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Abstract. We have constructed line-blanketed model atmo-
spheres for the hydrogen-deficient and carbon-rich R Coronae
Borealis (R CrB) stars, as well as for the similar hydrogen-
deficient carbon (HdC) stars and the cool extreme helium (EHe)
stars. Improved continuum opacities have been used together
with realistic line absorption data for atomic and molecular tran-
sitions. The observed dereddened fluxes of R CrB are compared
with the calculated model fluxes and found to agree best with a
model effective temperature of 6 900 K, while the infrared flux
method gives between 6 600 and 6 900 K, depending on the na-
ture of the flux excess in the J and H bands compared to the
model fluxes. The excess may correspond to a recently formed
dust cloud close to the star, with a typical temperature around
2 000 K and a dust mass of ∼ 10−11 M�. The agreement for
the ultraviolet flux distribution is also very satisfactory as seen
from IUE spectra of R CrB. Theoretical broad band photometry
is presented and effective temperatures of R CrB and HdC stars
estimated.

The constructed models show a significantly steeper temper-
ature gradient compared to previously existing models as a result
of the line opacity. Due to the cool surface and high abundance
of carbon, molecular bands of e.g. C2 and CO are visible in the
spectra even at as high effective temperatures as 7 000 K. Fur-
thermore, the high temperatures encountered at depth explain
the observed He i and C ii lines for Teff down to ∼ 7 000 K. In
the inner layers (τRoss >∼ 3) the models show density inversions
related to the ionization zone of helium. For certain low gravity
models the luminosity exceeds the local Eddington limit and
hence gas pressure inversions occur as well, which could be
related to the decline events of R CrB stars.
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1. Introduction

The variable stars named after the prototype R Coronae Bore-
alis (R CrB stars) continue to puzzle astronomers with unpre-
dictable lightcurves and peculiar chemical compositions. The
decline events occur seemingly at random, when the stars fade
up to eight magnitudes on a relatively short timescale of weeks,
while the recovery to normal light takes months, to a state where
it may often remain for several years. It is commonly believed
that dense dust formation obscures the star along the line of sight
(Loreta 1934), but the trigger mechanism for this dust formation
episode is still unknown. Characteristic of the class is also the
hydrogen-poor and carbon-rich composition, but with a rather
large star to star scatter for certain elements. Therefore the stars
may be grouped into distinct subgroups (Lambert & Rao 1994),
probably with different evolutionary backgrounds. It has been
suggested that the R CrB stars originate in either the merging
of two white dwarfs (Webbink 1984) or a final He-shell flash
in a cooling white dwarf (Renzini 1979). Possible progenitors
and descendants of R CrB stars are found in the Hertzsprung-
Russell diagram as hydrogen-deficient carbon stars (HdC) and
extreme helium stars (EHe). R CrB stars are thought to be evolv-
ing towards higher temperatures as indicated by the change in
the pulsation period of RY Sgr (Kilkenny 1982), though this
finding is not undisputed (Lombard & Koen 1993).

The effective temperatures of these supergiants range from
about 5 000 K for the coolest members to about 20 000 K for the
three hot R CrB stars, but with a majority around Teff = 7 000 K.
Unfortunately, determinations of temperatures, gravities and
compositions have only been possible for a very limited num-
ber of R CrB stars. In order to improve this both high-resolution
observations of a larger sample of these stars and better model
atmospheres are necessary. Here we address the latter goal by
including the effects of line-blanketing. A detailed abundance
analysis will be the topic of a subsequent paper (Lambert et
al., in preparation). Realistic models of the outer structure of
these stars are also important for analysing the possibility of
an instability close to or in the stellar atmosphere, causing
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events that may trigger the dust condensations and the famous
declines. Polarization observations, geometrical considerations
and timescales of the declines indicate that the dust must be
formed close to the photosphere (Whitney et al. 1992) in spite
of the high effective temperatures.

The HdC stars have attracted relatively little attention. The
five objects known are similar to the R CrB stars in their chem-
ical composition and the semiregular light curve variations,
though lacking the characteristic decline events of the R CrB
stars and an infrared excess. One R CrB star, XX Cam, is some-
times also referred to as belonging to the HdC class due to its
rare declines and weak IR excess. The only published abun-
dance analysis of HdC stars is due to Warner (1967) and was
based on very primitive model atmospheres by modern stan-
dards. The effective temperatures are believed to be between
5 000 and 7 000 K.

Model atmospheres for R CrB and related stars have pre-
viously been constructed by Schönberner (1975) but without
line-blanketing and with now outdated continuum opacities,
and Jones (1991) with a modified marcs code (Gustafsson et al.
1975), utilizing opacity distribution functions (ODF) to approx-
imate the effect of line blanketing but still using old continuum
opacities.

In Sect. 2 we present the numerical details and the opacities
used for the model atmospheres, while in Sect. 3 we discuss
the properties of the models, and in particular their connection
with the Eddington limit. Comparisons with previous hydrogen-
deficient model atmospheres and the calculated flux distribution
with the observed values of R CrB itself are found in Sect. 4
and Sect. 5, respectively. The calculated photometric colours
are presented in Sect. 6 and synthetic spectra of relevant line
features are shown in Sect. 7.

2. Physical input and the numerical details

2.1. Assumptions and limitations

The models are based on several necessary assumptions and
limitations. The usual approximations of a flux-constant, plane-
parallel, hydrostatic atmosphere in local thermodynamic equi-
librium (LTE) are made, which no doubt is at best only a crude
description of the outer layers of these pulsating supergiants.
Nevertheless, this is a useful approach in the absence of more
complex and advanced model atmosphere simulations relaxing
one or more of the above assumptions. We have investigated the
relevance of the plane-parallel and LTE approximations, see be-
low in Sect. 3.6 and Sect. 3.7.

The R CrB stars are hydrogen-poor but overabundant in car-
bon and nitrogen; helium is, however, still the most abundant
element. Unless the C/He ratio is very small or hydrogen is more
common than normal, the opacity is mainly determined by car-
bon through its bound-free and free-free absorption, at least
in the line forming regions. Furthermore, carbon is the most
important electron donor and hence indirectly affects the con-
tribution from two other important continuum opacity sources:
He− and electron scattering. This makes the C/He ratio difficult

Table 1. Standard chemical composition

Element log εa Element log εa

H 7.50 K 4.80
He 11.52 Ca 5.90
C 9.52 Sc 2.80
N 9.40 Ti 4.70
O 8.80 V 3.70
Ne 8.50 Cr 5.40
Na 6.80 Mn 5.10
Mg 7.20 Fe 7.20
Al 6.60 Co 4.60
Si 7.70 Ni 6.50
S 7.50

a Normalized such that log
∑

i
µiεi = 12.15, with µi denoting the

atomic weight of the element

to determine since the equivalent width of a C i line is almost
independent of the adopted ratio of these two elements. The
equivalent width is also insensitive to the effective temperature
and gravity. Helium lines are sometimes present but may suffer
from a chromospheric contribution and are also sensitive to the
adopted Teff . Hence they are not reliable abundance diagnostics.

An idea of the appropriate C/He ratio can, however, be ob-
tained from comparison with the suggested relatives of R CrB
stars: EHe stars and the few “hot” R CrB stars where the ratio
is determined from C ii, C iii and He i. The EHe stars have a
low ratio, close to 1% (by number) and with a relatively small
scatter (Heber 1986) while the three known hot R CrB stars
have ratios both significantly higher (V348 Sgr, Leuenhagen &
Hamann 1994) and lower (MV Sgr, Jeffery et al. 1988). The
third hot R CrB star (DY Cen, Jeffery & Heber 1993) has C/He
similar to those of the EHe stars analysed so far. If an evolu-
tionary link between these classes exists, a similar ratio is to
be expected for the R CrB stars, and we therefore adopt 1% for
the standard grid. We have, however, experimented with a ratio
between 0.1% and 10%, as well as varying individual abun-
dances. The abundances used for the standard grid are mainly
taken from Lambert & Rao (1994) and, following these authors,
normalized to log

∑
i µiεi = 12.15, with µi being the atomic

weight of the element, and εi the abundance by number, see
Table 1.

In the present study we have calculated model atmospheres
with parameters in the range 5 000 ≤ Teff ≤ 9 500 K and
−0.5 ≤ log g ≤ 2.0 [cgs]. Certain low temperature – high grav-
ity and high temperature – low gravity models have not been
computed (in the first case since no R CrB or HdC stars are
expected to have those parameters; in the second case due to
convergence problem caused by too large super-Eddington lu-
minosities, see below in Sect. 3.2). We have adopted a microtur-
bulence of ξturb = 5 km s−1, mainly because the line opacities
for the code are only tabulated for certain choices of ξturb and no
interpolation is used, while the observed microturbulence val-
ues are typically 5-10 km s−1 (Lambert et al., in preparation).
The effect of the uncertainty in ξturb is discussed in Sect. 3.3.
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Table 2. Grid parameters

Teff log g Abundance variations
[K] [cgs]

5 000 -0.50 C/He=0.3, 1.0, 3.0%
0.00 C/He=0.3, 1.0, 3.0%
0.50 C/He=0.3, 1.0, 3.0%
1.00 C/He=0.3, 1.0, 3.0%

5 500 -0.50 C/He=0.3, 1.0, 3.0%
0.00 C/He=0.3, 1.0, 3.0%
0.50 C/He=0.3, 1.0, 3.0%
1.00 C/He=0.3, 1.0, 3.0%

6 000 -0.50 C/He=0.3, 1.0, 3.0%
0.00 C/He=0.1, 0.3, 1.0, 3.0, 10%
0.50 C/He=0.1, 0.3, 1.0, 3.0, 10%
1.00 C/He=0.1, 0.3, 1.0, 3.0, 10%

6 500 -0.50 C/He=0.3, 1.0, 3.0%
0.00 C/He=0.1, 0.3, 1.0, 3.0, 10%
0.50 C/He=0.1, 0.3, 1.0, 3.0, 10%
1.00 C/He=0.1, 0.3, 1.0, 3.0, 10%
1.50 C/He=0.3, 1.0, 3.0%

6 750 0.00 C/He=1.0%
0.50 C/He=1.0%
1.00 C/He=1.0%
1.50 C/He=1.0%

7 000 0.00 C/He=0.1, 0.3, 1.0, 3.0, 10%
0.50 C/He=0.1, 0.3, 1.0, 3.0, 10%
1.00 C/He=0.1, 0.3, 1.0, 3.0, 10%
1.50 C/He=0.3, 1.0, 3.0%

7 250 0.00 C/He=1.0%
0.50 C/He=1.0%
1.00 C/He=1.0%
1.50 C/He=1.0%

7 500 0.00 C/He=0.1, 0.3, 1.0, 3.0, 10%
0.50 C/He=0.1, 0.3, 1.0, 3.0, 10%
1.00 C/He=0.1, 0.3, 1.0, 3.0, 10%
1.50 C/He=0.3, 1.0, 3.0%

8 000 0.50 C/He=0.3, 1.0, 3.0%
1.00 C/He=0.3, 1.0, 3.0%
1.50 C/He=0.3, 1.0, 3.0%
2.00 C/He=0.3, 1.0, 3.0%

8 500 1.00 C/He=0.3, 1.0, 3.0%
1.50 C/He=0.3, 1.0, 3.0%
2.00 C/He=0.3, 1.0, 3.0%

9 000 1.00 C/He=0.3, 1.0, 3.0%
1.50 C/He=0.3, 1.0, 3.0%
2.00 C/He=0.3, 1.0, 3.0%

9 500 1.00 C/He=0.3, 1.0, 3.0%
1.50 C/He=0.3, 1.0, 3.0%
2.00 C/He=0.3, 1.0, 3.0%

A summary of the calculated models is presented in Table 2.
A shorter preliminary description of the models was given by
Gustafsson & Asplund 1996.

The numerical code solves the radiative transfer problem si-
multaneously with the equations of hydrostatic equilibrium and
flux constancy for the optical depth range −4.2 ≤ log τRoss ≤

1.6) for about 5 500 wavelengths. The method is a combina-
tion of the opacity sampling (OS) and the opacity distribution
function (ODF) methods, with the latter only used redward of
450 nm. The program is an extension of the original marcs-
code (Gustafsson et al. 1975). Convection is treated through
the mixing length theory with the mixing length parameter
l/HP = 1.6. A very similar version of the code has previously
been used in the investigation of the chemical evolution of the
Galactic disk by Edvardsson et al. (1993) and found to be stable
and quick to converge.

2.2. Opacities

2.2.1. Continuous opacities

The very different chemical composition of the R CrB stars rel-
ative to that of the Sun means that care must be taken when
choosing the continuous opacities for the atmospheric models.
We have included bound-free absorption for H, He, C, N, O, Mg,
Al, Si, Ca and Fe, both for neutral and singly ionised species.
For all these, except H and Fe, we have used data from the
Opacity Project (Seaton et al. 1994 and references therein) and
retrieved from the on-line database topbase (Cunto et al. 1993).
The photoionization cross-section data in topbase is given for
each atomic energy term (tens or hundreds of levels per species)
with a very fine frequency resolution (several hundred frequency
points per level). In many cases the cross-sections show very de-
tailed structure with strong resonances.

In order to reduce the cross-section data for each species
the first step was to smooth the cross-sections for each atomic
level. This was mainly done in order to ease computer mem-
ory requirements. The data for all levels of a species were then
multiplied with the appropriate Boltzmann factors (one for each
temperature) and added. The resulting curve was inspected and
the final wavelength points were chosen for each species so that
the remaining resonance structure and the ionization edges in
the most important wavelength intervals were reasonably rep-
resented.

One may, however, suspect that the initial smoothing will
destroy essential properties of the b-f opacity: strong resonance
peaks with low absorption in between. Therefore, the procedure
was repeated without the presmoothing for Ca i (the species
which shows most severe resonance structure in the visual and
near ultraviolet parts of the spectrum) and C i (which is the most
important of the atomic b-f opacity sources). The impact on the
atmospheric structure of these changes was, however, negligi-
ble. The resulting b-f absorption coefficients for 26 different
temperatures extending from 3000 to 36 000 K are tabulated in
the input files for the model atmosphere code.

The free-free opacity of the negative ions of helium (John
1994), carbon (Bell et al. 1988), nitrogen (Ramsbottom et al.
1992) and oxygen (John 1975) are of significance in these stars
and are taken into account. Free-free opacity for He i, C i and ii
(Peach 1970) has been incorporated together with those for H
and H−, though only found to be important in the infrared and
the deepest atmospheric regions with high temperatures.
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Electron scattering and Rayleigh scattering (against
H, He and C) are included in the source function
Sν = (κνBν + σνJν)/(κν + σν), with the first term representing
the thermal emission and the second the scattering contribution.

2.2.2. Atomic and molecular line opacities

The effect of line-blanketing in these objects with their low hy-
drogen content and thus reduced continuous opacity may be
expected to be important. Line data has been compiled from the
millions of lines computed by Kurucz (1989) for the iron group
elements (Ca-Ni) and tabulated for appropriate temperatures
and damping pressures for giants and supergiants. Furthermore,
absorption cross-sections from strong lines due to Na, Al, Mg
and Si (Wiese et al. 1969) as well as carbon line data from the
Opacity Project have been included, but found to be of minor
importance compared to the other bound-bound transitions. All
line opacities are treated with opacity sampling up to 450 nm,
and beyond that the ODFs of Gustafsson et al. (1975) have been
used. These ODFs were, however, calculated for a solar chemi-
cal composition. Due to the much higher mean molecular weight
of the gas in these hydrogen-deficient stars, a solar composi-
tion ODF will overestimate the opacity in m2 kg−1 for a given
T − Pe point, which must be compensated for. Each ODF is
multiplied with the molecular weight for the composition used
in the calculation of the ODF at this T − Pe, and divided by
the molecular weight for the (hydrogen-deficient) model atmo-
sphere composition. The underabundance of hydrogen for the
models compared to the ODFs causes an overestimate for this
line opacity. However, the main share of the total line opacity
is contributed by metals rather than hydrogen, and this effect is
neglected.

Several molecules (CN, CO, C2, NH, MgH, CH, OH, SiH,
SiO) have been considered, and their opacities are mainly in-
cluded by means of ODFs. The amount of molecular opacity
will probably be underestimated with the solar-like composi-
tion of the ODFs, since carbon and nitrogen are overabundant
in these stars, while the hydrides do not contribute significantly
to the molecular opacity for the relevant temperature range. Fur-
thermore, for λ > 720 nm only the line opacity from CO and
CN have been computed (in m2 per molecule; hence those ODFs
are not dependent on the chemical composition). Due to the rel-
atively small contribution from molecules we believe that this
omission will not have any significant effect on the resulting
model atmospheres, except possibly for the coolest models.

3. Physical properties of the models

3.1. General characteristics

Some examples of typical model atmospheres are given in
Fig. 1a–d. The temperature structures are steep indicating a large
amount of backwarming. Many models therefore suffer from
density and gas pressure inversions, which will be discussed
in some detail in Sect. 3.2. Compared to models with the same
parameters but with solar abundances the temperatures at depth
are significantly higher (up to 2 000 K) and due to the lower

Fig. 1a–d. The atmospheric structures for three models with different
Teff showing: a T (τRoss), b ρ(τRoss), c Pgas(τRoss) and d Pe(τRoss). All
models have log g = 0.5 [cgs], ξturb = 5 km s−1 and C/He=1%. Note
the density and gas pressure inversions in the inner layers

continuous opacities the gas and electron pressures are much
greater. Also evident from Fig. 1d is the independence of the
electron pressure on the effective temperatures for τRoss < 1,
in spite of significant differences in the temperature and gas
pressure structures. As Teff increases, the temperature increases
at all depths which leads to more ionization, but at the same
time the continuous opacity becomes greater. Hence a smaller
geometrical depth is encountered for a given τRoss where the
densities of electron donors are lower. These two opposite ef-
fects compensate each other for these models.

In Fig. 2 the most important opacity sources (Rosseland
means for τRoss > 0.5 and Planck means for τRoss < 0.5) are
plotted with C i bf controlling the absorption in the spectral line
forming region while helium takes over in the inner layers. How-
ever, electron scattering dominates outside τRoss ∼ 0.05 and
causes the slow decrease in κRoss towards the surface. C− is not
very important but He− can rival C i bf for models with a C/He
ratio of 0.3% and lower or for low effective temperatures. Other
significant elements are N and Mg. The ionization zone of car-
bon is seen in Fig. 2 as a decrease in opacity around τRoss ∼ 2
before helium starts to contribute significantly in deeper lay-
ers. However, carbon ionization starts already at smaller optical
depths, e.g. ∼ 50% of C is in the form of C ii at τRoss = 0.1
for our reference model (Teff = 7 000 K, log g = 0.5 [cgs],
ξturb = 5.0 km s−1, C/He=1%), but higher absorption coeffi-
cients for higher temperatures compensate the increased amount
of ionization until carbon is almost completely ionized.
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Fig. 2. The most important continuous opacity contributions as a func-
tion of depth for the reference model: Teff = 7 000 K, log g = 0.5
[cgs], ξturb = 5 km s−1 and C/He=1%. The thick solid line represents
the Rosseland mean opacity. The individual opacity sources are Rosse-
land weighted means for τRoss > 0.5 and Planck weighted means for
τRoss < 0.5. Notice the large discontinuity for He−, reflecting that the
opacity is mainly located in the IR

Convection is a relatively inefficient energy transport mech-
anism at the low densities encountered in these atmospheres.
For all models at most 1% of the total flux is carried by mixing
length convection above τRoss = 10, though the convective flux
increases rapidly at greater depths in the He ionization zone.
There is also convective motion present in the carbon ionization
zone at τRoss ∼ 1 but with negligible energy transport. Over-
shooting seems to be unimportant as seen by comparing the esti-
mated cooling time scale (τcool ≈ (1 + (ρκHP)2)/(16σT 3κ/cP))
and the convective time scale (τconv ≈ HP/vconv) for a rising
element (e.g. Nordlund 1974), due to the low opacity κ and
heat capacity cP of the gas. Here we have assumed that the mix-
ing length for a convection cell is roughly equal to the pressure
scale height HP. The uncertainty of the mixing length recipe
should therefore probably be relatively unimportant, at least in
the line-forming regions relevant for abundance analyses. Tur-
bulent pressure due to large-scale convective motion and micro-
turbulence is not included in the present models.

Typical values of the sound velocity in the models are about
5 km s−1, though slightly higher for τRoss > 1 and close to
the surface (τRoss < 10−3). This is unusually low for super-
giants and is an effect of the high molecular weight. These
low values may be compared to observed radial velocity vari-
ations for R CrB stars, with the largest amplitude found for
RY Sgr with at least ∆vradial ≈ ±20 km s−1 during a pulsa-
tion period, and the microturbulence parameters of typically
5-10 km s−1 as found from abundance analyses. Both RY Sgr
(Cottrell & Lambert 1982) and R CrB (Rao & Lambert 1996)
show line doubling, which has been interpreted as a shock sig-
nature, which would be compatible with the calculated sound
velocities here. Other R CrB stars with large velocity variations
(with e.g. ∆vradial ≈ ±15 km s−1 for V CrA and GU Sgr, Her-
big 1994) should also show line doubling, at least for the strong
lines, but this has not yet been reported.

3.2. Density inversions and super-Eddington luminosities

Due to the low densities and high luminosities experienced in
the models, a density inversion occurs in the innermost layers
(τRoss >∼ 3), as can be seen from Fig. 1b, which is related to the
ionization zone of helium. It is also connected to the driving of
the pulsations for these stars through the so called strange mode
instabilities, where the pulsation energy is trapped inside the
inversion zone (Gautschy & Glatzel 1990). A density inversion
is not inhibited by a Rayleigh-Taylor instability, if convection
is present (Glatzel & Kiriakidis 1993). Also, a gas pressure
inversion reverses the direction of the local acceleration and
therefore the criteria for a Rayleigh-Taylor instability are not
fulfilled (Wentzel 1970).

Effects contributing to the occurrence of a density inversion
(i.e. dρ/dPtot < 0) can be found from a look at the equation of
state, which we write as:

Ptot = Pgas + Prad =
RρT

βµ
(1)

to include the radiation pressure. Differentiating and rearranging
leads to:

d lnρ
d lnPtot

=
d lnβ

d lnPtot
+

d lnµ
d lnPtot

+ (1−∇), (2)

where ∇ ≡ d ln T/d ln Ptot denotes the actual temperature gra-
dient. The second term on the right hand side is always nega-
tive in an ionization zone. In our models the first term is neg-
ative and ∇ is greater than 1 in the upper layers of the den-
sity inversions which are seen in our models. The dominating
term, however, is the one due to a changing molecular weight
in our case. Although sometimes suggested in the literature
(e.g. Maeder 1989), a density inversion is not caused by a local
super-Eddington luminosity. Many stellar models show density
inversion without a super-Eddington luminosity being present,
though for some models these two phenomena may be present
simultaneuosly. Both have their origin in an ionization zone,
which causes a decrease in molecular weight (density inver-
sion) and a high opacity (gas pressure inversion). For “normal”
stars ionization of hydrogen and for R CrB stars ionization of
He may cause such inversions in the atmospheres.

Proceeding towards lower gravities (higher luminosity-to-
mass ratio) for a given effective temperature, one finds that the
resulting model atmospheres first show a density inversion (at
log g = 3.5 [cgs] for Teff = 5 000 K and a R CrB star com-
position), followed by super-Eddington luminosities. The latter
also result in gas pressure inversions, since hydrostatic equi-
librium demands an inversion to occur to counterbalance the
otherwise unstable situation. The Eddington limit is reached
when the outwards directed radiative acceleration equals the
gravitational acceleration inwards: Γ = grad/g = 1 (our usage
of the term the Eddington limit is defined by this condition.
Originally, Eddington (1926) studied the case when electron
scattering is the dominant opacity source, and therefore a more
suitable term in the present case might be the opacity-modified
Eddington limit). This does not, however, automatically cause
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an outflow of material if Γ > 1 occurs for τRoss > 1, since
a positive gas pressure gradient may compensate the negative
radiation pressure gradient in hydrostatic equilibrium:

1
ρ

dPgas

dr
= −geff = −g(1− Γ), (3)

with the radiative acceleration defined as

grad =
1
c

∫ +∞

0
κνFνdν, (4)

Fν being the physical flux andκν the mass extinction coefficient
(including scattering and with dimension m2 kg−1). Crucial for
a gas pressure inversion to develop is that the continuous opac-
ity dominates the line opacity in the region, or else material is
accelerated outwards as in the winds of hot stars. The realization
that gas pressure inversions may develop is not new: an early
discussion on the topic was given by Mihalas (1969). However,
little progress has been reported regarding the stability of such
an atmosphere.

At yet lower gravities the models are constrained by the
requirement that the density and the gas pressure should not be-
come negative. Numerical convergence problems for our models
have prevented us from reaching this strict limit, and its loca-
tion in theTeff–log g diagram can only be estimated by uncertain
extrapolation. However, with our code there is no problem to
construct model atmospheres with a super-Eddington luminos-
ity locally. The opacity will not necessarily be dominated by
electron scattering in the critical layers with geff < 0, as have
sometimes been claimed in the literature (e.g. Humphreys &
Davidson 1994; Nieuwenhuijzen & de Jager 1995), as our mod-
els demonstrate. Also, the density and gas pressure need not be
zero, though the gas pressure gradient may be. Hence there is
no direct reason why the Eddington limit cannot be achieved
as a star evolves. However, it is possible that some kinds of in-
stabilities occur as the star crosses the Eddington limit, or even
somewhat earlier. Further work on the possibility of such insta-
bilities is in progress and will be described elsewhere (Asplund,
in preparation). Comparison with recently determined param-
eters of R CrB stars indeed suggests a connection between the
Eddington limit and the decline events of the stars, and also
a similarity between the R CrB stars and the Luminous Blue
Variables, such as η Carinae and P Cygni (Asplund & Gustafs-
son 1996).

3.3. Effects of uncertainties in the fundamental parameters

Effective temperature estimates from observed line strengths in
R CrB stars often have typical uncertainties of at least 250 K. In
Fig. 3a the effect of such a change on the model structure is seen
by comparing the models with Teff = 6 750 and 7 250 K with the
reference model with Teff = 7 000 K (all three for log g = 0.5).
As expected, the higher the effective temperature the lower the
gas pressure and density will be for a given optical depth, due to
the increase in opacity for higher temperatures. At the surface
the difference in temperature is only 300 K while at depth it

Fig. 3a–d. The effects on the model atmosphere when changing the
fundamental parameters and abundances compared to the reference
model with Teff = 7 000 K, log g = 0.5 [cgs], ξturb = 5 km s−1 and
C/He=1%: a changes inTeff , b in log g, c in ξturb and d in C/He ratio. The
left panels show the temperature variations compared to the reference
model and the right panels the effects on the electron pressure

approaches 1 000 K. The higher temperatures compensate the
lower gas pressures for the warmer model by increasing the
amount of ionization, which results in similar electron pressures,
especially for τRoss < 1.

In Fig. 3b the variations due to gravity changes are displayed.
For the more extended models, the gas and electron pressures
naturally become smaller as is immediately seen from the equa-
tion of hydrostatic equilibrium. The temperature structure re-
mains roughly the same, though at depth the temperatures are
slightly higher due to the less efficient convection for the low
gravity models.

A change in the microturbulence parameter will affect the
amount of backwarming, which is illustrated in Fig. 3c. The
temperature and electron pressure in the outer layers are mainly
unaltered but due to the greater blocking for larger line broad-
ening the model with ξturb = 10 km s−1 is about 500 K warmer
in deep layers. Observed microturbulences for R CrB stars are
∼ 5 − 10 km s−1, while our grid is calculated with 5 km s−1,
but the model difference will not be very large for the line-
forming regions. Furthermore, if mass-loss is present, observed
microturbulence parameters may be overestimated (Lamers &
Achmad 1994).
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3.4. Effects of abundance variations

A major problem in constructing model photospheres of R CrB
stars is the large uncertainty in the C/He ratio due to the above-
mentioned difficulty in determining the ratio from observations.
In the outer layers, helium mainly acts as an inert element, since
it only directly affects the gas pressure and molecular weight and
does not influence the opacity or the number of free electrons.
Therefore, a different He abundance is equivalent to a change
in the surface gravity, as has previously been demonstrated for
solar-type dwarfs by Strömgren et al. (1982). Following the
discussion in Strömgren et al. (1982) we can derive a similar
formula for hydrogen-deficient stars, if we assume the number
densities of the elements to be NC = NN = 4NO and ignore all
other elements but He. If He is an inert element, provided the
gravities of the two models with different C/He (number) ratios
(here denoted by z) are related by

g2 = g1 ·
(

1 + 4
30z1

)
(

1 + 4
9z1

) ·
(

1 + 4
9z2

)
(

1 + 4
30z2

) , (5)

they should have similar T (τRoss) and Pe(τRoss) and hence show
similar spectra. A change of C/He from 1% to 3% will have the
same effect as an increase in log g by 0.04, and therefore the
same abundances would be derived when using these two mod-
els. Note that the changes are opposite compared to the corre-
sponding case with solar abundances, since increasing C/He also
increases Pe for a given τRoss due to more ionization of carbon.
The computed models are indeed similar in theirPe (τRoss) struc-
tures, but some temperature variations arise since Pgas(τRoss) is
very different in the two models. With a higher C/He,Pgas(τRoss)
is lower and hence pressure broadening is relatively less impor-
tant. Therefore the amount of backwarming decreases which
causes the temperature difference of about 200 K at τRoss = 1.
This also explains the difference in flux distribution and pho-
tometric colours between models with different C/He ratios, as
described below in Sect. 5 and Sect. 6.

Since κRoss will be higher when increasing the C/He ratio,
lower densities and gas pressures will result. Counterbalanc-
ing the smaller densities, an increased amount of ionization of
carbon leaves the electron pressure less affected than the gas
pressure. A higher C/He ratio diminishes the importance of the
line opacity and less backwarming is to be expected, which is
supported by Fig. 3d. However, at great depths this decreased
backwarming is offset by the less efficient convection, due to
the lower densities, which increases the temperature.

With the hydrogen abundance adopted for the standard mod-
els (log εH = 7.50) this element is a trace element and no change
is apparent when decreasing it further. However, a significantly
higher hydrogen content, as in e.g. V854 Cen, will affect the
models since the importance of the opacity contributed by H
rivals the bound-free absorption from both He i and C i. The
increased opacity will lower the densities and gas pressures for
τRoss > 1 the same way as a higher C/He ratio does. A H-
abundance of 11.00 decreases the densities and pressures for
τRoss < 1 by some 20-40 %. The diminished importance of

Fig. 4. The temperature difference when neglecting all line opac-
ity (solid) compared to our reference model with Teff = 7 000 K,
log g = 0.5 [cgs], ξturb = 5 km s−1 and C/He=1% (dashed). Also shown
is the effect when using solar abundances instead (dotted)

the line opacity leads to significantly lower temperatures for
τRoss > 0.01, while closer to the surface the smaller amount of
surface cooling due to lines shows up. At τRoss = 1 the tem-
perature difference is 500 K but further in it can reach 1 500 K,
compared with our reference model. In Fig. 4 the temperature
difference between a model with solar abundances and one with
an R CrB composition is plotted, vividly showing the steep tem-
perature gradient for the hydrogen-deficient stars.

3.5. Effects of line blanketing

The effects of line-blanketing on the model atmospheres of
R CrB stars are severe and strongly limits the usefulness of non-
blanketed models. With a deficiency of hydrogen, the continu-
ous opacity is reduced relative to the line opacity, which leads
to a relatively larger importance of lines. The difference rela-
tive to a model without the line opacity is illustrated in Fig. 4,
which shows a backwarming of 2 000 K and a surface cooling
of 750 K for our reference model. This should be compared
with the effect on a model with the same stellar parameters but
with solar abundances rather than a typical R CrB composition.
In this case the backwarming and surface cooling amounts to
900 K and 800 K respectively.

An uncertainty in the present models is of course the use
of ODFs with solar-like metallicity for wavelengths between
450 nm and 720 nm (beyond 720 nm only ODFs containing CO
and CN opacities are used which are tabulated per molecule).
However, the typical composition of a R CrB star is roughly
similar to the solar case (Lambert & Rao 1994), with the obvi-
ous exception of hydrogen, which does not contribute the main
fraction of the line opacity. Therefore, a drastically different to-
tal line opacity for R CrB-like ODFs compared to the ones used
here is not expected when using the above-mentioned compen-
sation for the difference in molecular weight.

Only some 200 carbon lines are included in the present study
with the OS technique and only for λ < 450 nm with data taken
from the Opacity Project. Ignoring this line-opacity has no effect
on the computed models (∆T < 1 K). It is possible that a veil
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of many more weak carbon lines in the visual and infrared could
modify the model structures but we find it less likely that they
cause a major effect in view of the small effects of the carbon
lines taken into consideration. Carbon is a relatively simple atom
and strong effects from a wealth of weak lines not included here
are not expected.

3.6. Effects of sphericity

Due to the large luminosity-to-mass ratio encountered in these
stars, the atmospheres are extended and the effect of sphericity
may be significant. Following Gustafsson et al. (1975) a zero
order estimate of the temperature effects is obtained from the
differences in flux and radius:

0 =
∆F
F

≈ 4∆T

Teff
+

2∆R

R∗
. (6)

For our reference model with Teff = 7 000 K and log g = 0.5,
the temperature corrections would be −140 K, −90 K, −60 K
and −30 K at log τRoss = −4,−3,−2, and −1, respectively,
assuming M∗ = 0.85 M�. Naturally, the more extreme mod-
els at lower log g will have larger relative temperature changes.
In Fig. 5a we present the relative thickness of the atmosphere
∆z/R∗ (with the thickness defined as ∆z = R(τRoss = 10−4)−
R(τRoss = 10)) for different parameters, assuming a stellar
mass of 0.85 M� (as suggested by evolutionary and pulsa-
tional studies of R CrB stars, such as Weiss 1987a,b). A sim-
ple rule of thumb is that the sphericity effects become signif-
icant for ∆z/R∗ ≥ 10 %. The figure suggests that the plane-
parallel approximation can be justified for log g ≥ 0.0 [cgs] and
Teff ≤ 7 000. For higher Teff ’s significant sphericity effects set
in at somewhat higher gravities.

For comparison we have included relevant continuous opac-
ities in the spherical model atmosphere code sosmarcs and in
the plane-parallel version plamarcs of B. Plez (both entirely
OS and also based on the original marcs-code of Gustafsson
et al. 1975, Plez et al. 1992), though without the important line-
blanketing. The agreement between plamarcs and our code
when neglecting the line opacity is very good. The spherical
models (assuming M∗ = 0.85 M�) are, as expected, cooler at
the surface compared to the corresponding plane-parallel mod-
els and have roughly the same temperature structure at depth
(less than 100 K warmer), which is seen in Fig. 5b. The temper-
ature corrections are only slightly larger than those estimated
following Eq. 6, while the gas pressure is actually about 10%
larger at a given optical depth. This is due to the lower κRoss re-
sulting from the lower temperatures, but the electron pressures
are lower by about the same amount due to less ionization. The
flux distributions of the two models show no significant differ-
ence. It is expected that the inclusion of atomic and molecular
lines would make the atmosphere more extended and cool the
surface even further. New spherical, hydrogen-deficient opacity
sampling model atmospheres are under construction.

Fig. 5. a The thickness of the model atmosphere as defined by
[R(τRoss = 10−4) − R(τRoss = 10)/R∗] for different temperatures
and gravities. The stellar mass is assumed to be 0.85 M�. b The
temperature differences when using spherical symmetry (solid) rather
than plane-parallel (dashed) model atmosphere codes for our reference
model. Only continuous opacities are included andM∗ = 0.85 M� has
been assumed

3.7. Effects of departures from LTE

The present models are based on the LTE assumption and its
relevance must be questioned in these supergiants. The most
important element is carbon and Asplund & Ryde (1996) have
therefore investigated possible departures from LTE for this ele-
ment with a restricted NLTE analysis (i.e. statistical equilibrium
calculations with LTE model atmospheres) using multi (Carls-
son 1986) and a very extensive model atom with 217 atomic
levels and 453 radiative transitions. The effects are found to be
small, especially in the line-forming region (Asplund & Ryde
1996), in fact smaller than for the Sun. The NLTE population for
any atomic level of carbon differs by less than 10% compared to
the LTE value in the line forming region (log τRoss ≥ −2.5), and
not at all for the lowermost levels of C i and C ii. The derived
carbon abundances from optical absorption lines have typical
NLTE correction factors smaller than 0.05 dex. The basic rea-
son for the small departures from LTE is the lowJν/Bν values in
the UV region as a result of the severe line-blocking, which pre-
vent strong photoionization. Significant overionization of car-
bon which would have affected the structure of the models is
therefore probably not present. Also, the much higher densities
in R CrB stars than in stars with normal solar-like abundances
with similar fundamental parameters increase the importance of
collisions and hence tend to restore LTE. Therefore, the assump-
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Fig. 6. Comparison of a line-blanketed model atmosphere (solid) with
a Schönberner model (dashed) with the same parameters (Teff = 7000,
log g = 0.5 [cgs] and C/He=3%). Rosseland optical depths are marked
along the curves

tion of LTE seems to be a fair approximation, perhaps somewhat
surprisingly considering the low gravities.

4. Comparison with previous models

A reasonable treatment of the line-blanketing in model atmo-
spheres of R CrB stars has long been urged. The models of
Schönberner (1975) contain no line-blanketing. Jones (1991)
modified an existing marcs-code (Gustafsson et al. 1975) to
include more continuum opacity sources but the lines were only
treated through solar-metallicity ODFs and with now outdated
continuum opacities. Furthermore, Jones seems not to have
compensated the hydrogen-rich ODFs for the very different
molecular weight in R CrB stars as described above. Neither
Schönberner nor Jones have published their models and only
used them for abundance analysis. The effort to track down
Jones’ models proved unsuccessful and hence we can only com-
ment on the differences between our models and Schönberner’s.

Due to the neglect of line opacity, Schönberner’s models
are much more compact and lack the steep temperature gra-
dient of the present models. These differences can be seen in
Fig. 6 for a model with Teff = 7 000 K and log g = 1.0 [cgs]
and with the same chemical composition (C/He=3%). At the
surface (log τRoss = −3.6 in Schönberner’s model) the tem-
perature is 400 K cooler in the present model while at the bot-
tom of the atmosphere the increased backwarming results in
a temperature difference larger than ∼ 2 000 K. This enables
our models to reproduce observed features such as C2 and He
lines with consistent parameters, in contrast to non-blanketed
models. The higher continuous opacities in our models result
in lower gas pressures, except for close to the surface where
the higher temperatures in the non-blanketed model leads to a
higher κRoss. The electron pressures are larger in our models

Fig. 7. The flux distribution of our reference model (thick solid) com-
pared to a blackbody distribution with the same temperature (thin
solid), an R CrB model with only continuum opacities (dashed) and
a line-blanketed model with solar abundances (dotted)

in the line-forming regions due to the higher temperatures and
hence larger ionization. Schönberner’s models are very simi-
lar to models computed with our program if the line opacity is
neglected.

5. Comparison of calculated and observed flux distribution

The large amount of line opacity forces parts of the flux in the
UV towards longer wavelengths, which is illustrated in Fig. 7.
For clarity all model atmosphere fluxes are smoothed with a
rectangular passband with ∆λ = 2 nm and the fluxes in the
ODFs have been randomly distributed within each ODF before
smoothing to avoid unrealistic bias with wavelength. Compared
to the Planck distribution for the same temperature and the flux
from the model with only continuum opacity, the flux distribu-
tion of our reference model looks very different. As a result too
low Teff ’s are estimated for R CrB stars from photometry when
only using Planck curves or non-blanketed model fluxes (e.g.
Goldsmith et al. 1990). Compared to normal stars, R CrB stars
suffer significantly more line-blocking as seen in Fig. 7, which
explains their redder colours. The flux distributions of R CrB
models are less sensitive to the adopted gravity but the models
with a smaller C/He ratio are bluer as a result of being hotter in
the continuum forming layer due to increased backwarming.

It is important to compare the model fluxes with observed
fluxes, in order to estimate whether the model atmospheres
describe the stars adequately. For this purpose spectrophoto-
metric data for the eponymous star R CrB close to pulsational
maximum were kindly provided by N.K. Rao. The flux mea-
surements were dereddened using E(B-V)=0.05 (Rao 1995) and
Seaton’s interstellar reddening curve (Seaton 1979). Ultraviolet
fluxes have been obtained from the IUE Uniform Low Disper-
sion Archive, and we have used the good quality observation of
August 17, 1979, with the LWR camera (∆λ = 0.6 nm), when
R CrB was out of minimum and at a similar pulsational phase
as at the time of the visual observations. The data was dered-
dened the same way as the visual fluxes. The J and H magnitudes
were taken from the literature (Glass 1978), which causes some
uncertainty since the visual and IR fluxes are not necessarily
measured at the same pulsational phase. However, the light am-
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Fig. 8. a Comparing the narrow-band fluxes (triangels) of R CrB with
our best fit with Teff = 6 900 K and log g = 0.5 [cgs] (solid line). In-
frared magnitudes where taken from Glass (1978), while ultraviolet
fluxes (dashed) where obtained from the IUE Ultraviolet Low Disper-
sion Archive. b An enlargement of the ultraviolet region

plitude is small for R CrB, ∆V ' 0.2, and should be even less
for the J and H bands.

In Fig. 8 the observed fluxes of R CrB are compared to the
best fitted model with Teff = 6 900 K and log g = 0.5 [cgs],
and using the individual abundances for the star (Lambert et al,
in preparation) rather than the abundances in Table 1, but still
assuming C/He=1%. The overall agreement is clearly very sat-
isfactory, even in the UV region, and certainly shows a much
more realistic flux distribution than the non-blanketed models
previously published (e.g. Goldsmith et al. 1990). The fit can-
not carefully constrain the gravity of the star, though the sit-
uation improves slightly if one instead uses C/He=0.3% and
Teff = 6 800 K. The latter is due to shifting part of the flux
towards shorter wavelengths since the backwarming increases
with a lower C/He ratio (see above). The quality of the fits using
different C/He ratios does not, however, admit any estimate of
the C/He ratio for R CrB with the present observations. One can
imagine though that carefully comparing the flux distributions
together with spectroscopic analysis of various Teff and log g
indicators could allow an estimate of the C/He ratio.

Even for the best fit to R CrB the model overestimates the
fluxes slightly around λ = 500 nm. One should remember how-
ever, that synthetic spectra have not been used longwards of
450 nm and, for example, the C2 absorption in this wavelength
region may be too small when using ODFs. In the infrared there
seems to be too little model flux. This discrepancy corresponds
to about 16% of the total flux at J (0.m16) and 21% at H (0.m21).

It could either be due to circumstellar material or different ob-
serving epochs for the visual fluxes and the IR magnitudes. The
errors in the IR flux calibration could also be partly responsi-
ble. The larger disagreement at longer wavelengths suggests the
influence of circumstellar dust.

If the excess is due to circumstellar material one may es-
timate its blackbody temperature to Tbb ≈ 2 000 K, which is
not far from the dust condensation temperature and higher than
the characteristic temperature for the circumstellar shell which
typically is 700 K (Kilkenny & Whittet 1984). Hence we may
be witnessing the effect of recent dust formation off the line-of-
sight before it has been accelerated outwards and cooled down.
If we assume the dust to be optically thin for IR wavelengths
we can estimate the mass of the dust cloud from the formula

Mdust =
4d2Fλ

κλBλ(Tdust)
, (7)

which is derived from the Kirchhoff-Planck law. Here d is the
distance (assuming MV = −5), Fλ the excess flux and κλ the
dust opacity (in m2 kg−1) adopted from Koike et al (1980) for
amorphous carbon, which is the type of dust believed to form
around R CrB stars (e.g. Hecht et al 1984). The estimated Mdust

is then∼ 10−11 M�, which corresponds to∼ 10−8 M� for the
mass of the cloud if 10% of all C condenses into dust, which is
in agreement with previous estimates (e.g. Feast 1986).

There are a few other discrepancies between the observed
and calculated model fluxes, most notably around Hα and Hβ
where the ODFs naturally largely overestimate the opacity.
Around the Ca ii H and K lines there also seems to be too little
model flux, which is probably due to a combination of a large
amount of atomic lines in the region and a large Ca-resonance
from the Opacity Project data (the latter is seen in the fluxes
for a model with only continuous opacities). Interestingly, the
spectral region corresponds roughly to the unidentified extended
emission found for RY Sgr during two different deep minima
(Alexander et al. 1972; Asplund 1995).

From the observed photometry and the infrared flux method,
we can estimate an effective temperature of R CrB of 6 600 K.
For this exercise we have used model atmospheres with the
individual abundances of R CrB rather than the standard abun-
dances of the grid models. If there is a contribution from dust
emission in the infrared the effective temperature will be higher.
Assuming all the excess light in J and H compared to the model
fluxes being due to circumstellar dust, we derive a tempera-
ture of 6 900 K. We emphasize, however, the uncertainty which
arises when all fluxes are not obtained at the same epoch.

6. Photometry

No theoretical photometry for hydrogen-deficient stars has pre-
viously been published, which has prevented easy estimates of
effective temperatures for a large sample of these stars. We pub-
lish here such data, however, only based on model fluxes instead
of detailed synthetic spectra as a first step. Our primary calibra-
tion source is a Vega-model (Teff = 9 650, log g = 3.90 [cgs],
[Fe/H] = 0.0, ξturb = 2.0 km s−1, Dreiling & Bell 1980) which
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Fig. 9. TheB−V ,V −R,V −J andV −K colours as functions ofTeff

for selected models with different log g and C/He ratios. Squares refer
to C/He=1% while triangles represent C/He=0.3%. Open symbols are
for log g = 1.0 [cgs] and filled symbols log g = 0.5 [cgs]

we define to have all colours equal to 0.00. As a test of the accu-
racy of the derived photometric data we have compared a solar
model (Teff = 5 780, log g = 4.44 [cgs], [Fe/H] = 0.0, ξturb =
1.0 km s−1) with observations and found gratifying agreement,
e.g. (B− V )model = 0.67 and (B− V )obs = 0.63− 0.69 (Hayes
1985), also for the IR colours. The transmission filters used for
the computations were those of Bessell (1990) for UBVRI and
Bessell & Brett (1988) for JHKLM. Before the calculations of
the colours, the fluxes within each ODF (10 nm wide) have been
randomized to avoid unphysical bias with wavelength; all mod-
els have the same randomization with wavelength. In Fig. 9 we
present B − V , V − R, V − J and V − K as a function of
effective temperature for different gravities and C/He ratios.

The B − V colour is a good measure of the effective tem-
perature. However, it is also dependent on C/He and gravity. A
lower C/He ratio increases the backwarming, see Fig. 3d, which
decreases B − V for a given Teff . On the other hand, decreas-
ing log g cools the surface slightly, which explains the higher
B−V . The importance of the line blanketing in these hydrogen-
deficient stars is seen by comparing with the colours for models
with solar abundances which have about 0.4 lower B − V for
the same stellar parameters.

V − R is rather insensitive to gravity changes and its be-
haviour with Teff is similar to B−V . However, the dependence
of V −R on C/He is opposite that ofB−V : a smaller ratio leads
to slightly higher V −R. This may, however, well be an effect of
the use of ODFs in the colour calculations. V −J and V −K are
not very dependent on C/He, but are rather sensitive to gravity
changes, in particular for the low effective temperatures. This
is an effect of the increased amount of absorption from CO and
CN in the IR, due to the higher densities for higher log g. In fact,
the V − J curve flattens out as Teff goes below about 6 000 K
when molecular absorption becomes very significant. Due to
the use of ODFs, the colours may be systematically affected
and the values presented here should be taken as preliminary.

6.1. Comparison between observed and theoretical colours

We now compare the observed colours of R CrB stars and HdC
stars with observed colours in order to estimate effective tem-
peratures. Some uncertainty arises when comparing with spec-
troscopically derived values due to different pulsational phases,
which can change Teff significantly. Furthermore, abundance
variations between those used for the grid presented here and
the individual stellar abundances may cause systematic errors
in the determination of the stellar parameters.

During a pulsational period of R CrB, (B − V )0 varies be-
tween 0.46 and 0.56 (Fernie & Seager 1994; Rao 1995). From
Fig. 9 we estimate Teff to vary between 7 200 and 7 400 K,
assuming C/He=1%. For a lower C/He of 0.3% these values
would be about 200 K lower. Reasonable changes of the grav-
ity leads to revisions of Teff by less than 100 K. These photo-
metrically estimated Teff ’s are significantly greater than those
derived from IRFM (6 600-6 900 K, see discussion above), flux
fitting (6 900 K) and spectroscopic analysis (6 250-6 750 K, Rao
& Lambert 1996). However, it should be remembered that the
colours in Fig. 9 are calculated from the models with the stan-
dard abundances given in Table 1. Using theB−V colours from
model atmospheres with the individual abundances of R CrB
(Lambert et al, in preparation), Teff varies between 6 800 and
7 100 K during a period, which is in better agreement with the
other methods. The difference in photometric colours for R CrB
are due to lower abundances of metals in R CrB compared to
the standard abundances used for the grid models, which de-
creases the line-blocking in the UV and blue. Again assuming
C/He=0.3% instead of 1% would further lower the temperatures
by about 100 K. The temperature difference that still remains be-
tween the photometry and the other temperature indicators may
be due to an underestimate of, for example, the C2 opacity in
the models, which would make the B − V colours systemati-
cally too high for Teff <∼ 7 000 K. Fig. 8 supports this since the
observed fluxes are smaller than the model predictions around
500 nm.

In Table 3 we presentB−V colours and reddening estimates
(Lawson et al 1990; Rao 1995) for some R CrB and HdC stars,
together with the estimated effective temperatures as judged
from B−V . V854 Cen and HD 148839 are not included due to
their unusual high H abundances compared to other members
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Table 3. Photometry and estimated effective temperatures of some
RCB and HdC stars

Star (B − V ) E(B − V ) Teff (B − V ) T a
eff

[K] [K]

V3795 Sgrb 0.98 0.79 8 500 8 000
VZ Sgrb 0.73 0.50 8 300 7 800
UW Cen 0.65 0.32 7 900 7 400
RY Sgr 0.47 0.13 7 900 7 400
UV Cas 1.37 1.01 7 800 7 300
Y Mus 0.92 0.50 7 700 7 200
UX Ant 0.55 0.06 7 400 6 900
XX Cam 0.87 0.27 7 100 6 600
SU Tau 1.10 0.50 7 100 6 600
V CrAb 0.73 0.14 7 100 6 600
RS Tel 0.81 0.17 7 000 6 500
RZ Nor 1.16 0.51 7 000 6 500
RT Nor 1.11 0.39 6 800 6 300
GU Sgr 1.19 0.37 6 700 6 200
U Aqr 0.95 0.05 6 500 6 000
S Aps 1.21 0.05 5 900 5 400
WX CrA 1.26 0.06 5 800 5 300
HD 173409 0.89 0.05 6 600 6 100
HD 182040 1.05 0.05 6 100 5 600
HD 175893 1.15 0.05 6 000 5 500
HD 137613 1.19 0.05 5 900 5 400

a The photometrically estimated Teff ’s have been subtracted by 500 K
to agree better with the spectroscopically obtained values (Lambert et
al., in preparation), see text
b Star has different chemical composition compared to the majority of
RCB stars (Lambert & Rao 1994)

of the class, which make their B − V colours bluer for a given
Teff . Some uncertainty in Teff arises due to the B − V depen-
dence on gravity and C/He ratio, as well as the poorly known
reddening, both interstellar and circumstellar. When comparing
these values with estimates from a recent abundance analysis
of warm R CrB stars (Lambert et al., in preparation), one finds
that the photometric colours systematically give larger Teff ’s by
about 500 K. Therefore, all temperatures in the fifth column in
Table 3 have been subtracted by 500 K to better agree with the
spectroscopic values. We attribute the difference to a too high
metallicity for the present models, which increases the blocking
in the blue and UV and hence makes the colours redder. Typ-
ically, the abundances derived using these model atmospheres
are 0.5 dex smaller (Lambert et al., in preparation) compared to
for non-blanketed models (Lambert & Rao 1994) on which the
abundances used here have been based. As seen above for R CrB,
using the individual abundances for each star makes the spec-
troscopically and photometrically determined parameters agree
within the expected errors. This is further seen by noting the
larger disrepancy for the different Teff ’s for VZ Sgr and V CrA
with the temperature estimates differing by about 1 000 K. Both
have significantly lower Fe abundances compared to the ma-
jority of R CrB stars (Lambert & Rao 1994), which decreases
B − V further. Unfortunately, no reliable temperatures have

Fig. 10. a The observed C2 Swan (0-1) band around 563.5 nm in
the R CrB star V482 Cyg (solid) compared to synthetic spectra of
three models: Teff = 6 500, log g = 0.5 [cgs] (dotted); Teff = 6 500,
log g = 1.0 [cgs] (short dashed); Teff = 7 000, log g = 1.5 [cgs] (long
dashed). All models have C/He=1.0%. Notice the insensitivity on stel-
lar parameters of the strength of the C i line at 563.0 nm. b The he-
lium triplet at 587.6 nm for four different models with Teff = 7 000,
log g = 1.0 [cgs] (dotted);Teff = 7 000, log g = 0.5 [cgs] (long dashed);
Teff = 8 000, log g = 1.0 [cgs] (solid); and Teff = 8 000, log g = 0.5
[cgs] (dashed)

been published for the HdC stars, which prevents a discussion
on the consistency between photometry and spectroscopy for
those stars.

Finally, we once again emphasize that synthetic spec-
troscopy has not been employed here for the calculation of
the colours, which could possibly introduce systematic effects.
Therefore care must be exercised when using the photometry
presented and the colours should be considered as preliminary.
There is, for example, an obvious problem with the theoretical
V − J and V −K since the observed colours are significantly
larger, which is also seen in colour-colour diagrams. This could
indicate an underestimate of the assumed reddening, contamina-
tion by circumstellar material or possibly that detailed synthetic
spectroscopy is necessary. Further work to resolve this question
is in progress.

7. Synthetic spectroscopy

The steep temperature gradient of R CrB stars is perhaps best
illustrated by the emergent spectra. Observed R CrB stars show
the presence of C2 even for as high effective temperatures as
7 000 K, and for the same temperature He i and C ii lines are
visible. The computed synthetic spectra show strong molecular
bands, due to e.g. C2 in agreement with observations. In Fig. 10a
synthetic spectroscopy of the C2 Swan (0-1) band at 563.5 nm
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are presented for three different models and compared with ob-
servations for the R CrB star V482 Cyg. The synthetic spec-
tra have been convolved with a gaussian profile with a width
of 10 km s−1, representing both the instrumental profile and
the macroturbulence in the star, and only line opacity due to
C2 and C i has been included. The strength of the band head
can be well fitted with either a model with Teff = 6 500 K and
log g = 0.5 [cgs] or Teff = 6 750 K and log g = 1.3 [cgs]. In the
same figure one can also notice the insensitivity of the strengths
of the C i lines on the stellar parameters as a result of the contin-
uous opacity being due to atomic levels of carbon with similar
excitation energies as the observed lines. However, the observed
line in Fig. 10a is significantly weaker than the predicted values
using the input carbon abundance, as for all other C i lines. This
problem is further discussed in Gustafsson & Asplund (1996)
and in Lambert et al. (in preparation).

In the IR, CO vibration-rotation bands are predicted to be
visible up to Teff ≈ 7 000 K, though they may be masked by
the emission from the circumstellar dust shell, in particular for
the fundamental bands around 4.3µm. The first overtone of
CO around 2.3µm should be present for cooler Teff than about
6 500 K, which is also seen for several of the cooler R CrB and
HdC stars (Asplund et al., in preparation). Sphericity is likely to
further cool the surface and hence make such molecular bands
visible in spectra of slightly hotter models.

The high temperatures encountered at depth enables both
lines due to helium and singly ionized carbon to be present. In
Fig. 10b the helium triplet blend at 587.5 nm is plotted for four
models with Teff = 7 000 and 8 000 K and log g = 0.5 and 1.0
[cgs]. In reality the helium feature is blended by neighbouring
C i lines but this has been ignored in the figure. The Boltzmann
factor for the He i line will be a factor 10 larger (the temper-
ature difference is about 500 K in the line-forming region) in
line-blanketed R CrB models compared to both non-blanketed
models and models with solar abundances as seen in Fig. 4, and
hence makes the line visible even at low effective temperatures.

8. Concluding remarks

We have presented new line-blanketed model atmospheres for
hydrogen-deficient stars, such as R CrB and HdC stars, to be
used for abundance analysis and for investigation of the at-
mospheric stability. The line opacity and improved continuous
opacities greatly affect the models and make the temperature
gradients much steeper than for previously published models.
This explains the presence of molecular bands (e.g. C2) even for
effective temperatures as high as 7 000 K, and at the same time
the observed lines of helium and ionized carbon in R CrB stars.

We have compared the flux distributions for our models with
narrow-band photometry in the visual and IUE spectra in the ul-
traviolet for R CrB and found a good agreement with a model
with Teff = 6 900 K. In the infrared the observed magnitudes
are greater than what the models predict, which we interpret as
either being due to additional circumstellar material between
the stellar surface and the circumstellar shell or possibly differ-
ent pulsational phase for the different observations. The former

explanation could correspond to recently formed dust close to
the stellar photosphere with a temperature around 2 000 K and
a dust mass of ∼ 10−11 M�. Therefore, our measurement of
the effective temperature for R CrB through the infrared flux
method is rather uncertain: a temperature of 6 600 K is obtained
if all the excess light originates in the star, while 6 900 K is ob-
tained if the excess is assumed to be caused by circumstellar
gas. Effective temperatures estimated from the photometry pre-
sented here are systematically higher by about 500 K compared
to values obtained from spectroscopy. The difference is mainly
due to a too large metallicity by about 0.5 dex being used for
the model atmospheres, but possibly also due to the neglect of
detailed synthetic spectroscopy.

The large luminosity-to-mass ratio for the R CrB stars makes
the models sensitive to the radiative acceleration. All computed
models show a density inversion caused by the ionization of he-
lium, but some low gravity models also experience a gas pres-
sure inversion as an effect of the outwards directed radiative
acceleration locally exceeds the gravity. This interesting phe-
nomenon could be a trigger mechanism to the famous decline
events of R CrB stars where gas close to the stellar surface con-
denses to dust and obscures the star. Further investigations and
comparisons with observed parameters of R CrB stars are in
progress (Asplund & Gustafsson 1996; Asplund, in prepara-
tion).

Even though the models represent a significant improve-
ment as compared with previously existing models, it should
be remembered that these models still are very rough approxi-
mations to the real stellar atmospheres. Progress in relaxing a
few of the assumptions and approximations made here is cur-
rently being made, in particular spherical symmetry is included
in the models and the atomic and molecular line opacity is im-
proved, which should increase the realism of the models further.
Eventually, however, the inclusion of hydrodynamics coupled
to radiative transfer may be necessary to properly model these
pulsating supergiants.
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