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ABSTRACT

Aims. GG Car is an eclipsing binary classified as a B[e] supergiant star. The aims of our study are to improve the orbital elements of
the binary system in order to obtain the actual orbital period of this system. We also compare the spectral energy distribution of the
observed fluxes over a wide wavelength range with a model of a circumstellar envelope composed of gas and dust. This fitting allows
us to derive the physical parameters of the system and its environment, as well as to obtain an estimation of the distance to GG Car.
Methods. We analyzed about 55 optical and near infrared spectrograms taken during 1996-2010. The spectroscopic orbits were
obtained by measuring the radial velocities of the blueshifted absorptions of the He I P-Cygni profiles, which are very representative
of the orbital motion of both stars. On the other hand, we modeled the spectral energy distribution of GG Car, proposing a simple
model of a spherical envelope consisting of a layer close to the central star composed of ionized gas and other outermost layers
composed of dust. Its effect on the spectral energy distribution considering a central B-type star is presented. Comparing the model
with the observed continuum energy distribution of GG Car, we can derive fundamental parameters of the system, as well as global
physical properties of the gas and dust envelope. It is also possible to estimate the distance taking the spectral regions into account
where the theoretical data fit the observational data very well and using the set of parameters obtained and the value of the observed
flux for different wavelengths.

Results. For the first time, we have determined the orbits for both components of the binary through a detailed study of the He I lines,
at 114471, 5875, 6678, and 7065 A, thereby obtaining an orbital period of 31.033 days. An eccentric orbit with ¢ = 0.28 and a mass
ratio ¢ = 2.2 + 0.9 were calculated. Comparing the model with the observed continuum energy distribution of GG Car, we obtain
Terr = 23000 K and log g = 3. The central star is surrounded by a spherical envelope consisting of a layer of 3.5 stellar radii composed
of ionized gas and other outermost dust layers with Ez_y = 0.39. These calculations are not strongly modified if we consider two
similar B-type stars instead of a central star, provided our model suggests that the second star might contribute less than 10% of the
primary flux. The calculated effective temperature is consistent with an spectral type BO-B2 and a distance to the object of 5 + 1 kpc
was determined.

Key words. techniques: spectroscopic — binaries: eclipsing — stars: individual: GG Car — stars: emission-line, Be

1. Introduction Considering GG Car as a binary, Herndndez et al. (1981)
(hereafter HLST81) were the first to obtain the orbital period
of 31.030 days for the system, deduced from the radial veloc-
ity of the P Cygni hydrogen absorptions. Later, Fourier analysis
of light variations of an extensive set of photoelectric photome-
try carried out by Gosset et al. (1984) led to a redetermination
of the period. These authors found two plausible values, 31.020
and 62.039 days, but on the basis of the radial velocity behavior
along the light curve, a higher priority was given to a 31-day pe-
riod by Gosset et al. (1985) (hereafter GHSS85). In both spec-
troscopic studies (HLST81 and GHSSS85), the obtained radial
velocity curves presented a noticeable dispersion in the observed
data.

The light curve shows two minima that are different in width.
The Balmer lines exibit P Cygni profiles during the whole light
curve, and according to GHSS85, both a second absorption com-
ponent in the hydrogen lines and pure absorption lines due to
Hel, not reported previously, appear around the secondary min-

GG Car was classified by Lamers et al. (1998) as a galactic B[e]
supergiant star based on estimates of effective temperature and
luminosity. It includes characteristics of the B[e] phenomenon,
e.g., Balmer lines with strong P Cygni profiles, low excitation
permitted and forbidden emission lines (mainly Fe II, [Fe II] and
[O1]), and strong infrared excess due to hot circumstellar dust.
Recently, the AMBER spectrum of GG Car seems to display
clearly detectable '*CO band emission, supporting GG Car as
a B[e] supergiant star. However, Kraus (2009) finds that the
12C/13C isotope ratio is lower than the expected value within
the suspected evolutionary phase of GG Car according to non-
rotating and rotating stellar evolution models. This discrepancy
might indicate that the luminosity or the rotation considered for
the star could be understimated.

* Based on observations taken at Complejo Astrondmico
EL LEONCITO, operated under agreement between the Consejo

Nacional de Investigaciones Cientificas y Técnicas de la Republica
Argentina and the National Universities of La Plata, Cérdoba, and
San Juan.

Article published by EDP Sciences

imum or “glitch” (phase ~ 0.45) in the light curve. Brandi et al.
(1987) observed that, although the number of data was fairly
scarce, the UV light curve is very similar to the optical one, and
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it appears that the secondary minimum is definitely more pro-
nounced in the ultraviolet than in the long wavelengths.

GG Car is an intrinsicaly polarized object. Klare & Neckel
(1977) and Barbier & Swings (1982) reported optical broad-
band polarization. Then, Gnedin et al. (1992) detected optical
polarization variability. Pereyra et al. (2009) performed He spec-
tropolarimetry of GG Car. The depolarization line effect is evi-
dent in the Q — U diagram for two observed epochs, confirming
that light from the system is intrinsically polarized, and a rota-
tion of the polarization angle, PA, along He indicated a coun-
terclockwise rotation disk with a clearly defined axis of symme-
try. From the modeling of visibilities obtained from VLTI/MIDI,
the presence of a dusty disk seems to be confirmed in GG Car
(Borges-Fernandes 2010).

We intend to achieve some progress in the understanding of
GG Car, which remains an enigmatic object. The aim of this pa-
per is to analyze a new series of optical middle-resolution spec-
tra in an attempt to derive constraints on a qualitative physical
model of this peculiar object and its environment in terms of a
binary system. Section 2 describes our observations. Section 3
includes the determination of the spectroscopic orbits for both
components of the system and a decription of the key features
of the optical spectrum. Section 4 shows interstellar-extinction
and distance determination. Section 5 displays the fitting of the
spectral energy distribution based on a model with gas and dust
circumstellar components adopted to obtain the physical param-
eters of the star and its environment. Our discussion and conclu-
sions appear in Sects. 6 and 7, respectively.

2. Observations

The spectroscopic observations were carried out with the 2.15 m
Jorge Sahade telescope at the Complejo Astronémico EL
LEONCITO (CASLEO), San Juan, Argentina. The REOSC
echelle spectrograph was used at a mean resolution of 12000,
and the spectra were recorded with a Tek CCD (1024 x 1024
pixels) detector. The log of the observations covering fourteen
years (1996-2010) is shown in Table 1. The wavelength cal-
ibration was performed by using the Th-Ar lamps with refer-
ence exposure at the same sky position. The echelle spectra
were reduced with the standard IRAF packages, CCDRED and
ECHELLE. To obtain the flux calibration, standard stars from
Hamuy et al. (1992) and Hamuy et al. (1994) were observed
each night. A comparison of the spectra of the standards sug-
gests that the flux calibration errors are about 20% in the central
part of each echelle order.

3. Spectral analysis
3.1. Spectroscopic orbits

The variable He I lines profiles have shown that several absorp-
tion components superimposed on a broad emission could be
considered as photospheric lines. We have been aware that the
B[e] stars are embedded in a dense circumstellar material pol-
luting the photospheric lines significantly. However, the result of
our radial velocity analysis led us to verify that those absorption
components — probably blended with the blueshifted absorption
of the P-Cygni profile — originate in both stars of the binary sys-
tem. Our task was to measure the radial velocities of those com-
ponents of the He I lines at 114471, 5875, 6678, and 7065 A by
Gaussian fitting, provided that the observed spectral range al-
lowed it. We found that they are representative of the orbital mo-
tion of both stars. As a sample, Fig. 1 shows the variations of the
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Table 1. Spectroscopic observations of GG Car and the mean radial
velocities of He I 414471, 5875, 6678, and 7065 absorption lines for
both components of the binary.

Date JDg Range Phase
dd/mm/yy2450000+ (A) (%)

RV (kms™)

Prim.(f) O-C Sec.(f) O-C

23/03/96
24/03/96
25/03/96
26/03/96
24/11/97
25/11/97
04/03/98
05/03/98
06/03/98
06/03/98
07/03/98
07/03/98
09/03/98
25/03/00
28/07/00
29/07/00
15/04/01
16/04/01
17/04/01
18/04/01
29/05/01
24/04/02
24/04/02
25/04/02
25/04/02
13/05/03
13/05/03
30/04/04
01/05/04
02/05/04
02/05/04
16/04/05
16/04/05
17/04/05
20/04/05
05/04/06
18/03/10
12/05/10

0165.587 4150-7400 .215 —131 +16(3) =31 =351 (1) -54
0166.703 4150-7400 .251 -126 + 3 (3) —20 —248 + 18(3) 36
0167.570 4080-7100 .279 -121 £6(3) -9

0168.737 4080-7100 .316 —122 + 19(4) -2 -248 +25(4) 6

0776.808 4350-7600 911 -137+6(2) -3 -53+5(2) -6
0777.841 4350-7600 .944 —64 (1) 18
0876.756 4100-6500 .132 96 +3(2) 1 -315+22(2) -10
0877.568 4480-6900 .157 -79 £8(2) 16 -338 +46(2) -31
0878.650 4375-7500 .192 -86+6(4) 9 -276+9(4) 27
0878.664 4375-7500 .193 88 +8(3) 9 -274 +14(4) 28
0879.779 4375-7500 .229 -89 +6(3) 14 -256 + 14(4) 37
0879.796 4375-7500 .229 -87 +3 (3) 14 -255+ 16(4) 37
0881.649 4375-7500 .289 -80 +3 (4) 34 269 +42(3) 2
1628.647 4500-7600 .360 —118 +£27(2) 12
1754.460 3980-7050 .414 —145 +45(2) -2
1755.465 3980-7050 .447

2014.691 4300-7500 .800 -233 +4(3) -8
2015.594 3800-7100 .829 —185+7(4) 42
2016.518 3800-7100 .859 —186 + 19 (4) 40
2017.528 3800-7100 .891 —224 + 40 (4) -3
2058.585 3975-7100 214 —115+1(2) —-15
2388.528 4800-7800 .846 —269 + 10 (3) 42 -30 £45(3) -9
2388.594 4800-7800 .848 —248 +29 (3) 21 -26 +£46(3) -5
2389.587 4800-7800 .880 209 £ 19 (3) 14 -26+8(2) 2

2389.639 4800-7800 .882 -214 £33 (3) 9 -5+19(2) 24
2772511 4100-7300 .220 -84 +11(4) 17 -291 +54(2) 4

2772.536 4100-7300 .221 -331 £ 17(2) -36
3125.536 4500-7550 .596 —201 +9(3) —14 -104 +21(2) 5

3126.522 4500-7550 .627 -207 +7 (3) —14 -71 £ 14(2) 23
3127.522 4500-8700 .660 —190 + 11(3) 11
3128.506 4500-8700 .691 —254 + 6 (2) —47
3476.602 4625-7800 .908 —151 +1(2) 65
3476.628 4625-7800 909 —174 + 8 (2) 42
3477.607 4625-7800 .940 —266 + 20(2) —64
3480.565 4500-8700 .036

3830.566 3950-7050 314 —-115+4(3) 5 -246+9(2) 9

5273.647 4700-7800 .816 260 +2(2) =31 -94+7(2) -72
5328.514 4600-7700 .584 —207 + 12 (2) 23 -102+1(2) 14

246+ 3 (2) 42
247 £7 (2) 59
-39 +51(3) -35
6+51(3) 14
+11 44 (4) 34
19+ 54(4) 15

+8(1) 53
105 (1) -29

Notes. ) The orbital phases were calculated with the ephemeris: Teonj =
2452051.93+31.033E. ) Mean heliocentric radial velocities, standard
errors, and number of measured He I lines in parentheses for the primary
and secondary components.

profiles for He I 15875 along the orbital phases. Table 1 presents
the mean heliocentric radial velocities calculated for each spec-
trum, together with the standard deviation and the number of
measured lines. The radial velocity curves are presented in Fig. 2
and the orbital elements obtained for the combined solutions in
Table 2. Continuous curves in the figure represent the best fit
with P = 31.033 + 0.008 days and ¢ = 0.28 + 0.06. Columns 6
and 8 in Table 1 show the deviations (O—C) around the best com-
bined solution obtained. The velocity curve of the primary com-
ponent shows larger residuals just before the eclipse producing
a distortion in the curve. Effects of cycle-to cycle changes were
descarded, but other mechanisms (rotation, gas streams, tidal ef-
fects, etc.) could be the origin of velocity-curve distortions. The
projected binary separation is A sin i = 0.57 AU, and the individ-
ual masses are Mp, sin®i = 18+3 Mg and M. sin®i=8+2 Mo,
resulting in a mass ratio of ¢ = Mp;/Msec = 2.2 £0.9.
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Table 2. Orbital solutions of GG Car obtained from the Hel absorption lines 114471, 5875, 6678, and 7065 A.

Comp. P K Yo e w T,! Teonj? AT? asini Msin® i
[days] [kms']  [kms™'] [deg] [JD24..] [JD24..] [days] [AU] [Mo]
Prim. 65.8+7.3 0.18+0.02 18+3
31.033 + -162.1+ 028= 272+ 5202096 52051.93  2.44
0.008 4.3 0.06 12
Sec. 1433 £8.7 039+0.02 8x2

Notes. ' T.: time of periastron passage. (1) Tcoj: time of spectroscopic conjunction. ' AT = Teonj — Tphot—min- Tphot-min = 2444 260.21 is the mean
epoch of the minimum (Min I) given by Gosset et al. (1984). The orbital phases were calculated with the ephemeris: Tconj = 2452 051.93+31.033E.
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Fig. 1. Variations in the Hel 45875 profile along the orbital phases.
Several blueshifted absorption components superimposed on a broad
emission are observed.
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Fig. 2. Fill circle: primary component. Empty circle: secondary compo-
nent. Continuous curve: the best fit of the orbital solutions.

3.2. The line spectrum

On the basis of the IUE data, Brandi et al. (1987) reported
that GG Car presents a large number of ionization stages. The
absorption line widths increase with the ionization stage, and
the highly ionized resonance absorption lines of CIV and SilV
show the highest expansion velocities (~—168 kms™!). These
authors have also indicated that some correlation exists between
the expansion velocities and the ionization potentials. One expla-
nation could be that the degree of ionization increases outwards

in an accelerating stellar wind.

On the other hand, the optical spectrum of GG Car is domi-
nated, as is known, by HI and Fe Il emission lines. The emis-
sion lines seen in our spectra can basically be divided into four
groups: Beals’ type III P-Cygni profiles, canonical P-Cygni pro-
files, double-peaked emissions with a weak central absorption,
and single-peaked emission lines. The behavior of the different
elements during the time of our observations can be summarized
as follows.

— Hydrogen: the Balmer members in our data, He, HB, Hy,
and Ho show Beals’ type III P-Cygni profiles with a strong
and broad red emission component over the full orbital cy-
cle and a central absorption reaching, in most cases, below
the continuum. The profiles of three of them, He, HB, and
Hy, can be seen in Fig. 3 (left panel). The peak separation
is practically constant, ~—220 kms~!. The radial velocities
of the central absorption seem to increase with the Balmer
number n, as reported by GHSS85. Besides that, we observe
temporal changes in the radial velocities, which seem to be
related to the orbital cycles rather than to the orbital phases.
As shown in Fig. 3 (right panel), this effect is stronger in
Ha, since it is practically not detected in the other Balmer
members. Ha presents broad and symmetric wings, with full
width at zero intensity (FWZI) reaching ~1000 km s~ as
seen in Fig. 4. Along the orbital phases, two peaks are al-
ways present, where the red peak stronger than the blue one.
A weakening in the total emission of Ha is observed at the
times of both quadratures (phases 0.15 and 0.87).

In our spectra of May 2004 (phase ~0.7) and April 2005
(phase ~0.0), we identify the Paschen lines P25 to P19 and
P16 to P13 in separated apertures. They are narrow emission
lines and display double-peaked profiles with a separation
of ~36 kms~!. The red peak is stronger than the blue one,
as also observed in the Balmer members, and the width of
the emission shows a slight variation between both phases,
an FWHM ~ 260 kms~! in May 2004 and ~235 kms~! in
April 2005. The P13 line profile is shown in Fig. 4.

HeI: it is worth emphasizing the variability of the He I lines
in GG Car, since they had never been reported in the ear-
lier published papers, until GHSS85 indicated the presence
of Hel 144471, 4026, and 3965 in their spectra, but only in
absorption and appearing at certain phases. In our spectra,
the Hel lines are observed along all the orbital phases as P-
Cygni profiles with a blueshifted absorption at ~-100 km s,
and other several absorption components superimposed on
the broad emission are also observed (see Fig. 1). The de-
tailed radial velocity analysis presented in the previous sec-
tion led us to point out that those absorption components
are photospheric lines originating in both stars of the binary
system.
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Fig. 3. Left panel: Beals’ type III PCygni profiles in the Balmer lines.
The radial velocities of the central absorptions are almost constant, but
in Ha they show temporal changes in the velocities, which seem to
be related to the orbital cycles rather than to the orbital phases (right
panels).

— Fell: a very complex Fe Il spectrum is observed in GG Car.
In high-resolution IUE spectra Brandi et al. (1987) indicated
strong Fe Il absorption features in the far UV, except for the
multiplet UV 191, which shows P-Cygni profiles. Toward the
long wavelengths, the Fe II lines begin to develop emissions.
In the optical region, different kinds of emission profiles are
observed (Fig. 6). Most of the Fell lines show broad and
structured profiles, sometimes double-peaked emissions sep-
arated by ~100 km s~!. The same figure shows the twin emis-
sion peaks in the line Fe IT 16432 (multiplet 40) with the blue
peak stronger than the red one at phases 0.00 to 0.24, but the
reverse occurs at phases 0.58 to 0.82. Other lines, such as
Fe Il 16456 (multiplet 74), suffer a sort of transition along
the phases from a double-peaked emission to a P-Cygni pro-
file. On the other hand, the members of multiplet 42 show
Beals’s type III P Cyg profiles similar to those of the Balmer
lines (see Fig. 5, left panel). We can see in the figure that the
Fell line at 25018 A presents two blueshifted absorptions,
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Fig. 4. HI profiles along the orbital phases. Two peaks are always ob-
served, with the red peak stronger than the blue one. Left: Ha profiles. A
weakening in the emission is produced at phases 0.15 and 0.87. Right:
P13 profiles of the Paschen Series.

but one of them is associated to He I at 15015.675 A. In the
right panel, variations of the FelIl 14923 line with the or-
bital phases are shown. Several blueshifted absorption com-
ponents are present with a similar structure to He I 15875.
OI: when the observed spectral range in our data is ex-
tended enough to the red wavelengths, the lines around
A7774 A, which correspond to the permitted triplet of O
(see Fig. 7), can be analyzed. The observed profile, which is
most likely a combination of emission and absorption com-
ponents from each line of the triplet, suffers some changes
at different phases, but a broad and strong emission with
a sharp blueshifted absorption is always observed. Other
weak, blueshifted absorption components are also present
with variable radial velocities.

Nal: the doublet shows P-Cygni profiles with a weak and
broad emission and two components in absorption (see
Fig. 8), perfectly separated by ~110 kms~'. The stronger
component very likely originated in the interstellar medium
with radial velocities almost constant, +1.4 + 3.6 and +2.6 +
3.4 kms™! for 15890 and 15895, respectively. The more
blueshifted absorption component is variable in both inten-
sity and radial velocity. It is stronger and wider at phases
~0.6-0.8, and it seems to follow the orbital motion of the
primary with a more positive systemic radial velocity, RV =
—-107.2+11.4and —106.0+13.2 kms~! for both components
of the doublet, respectively. An important contribution from
the circumstellar medium would be present in these lines. As
it is seen in Fig. 8, other weak absorption components are
clearly observed inmediately after the first quadrature (e.g.
phases 0.25-0.45), and an additional absorption seems to be
present on the blue wing of the line at the time of the second
quadrature (phases ~0.8).

Other lines: the SilIl multiplets 2, 4, and 5 are observed in
emission. Mg II 14481 is also observed in emission, but a
contribution of Fe IT 14480.687 would be important.
Forbidden lines: our spectra display three [OI] lines at
AA5577, 6300, and 6363. The line 15577 is a narrow emis-
sion with an almost constant radial velocity ~ +2 + 7 km s~
and superimposed over a broad emission component. The
unshifted and narrow emission is likely a telluric line with
an auroral origin. The other two lines, 44 6300 and 6363,
which arise from the same upper level and originate in the
same region, show similar profiles with a slight indication
of a double-peaked emission. [FeIl]144359, 4414; [Call]
A7291, 7324, and also [NII] A4 5754, 6583 are observed,
but as very weak emissions.
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4. Interstellar extinction and distance

The extinction to GG Car can be determined using the following
methods.

— An empirical fit to the relation between E(B — V) and the
equivalent widths of NaI D1 and K1 27699 lines for single-
lined absorption systems, given by Munari & Zwitter (1997),
is used. As mentioned above, in our spectra the Nal doublet

presents two perfectly separated components in absorption.
One of them, stronger and sharp, is considered to have origi-
nated in the interstellar medium. Taking the mean equivalent
width of the Nal D; absorption, EW = 0.49 + 0.04 we ar-
rive at a value for E(B — V) = 0.30 = 0.06. From the single
absorption of KI 17699, we obtain EW = 0.13 + 0.04 and
E(B-V)=0.50+0.16.

— Another classic method of determining E(B—V) is used from
the observed color index (B — V) = 0.552 + 0.025 mag
(Hipparcos Catalogue, ESA 1997) and the intrinsic color
(Schmidt-Kaler 1982), (B — V)g = —0.18 + 0.01 mag cor-
responding to the spectral type B1-2Iab obtained for GG Car
(see next section). In this case E(B — V) = 0.73 + 0.04 is
obtained.

From the IUE low-resolution data and assuming that the 2200 A
“bump” is of classical interstellar origin, Brandi et al. (1987)
proposed an E(B — V) = 0.52 £ 0.0.

The different methods lead us to a mean extinction to GG
Carof E(B—-V)=0.51+0.15.

To derive the distance to GG Car, we use the mean value
of V = 8.75 + 0.25 mag from the light curve given by Gosset
et al. (1984). Assuming the spectral type B1-2lab, we consider
My = —6.3+0.2 mag (Schmidt-Kaler 1982) and Ay = 1.5+ 0.45
for E(B—-V) =0.51 £ 0.15, resulting a distance D = 5 = 2 Kpc.
This value is two times greater than the distance determinated by
Lopes et al. (1992) using the strength of Nal interstellar lines.
In Sect. 5 we present another independent method for distance
estimates.

5. Continuum energy distribution
5.1. Observational data

The optical spectra obtained at CASLEO are added to the rest
of the photometric and spectroscopic data available in the liter-
ature to reproduce the continuum energy distribution of GG Car
in a wide range of wavelengths. Figure 9 shows the observed
continuum energy distribution, and Table 3 the data from IUE,
CASLEO, ISO, 2MASS, and MSX used.

In the optical region we attach a low-resolution spectrum ob-
tained at CASLEO on 2001 March 8 (provided by Dr. L. Cidale),
where the Balmer jump is observed in emission. In the wave-
length range 56008700 A, we use one of our echelle high-
resolution spectrum, and each aperture is treated separately. The
data obtained at the JHK bands were derived by converting
the 2MASS observed magnitudes into absolute fluxes through
a spectral irradiance calibration process given by Cohen et al.
(2003). For the Infrared Space Observatory (ISO) we obtained
the ASCII text file from the full database processed as explained
by Sloan et al. (2003). We also placed on this infrared spectrum
the MSX points.

To fit the observed continuum we adopted the model de-
veloped by Zorec (1998) and Muratore et al. (2010), which is
explained below.

5.2. The gas and dust envelope model

A simple model of an envelope made of gas and dust is pre-
sented to analyze its effect on the spectral energy distribution of
a normal B star. By comparing the theoretical results with the
observations, we can derive the fundamental parameters of the
star, as well as the global physical properties of the gas and dust
envelopes.
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Fig. 7. Profiles of the permitted lines of the O1I triplet and their varia-
tions with the phases. Vertical bars indicate the laboratory wavelengths
for the triplet components.

Table 3. Observational data for GG Car from the ultraviolet to the in-
frared.

Observatory ~ Spectral range Date

IUE (SWP) 1150-1950 A 1978 September 18
IUE (LWR)  1950-3100 A 1978 September 18
CASLEO 30004000 2001 March 08
CASLEO 5600-8700 1999 Febrary 27
2MASS JHK 2000 January 23
1SO 2.4-45.4 ym 1996 July
MSX ACDE 1996-97

Zorec (1998) and Muratore et al. (2010) consider a B star
surrounded by circumstellar material distributed in two different
regions: a gaseous shell located close to the star at a few stellar
radii, and a dust shell farther away at more than a hundred stellar
radii. We took the B-type flux models from Kurucz (1979).

The proposed model of the gaseous circumstellar envelope
is based on those presented by Cidale et al. (1989), Moujtahid
(1998), and Moujtahid et al. (1999). Considering that the con-
tribution of the envelope can be reduced to an equivalent shell,
the emergent flux of a system formed by a star plus a spheri-
cal envelope can be calculated. Then a plane-parallel solution to
the transfer equation can be adopted. The observed flux at the
distance D obtained in this way is expressed as

2
++G R*

R.
f/l - D2

2
Fra|—=,7 +R—GS(T)/3 R © (1)
12 RG’ 1 D2 AU G)Pa RG’TA 5

where ‘rg’ is the optical depth of the gaseous shell, R, the stellar
radius, Rg the gaseous shell effective radius, F the photospheric
stellar flux, S ,(T) the source function, and TG the electron tem-
perature of the gas. The factor @, describes the attenuation of
the star flux in the gas shell and the term S, 8, describes the
emissivity of the gas. Both @, and 3, are functions that can be
numerically calculated.

The circumstellar dust region is treated with the same
scheme as proposed for the gaseous region. We characterized
the absorption properties of the dust by a total optical depth TE
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Table 4. Parameters obtained using a Kurucz’ model for Ty =
23000 K, logg = 3 and a gaseous + dust envelope.

RIR,] TIKl Egy RY

Gaseous envelope 35 11500
Dust envelope 230 1300 0.07 4.0
700 930 0.08 4.0
5000 360 0.15 4.0
Interstellar medium 0.18 3.1

and the dust temperature 7». The expression for the observed
flux at a distance D, for the star, the gaseous shell, the dust shell,
and the interstellar medium is given by

R2
O = (e 4 2 Sa(To)l1 = 2E3Qe)])e ™ (2)

The first term of Eq. (2) describes the attenuation of the sys-
tem star + gaseous envelope due to the presence of a dust shell,
and the second term, S (7Tp)[1 — 2E3(ZTE)], describes the flux
emission of dust at a distance D. In an optically thin medium
(11 < 1), the source function S ;(Tp) can be assumed constant
inside the equivalent shell, and it can be demonstrated that the
flux emission of dust S ,(Tp)[1 — 2E3(27Y)] tends to S «(Tp)7?.
In this case, the dust emission will depend on the dust grain
properties, which is described by the Cardelli et al. (1989) ex-
tinction law (see more details below). Instead, in an optically
thick medium, this factor [1 — 2E3(2‘rf )] — 1 and the dust emis-
sion approachs the source function. Therefore the expression (2)
represents the two extreme situations: optically thin and thick
media.

We applied this simple model to the ISO spectrum of GG
Car, which is almost characterized by a linear function of wave-
length with weak silicate emission or none at all, and also with-
out PAHS (Voors 1999). It has been demonstrated by Bouwman
et al. (2000) that in case when “no clear spectral signature,
but only a broad continuous spectrum, is present, the relative
contribution of the individual dust species produces predicted
NIR fluxes which are indisttinguishable”. Therefore, in order to
model the source function we roughly opted for a black body
distribution, so the flux emission is represented by B (Tp)[1 —
2E3(21-/1D)]. This approximation describes the global properties of
this system, since it is not the main goal of this paper to analyze
the detailed structure of the dust.

In our simple model, both 7% and 5™ (the dust and the
interstellar optical depths, respectively) are related to the ex-
tinction A(A) through the expression 7 = 0.41n 10A(1). For
A(A) we use the extinction law given by Cardelli et al. (1989):
A(A) = [Rya(1/A)+b(1/2)]E(B-V), where Ry is the total to se-
lective extinction and E(B — V) is the color excess. The standard
value RPM = 3.1 is adopted for the interstellar dust, whereas a
different value of R}?, greater than 3.1, is obtained for the cir-
cumstellar dust.

To eliminate the dependence on the distance D, we must nor-
malize the flux to a reference wavelength A.¢. Using expres-
sion (2) we obtain the theoretical spectral energy distribution,
from 0.1 to 100 um, for different sets of the free parameters of
our model: Rg, T, 5, Rp, Tp, RY, Ep(B—V), and Eigm(B - V).

We have not made corrections for atmospheric extinction ef-
fects in our theoretical calculation. It is more appropriate to ap-
ply such corrections to the observational data, since they depend
on the observatory itself. Moreover, in the case of the data ob-
tained from satellite observations, it is not necessary to introduce
the corrections.
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Fig. 9. Top: the observed energy distribution of GG Car and the theoret-
ical model that considers a single central star with Ty = 23 000 K and
log g = 3. Bottom: the individual components of the fitting.

5.3. Results

The best fitting was achieved with the parameters listed in
Table 4. With these values we can conclude that our model,
as expressed by Eq. (2), follows the case of an optically thin
medium.

The continuous black line in Fig. 9 shows our best theoreti-
cal fitting corresponding to a model of a single central star with
T = 23 000 £ 2000 K. Since the surface gravity is not sensitive
to variations in continuum, we adopted log g = 3, which corre-
sponds to a supergiant star. The spherical envelope consists of
two regions: a layer close to the central star of 3.5 stellar radii
composed of ionized gas, and other outermost layers composed
of dust with Eg_y = 0.3. A value of Re = 4.0 was derived for
the dust shell. For the interstellar medium, Ep_y = 0.18 was
added. The total extinction obtained here agrees very well with
the E(B — V) calculated in Sect. 4.

It is possible to estimate the distance D writing the expres-
sion (2) as

Ja= (%)2 F,

where F, is the output data, f; the observed flux, and R, =
32 + 8 Ry, the obtained stellar radius (see Sect. 6). Considering
the regions where the theoretical data fit the observational data
very well, we calculated the distance using the set of parameters
obtained and the value of the observed flux for different wave-
lengths. Thus, we averaged a distance of 5 + 1 kpc.

The results presented here are not significantly modified if
we consider two B-type stars instead of a single central star.
When assuming a mass of 8 M, for the secondary star and tak-
ing a temperature similar to the primary star, our model suggests
that the second star might contribute less than 10% of its fluxes.

Finally, considering the classification criteria adopted by
Lopes et al. (1992) and Clark & Steele (2000), based on the
emission features observed in the IR spectrum and the obtained
effective temperature (23 000 K), together with the calibration
temperature scale derived by Zorec et al. (2009), we conclude
that the star is consistent with a BO-B2 spectral type.

6. Discussion

In our spectra the lowest Balmer lines display a PCygni pro-
file of Beals’ type III with a violet-to-red ratio V/R < 1 (see
Figs. 3 and 4). If we assume that this double-peaked appear-
ance in the Balmer lines could be interpreted as coming from
a Keplerian circumstellar disk, one would expect a velocity dif-
ference between both peaks increasing with the Balmer series, as
the line-forming region is smaller because of the lower line opac-
ity. However, the measured velocity differences are —225 kms™!
(Ha), —208 kms™' (HB), —215 kms~! (Hy), and —220 kms™!
(Ho). On the other hand, the radial velocities of the central ab-
sorptions are less negative than the upper members, indicating an
envelope that is accelerated outwards and which is not consistent
with what could be expected of a purely rotational velocity field.
The central absorption could come from by self-absorption in a
dense and slowly expanding wind or from a thick hydrogen neu-
tral disk around the binary system, resulting in the well-known
Balmer profiles observed in symbiotic stars. The high value of
Ha/HpB ~ 8 points to self-absorption as the most likely cause of
the observed profiles.

Most of the emission lines in GG Car display double-peaked
profiles, and the straightforward interpretation is that they origi-
nate in a disk of gas surrounding the system or in a disk situated
at approximately 3.5 stellar radii from the primary component.
The red and blue emission peaks correspond to the regions that
are receding from us and moving toward us, respectively, and the
central absorptions correspond to the gas along the line of sight
with zero velocity.

The prominent emissions of Fe Il lines, mainly members of
multiplet 40, show profiles that do not fit into the group de-
scribed above, and a clear double-peaked structure separated by
~50 km s~ is observed (see Fig. 6). The Paschen line series also
displays double-peaked profiles separated by ~36 kms™!, with a
rather weak central absorption component (Fig. 4), and an incip-
ient double-peaked structure is observed in the emission lines of
[O1] 24 6300, 6363. The simple appearance of a double-peaked
structure of the line profiles could indicate two possible scenar-
ios in the line-forming region: the presence of a Keplerian rotat-
ing disk or an outflowing disk. To draw valid conclusions about
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the real kinematical nature in the region where those double-
peaked emissions are formed, it is necessary to investigate the
density and temperature structure in those disk regions, to com-
pute the line profiles expected in both cases, and to compare
them with the observed profiles (see e.g. Kraus et al. 2010).

Assuming a spectral type of supergiant BO-2 and My,
—8.8 mag (Lamla 1982) for the primary of GG Car, L
(2.6 = 1.0) x 10° Ly and the stellar radius R = 32 + 8 Ro
are obtained. From the parameter 7.t derived in Sect. 5 and
L = 2.6 x 10° Ly, we can verify that the location of GG Car
in the HR diagram — like most sgB[e] stars in the MCs and in
our galaxy— is on a post-main sequence phase of evolution and
located in the top lefthand part of the diagram in the ranges of
L ~10*-10° Ly and T ~ 10 000-30 000 K (Lamers et al. 1998).
Using the evolutionary tracks of nonrotating and rotating stel-
lar evolutionary models at solar metallicity given by Meynet &
Maeder (2003), we can estimate the masses corresponding to
the evolution track on which GG Car is located. This results in
25 My < Mipitial < 40 Mg and 21 My < Mp, < 34 M. Adopting
Mp, sindi=18 M, as obtained from our spectroscopic orbit, an
orbital inclination 72° > i > 54° is estimated, which is consistent
with an eclipsing binary system.

The theory of radiation-driven winds predicts that the “mod-
ified stellar wind momentum” depends directly on luminosity
through the wind momentum-luminosity relationship (Kudritski
& Puls 2000):

L
log Dy + xlog —

Lo
0.5
. (R
Mue (—*)

log Dmom

Dnom = Ro
where the coefficients log Dy and x are functions of spectral type
and luminosity class. By adopting the coefficients of the wind
momentum-luminosity relationship for early B stars of the so-
lar neighborhood, log Dy = 21.24 + 1.38 and x = 1.34 + 0.25
given by Kudritski et al. (1999), log Diom = 28.50 is obtained.
The terminal velocity v, of B supergiant winds depends on T
and on the effective escape velocity at the stellar surface. The
effective escape velocity has to be calculated as the difference
between the Newtonian escape and a correction for the radiation
pressure due to electron scattering as

Vesc = \[2(1 - Fe)G}g—:

— Tely — 2 =1 3 -
I. = TG where 0. = 0.30 cm~gr™ is the electron scat

tering coefficient per unit mass for hot star winds. The theory
of radiation-driven winds predicts that the ratio veo/Vesc ~ 2.6 for
stars with Teg > 21 000 K (Lamers & Cassinelli 1998), and from
that we obtain vee = 377km s™! and v = 980km s~!, with an
uncertainty in ve, of typically 10 to 20%. The mass-loss rate of
GG Car, M = (9 +3) x 1077 M, /yr, has been derived from the
previous expression of Dpon.

Kraus (2009) suggests a way to distinguish between the pre-
and post-main sequence evolutionary phase of B[e] stars based
on the increasing '*C abundance on the stellar surface at post-
main sequence evolutionary phases. GG Car has been recently
found to show the '*CO band emission, classifying it definitely
as a Ble] supergiant star. However, adopting log L = 4.7-5.18
and log T = 4.2—4.3 (McGregor et al. 1988; Lopes et al. 1992)
and the observed 12C/ 3¢ isotope ratio on the order of <10,
Kraus (2009) finds a disagreement with her rotating or nonrotat-
ing model predictions. Instead, when taking our stellar parame-
ter determinations and assuming that GG Car has evolved from
a progenitor star of 25 My < Miniia < 40 Mg, the observed
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12C/13C isotope ratio fits much better with her model predic-
tions (Fig. 6 in Kraus 2009), confirming the classification of GG
Car as a sgB[e] star.

The distance at which the CO band emission originates in the
B[e] supergiant stars could be estimated on the basis of temper-
ature arguments. Kraus & Borges Fernandes (2005) and Kraus
et al. (2006, 2007) have shown that the disks around B[e] stars
must be predominantly neutral in H close to the stellar surface in
order to reproduce the observed strong [OI] emission lines. The
temperature in the [OI] line-forming regions ranges from 8000
to 6000 K, whereas the dust shell must be located farther away
from the star where the disk temperature dropped to the dust
evaporation temperature, approximately 1500 K (Krau 2009).
On the other hand, theoretical CO band calculations have shown
that the formation of pronounced band head structures requires
a minimum CO temperature of about 2000 K and a dissocia-
tion temperature of about 5000 K (Kraus 1997; Kraus 2009).
This argument places the CO formation region beyond the [OI]
saturation and before the dust emission regions, which usually
occurs at distances of around 100-300 stellar radii (Kraus et al.
2006, 2007). As a consequence, in the model proposed here for
GG Car, the location of the observed CO emission would be in
the region of the envelope with a temperature range of 2000—
5000 K, and the distance from the central star would be shorter
than 230 stellar radii.

7. Conclusions

In this paper, we have presented an observational study of the
supergiant B[e] star GG Car. The observations include high-
dispersion spectroscopy in a wide spectral range, collected
from 1996 until 2010. A continuum energy distribution for
GG Car was also obtained from the UV to the IR, using avail-
able low-dispersion spectra and photometric data from different
databases. The main conclusions drawn from these obsevations
are as follows.

— For the first time, the spectroscopic orbits for both compo-
nents of the system have been determined, obtaining an or-
bital period of 31.033 days, which confirms the first spectro-
scopic period given by HLST81 and one of the two plausible
photometric periods proposed by Gosset et al. (1984). A de-
tailed analysis of the He I profiles revealed photospheric ab-
sorption lines blended with the P-Cygni profiles, indicating
that the system could be conformed by two B-type stars. The
radial velocity curves for the primary and secondary com-
ponents were obtained from the blueshifted absorptions of
Hel 14471, 5875, 6678, and 7065. From the best combined
orbital solutions, corresponding to an eccentric orbit with
e = 0.28, the projected binary separation A sin i = 0.57 AU,
and the component masses Mp; sini = 18 + 3 M, and
M. sin® i = 8 + 2 M, were obtained, therefore a mass ratio
q = Mp;/Mse. = 2.2 +0.9 was derived.

— A simple model of an envelope made of gas and dust are pre-
sented as well as its effect on the spectral energy distribution
considering a single central B-type star. It was calculated that
a contribution of a secondary B-type star to the flux distribu-
tion would be negligible, and the results presented here are
not strongly modified if we consider two B-type stars instead
of a single central star. B-type flux models (Kurucz 1979)
are considered to be surrounded by a circumstellar material
distributed in two different regions: a gaseous shell located
close to the star at a few stellar radii, and a dust shell far-
ther away, more than a hundred stellar radii. By comparing
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theoretical results with observations, we can derive funda-
mental parameters of the stars, as well as global physical
properties of the gas and dust envelopes. The best fitting was
achieved for a temperature of T.g = 23 000 = 2000 K. The
circumstellar material results in a gaseous envelope to 3.5
stellar radii from the central star, with 7 ~ 11500 K and
other outermost hot dust layers with Ez_y = 0.30. For the
interstellar medium, an Ep_y = 0.18 was added. The result-
ing effective temperature is consistent with a spectral type
BO-B2.

— Values of the distance to the system of 5+2 Kpc and 5+1 Kpc
were obtained from two independent methods.
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