around 500K (to emit
radiation obscuring the 14µmregion and giving the right
spectral continuum slope) and obscure only about 10% of
the surface area (in order to not affect the 3 µm band too
much). The weak and sharp 13.7 µm absorption feature
would then have to form in cooler layers above the 500K
layer. Indeed, Heske et al. (1989), who mapped the cir-
cumstellar CO line emission around TX Psc, interpreted
the observed asymmetries as being produced either by a
bipolar outflow or by a highly clumped wind. However,
these considerations were also based on non-self-consistent
physics, and the need for a fully dynamical self-consistent
model and spectrum computation in spherical geometry
was emphasized.

The results of our dynamical models with mass loss
show that the contribution of the dust as well as emis-
sion due to the molecules C2H2 and HCN fill up the pho-
tospheric absorption feature with emission and the only
part of the original feature which remains visible is the
narrow feature around 13.7 (due to C2H2) and 14.0µm
(due to HCN). The l70t28c16u4 model is an interesting
transition model. In Fig. 12 we see that in the synthetic
spectrum at the top the wings of the 14 µm feature are still
in absorption while the ”central part” between 13.5 and
14 µmshows already pronounced emission. In the spec-
trum in the middle the emission contribution is small, but
still visible, and in the lowest spectrum the whole feature
is filled up with emission and there is basically no feature
left.



R. Gautschy-Loidl et al.: Dynamic model atmospheres of AGB stars: IV. 17

To investigate the 14 µmfeature of carbon stars in
more detail, we extracted all stars from the ISO archive
for which the 3 and 14 µmregion was observed with the
SWS06, i.e. with a resolution high enough to distinguish
between emission above the surrounding flux which is the
sum of molecular absorption filled in with emission and
the emission from dust clouds shielding the deep layers.
In Fig. 15 all these spectra are plotted with a resolution
of 1000, in total there are only six stars where both wave-
length ranges are covered. Aoki et al. (1999) discussed
already the 14 µmregion of TX Psc, VCrB, and SS Vir.
They identified HCN emission lines in TX Psc and VCrB.
A closer inspection of Fig. 15 suggests that other lines
than the ones identified by Aoki and coworkers are in
emission as well in the case of S Cep, WZ Cas, TX Psc,
and TT Cyg. Therefore, we see that emission is present
in the 14 µmregion of carbon stars as predicted by our
dynamical models, but the observed emission is weak.

TLyr is the only star in our sample showing a
deep 14 µm feature. Additionally, it has strong 3, and
5.1 µmfeatures as well as strong absorption in the 7 to
8 µmregion. All of these features, except the 5.1 µm one,
are due to a combination of C2H2 and HCN. The C2H2

contributions are stronger than the HCN ones in T Lyr.
Contrary to all other stars in Fig. 15, with the exception
of WZCas, it shows an additional feature around 12.3µm.
The shape of the spectrum of T Lyr as a whole suggests
that we see a relatively pure photospheric spectrum of a
cool carbon star. IRC+10216 on the contrary is a very
dust enshrouded carbon star. It has basically no features
shortwards of 10 µm(therefore it is excluded in the left
panel of Fig. 15), but it shows the sharpest C2H2 feature
at 13.7 µmof all stars in our sample. S Cep and VCrB are
cool enough for the contribution of C2H2 to dominate the
3 µmfeature, both stars show broader absorption around
14 µmthan the stars previously discussed. For TX Psc,
WZCas, and TT Cyg the contribution of HCN dominates
the 3 µmfeature, but for different reasons: TXPsc is too
hot and the C/O ratio is too low in order that consider-
able amounts of C2H2 are formed; TT Cyg is a star with
a high C/O ratio, but it is too hot to form huge amounts
of C2H2; WZ Cas on the other hand is in principle cool
enough, but there is not much carbon available to form
C2H2. TT Cyg is the only star for which the contribu-
tion of HCN to the 14 µmfeature is stronger than the one
of C2H2. The 14 µm features of WZ Cas and TX Psc are
barely visible.

From our comparison with ISO observations we see
that our models without mass loss predict too strong
C2H2 contributions to the 14 µmregion (as well as to the
7 µmregion). Our wind models on the other hand predict
much too strong emission originating from the outer lay-
ers which fills up the photospheric features at wavelengths
longwards of 4.5 µm. The pressure-temperature structure
of the models where the features form which we see in the
spectra longwards of about 4.5 µmis critically dependent
on the opacity data of C2H2, C3 and HCN on one hand,
and on the other hand on the treatment of the pulsation.

We use a piston for the description of the pulsation, which
is only a crude approximation. These restrictions make it
currently impossible for us to explain observed spectra of
carbon stars which show a moderate mass loss rate in de-
tail at wavelengths longwards of 4.5µm.

7. Conclusions

We present synthetic spectra based on dynamic model
atmospheres which couple time-dependent dynamics and
frequency-dependent radiative transfer. This is the first
time a systematic comparison has been performed be-
tween observed spectra and synthetic spectra based on
such model atmospheres. Also the spectrum computation
itself is improved compared to our earlier works, by being
spherical (instead of plane parallel) and by including dust
opacities for amorphous carbon. Spectra of the hydrostatic
initial models which can be directly compared to those of
well-tested MARCS models yield results comparable to
those of the MARCS models.

We compare our results with various kinds of obser-
vational data in the wavelength region between 0.5 and
25 µmat several phases of TX Psc, WZ Cas, V460 Cyg,
TLyr and S Cep. Table 4 summarizes basic properties of
our sample stars and the temperatures, luminosities, C/O
ratios and periods of our best fitting models.

For the first time we are able to present simultaneous
self-consistent fits of high quality to various kinds of ob-
servational data in the wavelength region between 0.5 and
5 µmfor TX Psc and between 0.5 and 10 µmfor WZCas,
resulting from one time-dependent dynamical model for
each of the two stars. Previously in the literature, each
spectrum has been fitted individually, using hydrostatic
models with different stellar parameters. This leads not
only to different values of the estimated fundamental stel-
lar parameters for each spectrum of a given star, but fre-
quently also to different best fit abundances, quantities
which can clearly not be dependent on phase.

In the wavelength region shortward of ≈ 10 µmwe are
able to fit the observed colours and spectra well; in par-
ticular for the stars with the highest temperatures and/or
lowest C/O ratios. Longward of 10 µm the spectra based
on our dust-free windless dynamical models are domi-
nated by a clear photospheric absorption spectrum with
a broad and intense C2H2/HCN band around 14µm, in
pronounced contrast to the observed spectra which (at the
relatively low resolution of ISO) are more continuum-like
with a weak and narrow C2H2 feature at 13.7 µm. This dis-
crepancy between observed and computed infrared spectra
of carbon stars is well known from hydrostatic models too.

From observations it is estimated that all the stars we
have modelled in this paper have a wind. However the
observed mass loss rate of S Cep is between one and al-
most 3 orders of magnitude higher than those of the other
stars. For the coolest star in our analysis, SCep, which
has also a high C/O ratio, we can describe the available
spectra of the region shortward of ≈ 4 µmwith different
phases of a model with T∗=2600K. The effect of dust
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Fig. 15. SWS06 spectra of carbon stars for which the 3 and the 14 µm region was observed simultaneously. The spectra have a
resolution of 1000.

Table 4. Results of our fits.

star name Pobs

.

Mobs T? L? M? C/O Pmod ∆up

.

Mmod

[days] [M¯ yr−1] [K] [L¯] [M¯] [days] [km s−1] [M¯ yr−1]

TX Psc − 9.1 · 10−8 3200 5200 1.0 1.1 295 4 −
WZ Cas 186 6.5 · 10−9 3000 5200 1.0 1.05 186 6 −
V460 Cyg 180 1.8 · 10−7 3400 5200 1.0 1.2 148 2 −

180 1.8 · 10−7 3100 5200 1.5 1.4 180 4 −
T Lyr − 7.0 · 10−8 3000 5200 2.0 2.0 148 2 −

− 7.0 · 10−8 2800 7000 1.0 1.6 390 4 6.6 · 10−7

formation is crucial for understanding the discrepancy in
the 14 µmregion. As a consequence of the formation of
a dust driven wind, our synthetic spectra of S Cep show
emission longward of ≈ 4 µm. This emission fills up the
strong photospheric absorption bands of C2H2/HCN at 7
and 14 µm. Although the presented model is not in perfect
quantitative agreement with the observed spectra, it of-
fers the first self-consistent qualitative model explanation
of why we see a clear photospheric spectrum at 3 µm(and
at shorter wavelengths) but strong non-photospheric con-
tributions of the same molecules at 14 µmin ISO’s carbon
star spectra. The success of the S Cep model regarding

a self-consistent explanation of the full spectrum of this
star leads us to expect that future modelling of weak winds
in other stars may solve the longstanding problem of the
seeming inconsistency between the ISO spectral features
short-ward and long-ward of ≈ 5 µmin all observed carbon
stars.

Finally, we notice that some of our cool dynamical
models with winds reproduce a feature at 1.53 µm, which
has been observed in several cool carbon stars but not
yet been identified with certainty. In our model this band
arises from a combination of overlapping transitions of
C2H2 and HCN.



R. Gautschy-Loidl et al.: Dynamic model atmospheres of AGB stars: IV. 19

Acknowledgements. This work was partly supported through
FWF-project P14365-PHY. We thank Kjell Eriksson for help-
ful discussions about hydrostatic model atmospheres and
Thomas Lebzelter and Walter Nowotny for fruitful comments.

References
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