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Abstract. We present new high-resolution observations of the LBV (or S Dor variable) HR Carinae, taken with
the FEROS spectrograph in the wavelength range A 3900-8200. The H1 and Fe1r lines show P Cygni profiles
while the HeT lines are all in absorption. Emission lines due to [N11], [O1], NaIr, Mg11, Call and [Fell] were
also identified. Complex structures in the absorption profiles of Ha, HZ and in most of the iron lines suggest the
presence of two distinct absorption regions with expansion velocities of 30 kms™! and 100 kms™'. From a spectral
analysis of the Balmer lines with a non-LTE expanding atmosphere code, we derive for HR Carinae the following
parameters: 7, = 10000 K, R. = 350 Rg, M = 6.8 x107° Mg yr~! and He/H = 0.4. The comparison of the
temperature obtained in this work with the values estimated by Nota et al. (1997) indicates that HR Carinae is
moving redward across the H-R diagram on a short timescale, due to a new S Dor-phase.
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1. Introduction

HR Car (HD90177) belongs to a small group of very mas-
sive, luminous and evolved supergiants called luminous
blue variables (LBVs) or S Doradus (S Dor) variables.
Such stars are characterized by irregular spectroscopic,
photometric and polarimetric variations. In the H-R dia-
gram they are located close to the Humphreys-Davidson
limit (Humphreys & Davidson 1994) and play a funda-
mental role in studys of the physical instabilities in this
part of the diagram. They appear to move at roughly con-
stant bolometric luminosity between a hot, minimum vi-
sual phase (Teg =~ 20000 K-30000 K) and a cooler, maxi-
mum visual phase (Teg =~ 8000 K-10000 K). In this cooler
phase, also called the active or SD-phase, the LBV resem-
bles a very luminous A-type supergiant.

LBVs are believed to represent a very short transi-
tion phase that occurs in the evolution of massive stars
with initial mass M; > 40 M. The observed high mass-
loss rates of LBVs peel off the outer H-rich atmosphere
and reveal the products of CNO-cycle burning. However,
the various evolutionary models do not agree about when
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exactly the LBV phenomenon should occur (Schaller et al.
1992; Langer et al. 1994; Stothers & Chin 1996).

The spectral type of HR Car is variable. Carlson &
Henize (1979) classified this object as a B2 I PCygni
that undergone irregular slow variations of approximately
1.5 mag over a period of a few months. Ultraviolet ob-
servations made by Shore et al. (1990) suggested a B4-
B5 type. Walborn & Fitzpatrick (2000), using absorption-
line criteria, suggested that HR Car is a B3 Ia star, but
the Mg 11 A 4481 / He 1 A 4471 ratio indicates a B6-
B7 spectral subtype. It should be kept in mind that HR
Car, like other S Dor variables, is subject to a cyclic pat-
tern of S Dor-phases with a time scale of years to decades
(van Genderen et al. 1997). Thus, brightness, spectrum,
temperature, colour, etc., are cyclically variable. With re-
gard to the distance, in the past it has been assumed that
HR Car belongs to the Carinae complex and its distance
was taken as 2.5 kpc. This determination was revised by
van Genderen et al. (1991), who derived a value of 5+ 1
kpc with the aid of the reddening-distance method.

The majority of LBVs is associated with a circunste-
lar nebula apparently formed of matter ejected by the star
and probably enriched by the products of nuclear burn-
ing. Several analyses have been reported concerning the
geometry, dynamics and chemical composition of the sur-
rounding nebula of HR Car: Hutsemékers & van Drom
(1991), Nota et al. (1995), Clampin et al. (1995). More
recently Nota et al. (1997) confirmed that the nebulae is
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bipolar, relatively young, is moving fast and is composed
of CNO elements.

Spectroscopic data of HR Car have also provided in-
formation about the star and the nebula. Shore et al.
(1990) presented a multiwavelength analysis of ultravio-
let, optical and radio observations from the Carlson &
Henize (1979) sample. They investigated in detail the
spectra of HR Car and, combining UV data with the
available UBV photometry, they estimated a reddening
of E(B—V) = 1.15 £ 0.005. Hutsemékers & van Drom
(1991) obtained medium-resolution and high-resolution
optical spectroscopic data from HR Car that indicated
that the star undergoes spectral variations similar to other
LBVs and has a multiple shell, expanding atmosphere.
Nota et al. (1997) carried out two sets of optical observa-
tions, from which they estimated the effective temperature
of the star and observed changes in the shape of Ha pro-
file. They have associated the changes with multiple form-
ing shells. Infrared spectroscopic data were obtained by
McGregor et al. (1988), who found cool dust around HR
Car and reported a variable spectrum marked by strong
[Fe11] emission lines. In addition, Morris et al. (1996) in-
vestigated permitted and forbidden iron lines in the IR
spectra and found a spectral similarity between HR Car
and WRA 751 (= Hen 3-591) in the K band.

The aims of the present paper are: (i) to describe new,
high-dispersion spectroscopic data of HR Car; (ii) to esti-
mate relevant stellar and wind parameters of this object
due to the fits of Balmer line profiles and (iii) to compare
our results with previous ones, interpreting the variations
on the scope of LBVs/S Dor variables. For the sake of
completeness a low-resolution spectrum is also shown.

2. Observations and reduction

Spectroscopic high-resolution observations were per-
formed with a Fiber-fed FExtended Range Optical
Spectrograph (FEROS, see Kaufer et al. 1999), with the
ESO 1.52 m telescope in La Silla (Chile) at April 19, 1999.
FEROS is a bench-mounted Echelle spectrograph with the
fibers located at the Cassegrain focus with a spectral re-
solving power of R = 48000 corresponding to 2.2 pixels
of 15 pm and with a wavelength coverage from A\ 3600
to A 9200. A completely automatic on-line reduction is
available and it was adopted by us. The exposure time
was 1200 s, leading to a S/N ratio in the continuum of
approximately 150 in the A 5500 region.

The low-resolution spectrum of HR Car was obtained
using a Boller & Chivens spectrograph at the Cassegrain
focus at March 12, 1998. The spectrum of HR Car was
obtained with grating #23 (600 1 mm~!), providing a res-
olution of 4.6 A in the range A 3600-7400. The Cassegrain
spectrum was reduced using standard IRAF tasks, such as
bias subtraction, flat-field normalization, and wavelength
calibration. For an exposure time of 10s the S/N ratio in
the continuum is aproximately 70 in the A 5500 region.
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3. Description of the spectrum

The FEROS spectrum of HR Car is shown in
Figs. 1-5, in the range from XA 3950 to A 8900.
The line identification was carried out using the line
lists provided by Moore (1945), Garcia-Lario et al.
(1998), Landaberry et al. (2001) and Fernandes et al.
(2001). We also looked up two sites on the web:
NIST Atomic Spectra Database Lines Form (URL
physics.nist.gov/cgi/AtData/lines) and The Atomic
Line List v2.04 (URL www.pa.uky.edu/peter/atomic/).
Tables 1 and 2 summarize the features identified in our
spectrum of HR Car. In Table 1 we present the equiva-
lent widths (W) of emission lines; in the case of P Cygni
profiles only the equivalent width of the emission compo-
nent was measured. If the equivalent width is very small
(Wx < 0.01) but the transition is surely present, only
the identification is given. Table 2 shows the absorption
features that have been found. Figure 6 presents the low-
resolution spectra of HR Car.

Selected regions in the optical spectrum of HR Car
have been discussed by Hutsemékers & Van Drom (1991),
Lopes et al. (1992), Nota et al. (1997) and Walborn &
Fitzpatrick (2000). It is marked by several P Cygni pro-
files from Balmer and single ionized iron lines. Almost all
profiles show a complex structure superimposed on the ab-
sorption component that will be discussed in more detail
later in this paper.

The He 1 lines presented in our spectrum are all in ab-
sorption. They are listed in Table 2. No evidence is found
for the presence of He 11 in the spectrum of HR, Car.

The [N 11] transitions at A 5754.8 [3F], A\ 6548.1 and
6583.6 [1F] as well as the [O 1] multiplet at AX 6300.2 and
6363 are present, but quite weak. Nota et al. (1997) list
the characteristic photospheric lines Si 11 A A 6347,6371
A X 6379,6482, Ne 1 X\ 6506 and Fe 1 A 6614 observed at
two different epochs and compare the respective equiva-
lent widths. All these lines are present in our spectrum,
however their equivalent widths are smaller, with the ex-
ception of Si 11 A X\ 6347, 6371 that is stronger. This dou-
blet was used as a temperature indicator by Nota et al.
(1997). We will address this point in Sect. 6. The reso-
nance doublet of Na 1 at A A 5890-5896 is present. We
also observe the Mg II lines A A 7877, 7896 (m8) and
A A8213, 8235 (m7) and the Call triplet A A 8498, 8662 in
emission.

3.1. The hydrogen lines

All Balmer lines exhibit P Cygni profiles, revealing a sig-
nificant variation when compared to the data obtained in
1989 by Walborn & Fitzpatrick (2000), in which the emis-
sion component of He, Hf, and Hvy were very weak, or
almost absent. Furthermore, in our spectrum, the absorp-
tion components of Ha and HS are split into two com-
ponents. This split is sharper in Ha than in HG and is
not present in Hvy and Hé, as is shown in Fig. 9. This
behavior has been observed by Hutsemékers et al. (1991)
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in the Balmer and iron lines and by Nota et al. (1997)
in the Ha profile obtained in their second set of observa-
tions. Both papers associate this split with the presence
of two differents shells in the atmosphere of HR Car. The
Ha equivalent width measured by us is very close to the
constant value measured by Nota et al. (1997) in their two
sets of observations.

The broad wings on the emission components
of Balmer lines have been described previously by
Hutsemékers et al. (1991). One possible explanation for
these broad wings, observed also in P Cygni and AG Car,
is the non-coherent scattering of the emission line photons
by free electrons (Berbat & Lambert 1978; Wolf & Stahl
1982). Hutsemékers et al. (1991) rejected this argument
because it presupposes different regions of formation of
these lines, which according to them would not be sup-
ported by net differences in the radial velocities.They ex-
plained the broad wings as a consequence of high velocity
motions in the atmosphere of HR Car. In Sect. 5, we will
give some arguments in favour of formation of Balmer lines
in differents regions of the extended atmosphere, reinforc-
ing that the broad wings could be produced by eletronic
scattering.

3.2. The iron lines

The most numerous lines present in HR Car are of single
ionized iron, both permitted and forbidden. The strongest
features can be identified as being due to multiplet 42 at
A A 4924, 5018 and 5169. There are several blends of Fe 11
and [Fe 11] lines. Almost all Fe 11 features show a P Cygni
profile with an absorption splitting more complex than
that observed in Ha. Figure 7 shows the profiles of the
three lines of multiplet 42 and of some other multiplets.
We can clearly see two main absorption components, for
which the measured radial velocities are 30 kms~! and
100 kms™! (inner and outer shells respectively). These
two absorption components were reported previously by
Hutsemékers et al. (1991) with the same radial velocity
and are in agreement with the structures detected by Nota
et al. (1997) from the images of the nebulae. Thanks to the
high resolution of FEROS, we could observe other weaker
absorption components that they were not noted by
Hutsemékers et al. (1991). Presumably they are associ-
ated with sub-shells.

On the other hand, we note that [Fe 11] lines are in pure
emission, as we can see in Fig. 8. The profiles of these lines
are similar to the [Fe 11] profiles of HD316285 described
by Hillier et al. (1998).

4. Summary of the model

The spectral analysis of stars with atmospheres in ex-
pansion such as HR Car requires a specific model that
solves the radiative transfer and the statistic equilibrium
equations simultaneously in a non-LTE regime. Machado
(1998) developed a numerical code adequate to investi-
gate the line formation in expanding stellar atmospheres
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of massive stars. This code was used to study the pecu-
liar B-type supergiant HD327083 (Machado et al. 2001).
The basic assumptions are: spherical symmetry, station-
ary and homogeneity. The density structure p(r) is related
to the mass loss rate M and the velocity field V (r) via the
equation of continuity

plr) = #w) (1)

M is a input parameter and the velocity field is pre-
specified in an ad-hoc way as a (-type law

V(r) = Voo(1 = Ru/r)" (2)

where V. is the terminal velocity of the wind and  is a
measure of the rate of acceleration (de Koter at al. 1993).

The statistical equilibrium equations are solved using
the escape probability method for calculating the source
function while the transfer equation is solved using the
“SEI” — Sobolev Exact Integration — method (Lamers
et al. 1987). This is justified by the flow velocities ob-
served in the wind of HR Car.

In this work it is considered that the wind begins in the
sonic point localized at radius R,. The stellar temperature
T, is defined by the luminosity L, and the radius R, via
the Stefan-Boltzmann law.

Regarding the temperature structure we have used the
law suggested by Drew (1985):

T(r) =T, {0.78 — (0.51m>} . (3)
Voo

We are aware that this temperature profile is more appro-
priate to main sequence O stars. Thus, we have checked
the influence of the temperature law. Some simple tests
with isothermal and radially decreasing ad-hoc profiles
have been performed. It was found that the final result
is not sensitive to similar temperature laws.

The model atmosphere in the present work consists of
hydrogen and helium. For hydrogen and singly ionized he-
lium we consider the lowest ten bound levels. For neutral
helium we adopt the atomic model suggested by Almog
& Netzer (1989) that includes the individual levels until
n < 4 and combined levels with 5 < n < 10.

The determination of the population numbers of the
energy levels is made in a non-LTE way solving the equa-
tions of statistical equilibrium for each level considered
in the atomic model. The radiative transition probabilities
and the photoionization cross section for all levels consid-
ered are quoted from the Opacity Project.

The ionization collision cross sections have been ob-
tained from the approximate formulae given by Jefferies
(1968). Excitation collisional rates have been calculated
from the collisional strength values. For hydrogen and
singly ionized helium these values are computed using
polynomials given by Giovanardi et al. (1987). For neutral
helium the collision strengths are taken from Berrington
& Kingston (1987) to levels with n < 4 and from
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Fig. 1. High resolution spectrum of HR Car obtained with the FEROS spectrograph.

Auer & Mihalas (1968) and Mihalas & Stone (1968) to
the other ones.

The radiation and the statistical equations systems are
solved simultaneously through the wind that is divided in
shells. A convergence criterium is applied in order to move
from one shell to the next.

5. Balmer line analysis
5.1. Methodology

The input parameters of the model are the stellar tem-
perature T, the luminosity L, the mass loss rate M, the

terminal velocity V., the helium abundance Age and the
free parameter of the velocity profile 3. In the present
work we have fixed the value of the terminal velocity,
Voo = 400 kms™!, that is an average of the Vedges 0f
Balmer lines profiles. In order to reduce the number of
parameters, we have also fixed the luminosity (L) using
the value of L, estimated by Hutsemékers (1994).

The strategy to obtain the line fits of HR Car was sim-
ilar to that used in the analysis of HD 327083 (Machado
et al. 2001). Once the luminosity was fixed , we explored a
broad range in temperatures, which roughly corresponds
to the domain of LBVs and Yellow Supergiants in the H-
R diagram: 31 000 K-8000 K. This range is based on the
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Fig. 2. High resolution spectrum of HR Car obtained with the FEROS spectrograph (continuation).

works of Gummersbach et al. (1995), Szeifert et al. (1996)
and de Jager & Nieuwenhuijzen (1997).

After that, we computed models according to the evo-
lutionary tracks calculated by Schaller et al. (1992) from
Mzams = 20 Mg to 120 M. Each track consists of a num-
ber of points that provide stellar temperature, luminos-
ity, mass loss rate and surface abundance ratio. These are
the entry parameters for our code. The models that lead
to reasonably good fits (according to a x? criterium) are
taken as starting points. Then we varied the input param-

eters in order to obtain better adjustments. In this work
we have modelled the Balmer lines H§, Hy, HG and Ha.

5.2. Results

The line fits obtained are shown in Fig. 9. The best
model that produces such fits corresponds to the follow-
ing set of parameters: M =6.5x10° My yr= 4, T, =
10000 K, L, = 5x 10° Lg, R, = 350 Ry and Aye = 0.4.
The theoretical line profiles are directly influenced by the
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Fig. 3. High resolution spectrum of HR Car obtained with the FEROS spectrograph (continuation).

parameters T, and Age. The Hel lines are strongly de-
pendent on temperature. As in HR Car these lines are
all in absorption, the temperature was set in order not to
produce helium lines in emission. On the other hand, the
hydrogen lines are more dependent on density. Even by
varying the mass loss rate, we need to decrease the quan-
tity of hydrogen to reproduce the observed profile. This
was done by increasing the helium abundance.

From Fig. 9 we can see that the emission component of
the P-Cygni profiles are quite well reproduced. Concerning
the blue-shifted absorption, the fits are not so good. In fact
they are rather poor for Ha and HB but become better for

the higher terms of the Balmer series. This behavior may
be easily understood. Let us consider a transition betwen
a bound lower level ¢ and a bound upper level j. For a
certain total density, the absorption process related to the
transition ¢ — j becomes more and more difficult as j in-
creases. Thus the higher terms of the Balmer series should
be formed in higher density regions, i.e. in regions close to
the star. We also expect that in the inner regions the wind
is more spherically symmetrical than in the outer regions.
In addition, we note that our model assumes a spheri-
cal expansion. Consequently, it is not surprising that the
H~ and H¢ profiles (that are produced in a more or less
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Fig. 4. High resolution spectrum of HR Car obtained with the FEROS spectrograph (continuation).

spherical region close to the star) could be better repro-
duced than the Ha and H@ profiles, since the latter are
probably formed in an external region where the spherical
assumption is not adequate.

In Fig. 10, we place HR Car in the H-R diagram, show-
ing also the evolutionary tracks of Schaller et al. (1992).
Our result indicates that HR Car is located near the
40 Mg track and the line that indicates the total range
for the oscillations proposed by van Genderen (2001). The
helium abundance that we have found is typical for the
He-burning phase. Concerning the temperature, we com-
pared the value derived by us (10000 K) with those given

by Nota et al. (1997), in two different sets of observa-
tions near minimum brightness (20000 K and 15000 K).
These temperature variations are in anti-phase with the
light curve: the brighter the star, the lower the temper-
ature (van Genderen 2001). We note also that our es-
timated value (10000 K) is not the lowest temperature
ever reached by HR Car. From Stromgrem photometry
van Genderen (2001) derived the temperature during the
light maximum of 1992 to be about 8000 K. From this
comparison we conclude that HR Car is crossing the H-R
diagram redward on a time scale of years, because of a
new SD-phase.
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6. Conclusions

We presented recent high resolution spectroscopic data
of the LBV HR Car. One of the main characteristics
of this object is the Balmer lines showing P-Cygni pro-
files. In Ha there is a clear structure in the absorption
component. These kind of structures were also observed
by Hutsemékers et al. (1991) and may be interpreted as
an indication of different shells forming around HR Car.

Wavelength (&)

Almost all Fell lines present in the spectra of HR Car
also exibit P-Cygni profiles. We clearly see two main com-
ponents that correspond to radial velocities of 30 kms™!
and 100 kms~!. Hutsemékers et al. (1991) refer to these
two components with pratically the same values of radial
velocity.

The direct comparison of our data with the spectra ob-
tained by Nota et al. (1997) in two differents epochs (May
1995 and Jan. 1996), reveals clear spectral variations in
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Fig. 9. Observational data (full lines) and best theoretical fittings (dashed lines) for Ha, HB, Hy and H4 profiles.

HR Car. The Sitt A A 6347, 6371 lines, which were absent
in the first spectra of Nota et al. (1997), arise in their sec-
ond spectra and are stronger in our spectra. On the other
hand, the N11 A A 6379, 6482 lines decrease in intensity
from the first of Nota’s data to our spectra (1999). These
two phenomena are described by Nota et al. (1997) as an
indication of decrease in temperature. Further, they have
estimated the temperature using an atmospheric model,
and obtained 20000 K and 15000 K for the first and sec-
ond sets of data, respectively.

In the present work we have used a non-LTE model in
order to fit the Balmer lines. The intensities and widths of
the emission components are well reproduced and the fits
can be considered reasonable. The best model corresponds

Normalized Flux

Normalized Flux

-500 0
V (km s71)

to M = 6.5 x107° Mg yr~%, T, = 10000 K, L, = 5x
10° L, R, = 350 R, and Ap. = 0.4. This model locates
HR Car near the 40 Mg evolutionary track in the H-R
diagram, in a region occupied by the LBVs.

Our temperature values, when compared to those ob-
tained previously by Nota et al. (1997), give strong ev-
idence that HR Car is moving redward across the H-R
diagram due to the onset of a new S Dor phase.
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