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ABSTRACT

B[e] supergiants are a rare and unusual class of massive and luminous stars, characterized by opaque circumstellar envelopes.
GG Carinae is a binary whose primary component is a B[e] supergiant and whose variability has remained unsatisfactorily
explained. Using photometric data from ASAS, OMC, and ASAS-SN and spectroscopic data from the Global Jet Watch and
FEROS to study visible emission lines, we focus on the variability of the system at its  31-d orbital period and constrain the
stellar parameters of the primary. There is one photometric minimum per orbital period and, in the emission line spectroscopy,
we find a correlation between the amplitude of radial velocity variations and the initial energy of the line species. The spectral
behaviour is consistent with the emission lines forming in the primary’s wind, with the variable amplitudes between line species
being caused by the less energetic lines forming at larger radii on average. By modelling the atmosphere of the primary, we
are able to model the radial velocity variations of the wind lines in order to constrain the orbit of the binary. We find that the
binary is even more eccentric than previously believed (e = 0.5 % 0.03). Using this orbital solution, the system is brightest at
periastron and dimmest at apastron, and the shape of the photometric variations at the orbital period can be well described by
the variable accretion by the secondary of the primary’s wind. We suggest that the evolutionary history of GG Carinae may need

to be re-evaluated in a binary context.
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1 INTRODUCTION

B[e] supergiants (B[e]SGs) are a class of rare stars which are not
predicted by stellar evolution models. They are characterized by
hybrid spectra of hot stars with infrared excess; strong emission in
Hydrogen Balmer and Helium lines; strong permitted and forbidden
emission lines from a number of elements; and wide absorption
lines in the ultraviolet (UV) spectrum. These features point towards
a complex circumstellar environment (Zickgraf et al. 1985, 1986;
Kraus 2019). Currently there are only 33 confirmed B[e]SGs
discovered, and 25 further candidates (Kraus 2009, 2017, 2019;
Kraus et al. 2014; Levato, Miroshnichenko & Saffe 2014). Their
formation channels and the origin of the B[e] phenomenon are
unclear, with some studies ascribing the phenomena to binarity (Pod-
siadlowski, Morris & Ivanova 2006; Miroshnichenko 2007; Wang
et al. 2012) and others to non-radial pulsations (Kraus 2016). The
opaque circumstellar envelopes of B[e]SGs preclude the observation
of photospheric absorption lines and therefore the determination of
the stars’ surface conditions (e.g. Kraus 2009). The exact mechanism
of mass-loss in these stars remains unknown.

Akin to classical Be stars, the standard picture of B[e]SGs are
that they are expected to be rapid rotators which lead to equatorial
outflows (Zickgraf et al. 1986); however, their lack of photospheric
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lines make it difficult to confirm this for the majority of the population
sample. For the few B[e]SGs for which rotation rates have been
measured, they have been found to rotate at a high fraction of the
critical break-up velocity (Gummersbach & Wolf 1995; Zickgraf
1999, 2006; Kraus, Borges Fernandes & de Aradjo 2007). However,
doubt has been cast on the measurement of these rotation velocities
by Kraus et al. (2016), who found the He1 absorption used to
determine the rotation velocity of one specimen was polluted by
the wind absorption and by variability associated with pulsations.
They conclude that this casts doubt on the rotation velocities of the
entire sample.

B[e]SGs are usually not significantly photometrically variable,
except for binary induced variability (Zickgraf et al. 1986; Lamers
etal. 1998). Krtickova & Krticka (2018) suggests that any long-term
broad-band photometric variability in B[e]SGs is most likely due to
changes in the stars’ envelopes.

GG Carinae (GG Car, also known as HD 94878 and CPD-59
2855), is an enigmatic Galactic B[e]SG binary which has been
studied for over a century due to its peculiar spectroscopic and
photometric properties (Pickering & Fleming 1896; Kruytbosch
1930; Greenstein 1938). Lamers et al. (1998) classified GG Car
as a B[e]SG, building on the work of McGregor, Hyland & Hillier
(1988) and Lopes, Damineli & De Freitas Pachecho (1992), noting
their observation of the B[e] phenomenon in this object: its high
luminosity, indications of mass-loss through P Cygni line profiles,
and its hosting of a hybrid spectrum of narrow emission lines
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and broad absorption features. Marchiano et al. (2012) refined the
luminosity and the temperature of the primary, cementing GG Car’s
status as a B[e]SG. CO emission present in the system suggests
that the primary is in an early, pre-red supergiant, evolved stage
of its post-main-sequence evolution (Kraus 2009; Kraus et al.
2013; Oksala et al. 2013). However, this determination depends on
assumptions of the rotation rate of the primary, which cannot be
directly measured.

The binarity of GG Car has long been hinted at by photometry
(Kruytbosch 1930; Gosset, Surdej & Swings 1984), and has been
confirmed spectroscopically by the periodic RVs of its emission
lines (Hernandez et al. 1981; Gosset et al. 1985). It had been
debated whether the system has a photometric period of 31 or

62d (Kruytbosch 1930; Greenstein 1938; Gosset et al. 1984; van
Leeuwen, van Genderen & Zegelaar 1998), whereas the spectro-
scopic variability indubitably displays 31-d periodicity (Hernandez
et al. 1981; Gosset et al. 1985; Marchiano et al. 2012). However,
despite these studies being able to determine the binary’s orbital
period, an accurate determination of GG Car’s binary orbital solution
has remained elusive due to the lack of photospheric absorption
lines in the system, typical of B[e]SGs. The confusion as to the
photometric period arises from long- and short-period variability in
the system, which causes successive orbits’ light curves to be non-
identical (Gosset et al. 1984; van Leeuwen et al. 1998; Krtickova
& Kirticka 2018). This variability makes GG Car unusual for a
Ble]SG.

The class of the secondary component of GG Car is undetermined.
The system was observed in the X-ray band by the SWIFT mission,
and the data are available in the 1SXPS catalogue (Evans et al.
2013). There was a ‘poor’ detection of X-rays from the system, not
significantly above the background level. This indicates that GG Car
is not a significant source of X-ray radiation, and it is unlikely the
system is an X-ray binary or a highly energetic colliding-wind binary
such as n Carinae (Pittard et al. 1998).

Kraus et al. (2013) discovered infrared emission originating from
athin CO circumbinary ring orbiting at 80 km s~ projected on to the
line of sight, and suggested that the circumbinary disc was formed
during a classical Be phase of the primary before the star exhibited the
B[e] phenomena. Maravelias etal. (2018) studied GG Car’s forbidden
optical emission lines and found [Can] and [O1] emission lines
originating from the same region as the CO emission, and another
[O1] ring orbiting with a projected velocity of 30kms™. They
determined the systemic velocity of the system to be —22kms™!
using these circumbinary lines. Pereyra et al. (2009) found that GG
Car hosts a rotating disc emitting H-alpha, and by consideration of
the time-varying spectropolarimetry concluded that it originates at
least in part in the system’s circumbinary disc

The standard picture of B[e]SGs is that they host two wind
components: a hot, fast polar wind, and a slow, cool equatorial
wind (Zickgraf et al. 1985, 1986). Oudmaijer et al. (1998) extended
this, finding that at intermediate latitudes the wind had properties
between these two extremes, indicating a less clear cut picture but
that complex wind absorption components could be observed. Gosset
et al. (1985) noted that there were multiple blue shifted absorption
components in the Hi Balmer and He1 emission lines, with the
number of components depending on orbital phase. Additionally,
they determined that the orbital solution of the binary is dependent on
the line species studied which, without proper physical elucidation,
undermines confidence in the solution.

Marchiano etal. (2012) interpreted the He 1 absorption components
in GG Car as photospheric absorption from both of the binary
components, and from this determined a measurement of GG Car’s
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orbital parameters. This interpretation of the He 1 absorption would be
unusual for B[e]SGs, and that interpretation is highly suspect when
the He 1 line profiles include both emission and absorption from the
complex wind of the primary. With their interpretation, Marchiano
et al. (2012) inferred a systemic velocity of GG Car of V, =
—162 kms™! from the He I absorption lines. This systemic velocity
is incompatible with the —22 km s~ determined by Maravelias et al.
(2018). Additionally, Hanes, McSwain & Povich (2018) measured
that the average systemic velocity V, = —7.14 + 13.10kms™!
for the stars composing the Carina nebula. This indicates that the
He 1 absorption of GG Car measured by Marchiano et al. (2012)
were systematically more blueshifted than the systemic velocity,
and therefore these absorptions are in fact due to absorption in the
complex wind of the system. This casts doubt on the accuracy of
the orbital solution of the binary that they measured; therefore, in
this study, we aim to uncover the true binary orbital solution in the
system using alternate methods.

With its luminosity, high mass, and complex circumstellar envi-
ronment, GG Car appears to be the prototypical B[e]SG system;
however, its variability on both orbital and shorter time-scales have
shown that it is an unusual system. In this study, we investigate
the variability of GG Car at its 31-d orbital period, using both
photometric and spectroscopic data. In Section 2, we introduce the V-
band photometry and the Global Jet Watch and FEROS spectroscopy
of GG Car. In Section 3, we determine the luminosity of the
primary using the Gaia parallax of the system and estimate the
primary’s mass. In Section 4, we study the variability of the system’s
photometry and emission lines’ RVs at the 31d orbital period. In
Section 5, we constrain the orbital solution of the binary by properly
calculating the time-dependent emissivity of GG Car’s emission lines
in its atmosphere and using them to fit the RV variations of the
emission lines. We find a new orbital ephemeris of

T — 2452069.36
= =011 @)
31.011

where p is the phase and T is the time in JD. Therefore, phase 0/1
corresponds with periastron of the binary, and phase 0.5 corresponds
to apastron. All phases presented in this study are calculated using
equation (1). In Section 6, we constrain the mass of the secondary
component, and then discuss some models which may cause the
photometric variability seen in GG Car, and in Section 7, we present
our conclusions and summarize the properties of GG Car that we
find in this study.

This work is the first in a series of studies of GG Car which will
investigate short-period, 1.583-d variability in the system, and the
atomic circumbinary emission in the visible spectrum of GG Car.

2 OBSERVATIONS

2.1 V-band photometric observations

V-band photometric data of GG Car is available from the All
Sky Automated Survey (ASAS, Pojmanski & Maciejewski 2002;
Pojmanski 2004), the Optical Monitoring Camera aboard the IN-
TEGRAL satellite (OMC, Mas-Hesse et al. 2003), and the All Sky
Automated Survey for Supernovae (ASAS-SN, Shappee et al. 2014;
Kochanek et al. 2017). Each of these surveys use standard Johnson
V-filters, centred at 550 nm and with a full width half-maximum
of 88nm. Further details of the V-band observations used in this
study for each survey are given in Table 1. The median magnitudes
between the surveys, listed in this table, are consistent with each
other, given that GG Car is a variable between magnitudes 8.4—
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Table 1. The number of observations, median magnitude, date range, mean cadence, and median error for the V-band photometric data of GG Car for each

survey used in this study.

Survey # of observations Median magnitude (mag) Date range Mean cadence (d) Median error (mag)
ASAS 387 8.66 2000-12-8-2009-03-28 7.85 0.025
oMC 1654 8.62 2003-1-29-2019-1-27 3.53 0.013
ASAS-SN 632 8.69 2016-2-5-2018-7-22 1.42 0.010

Table 2. The number of GJW spectra used in this

study.

Exposure time (s) # of spectra
100 596
1000 305
3000 416

9.0 and each survey has a different observation window and phase
coverage.

The ASAS-SN light curve for GG Car is calculated using the
project’s Sky Patrol feature, where the user can enter any
celestial coordinate and a light curve is returned. Ostensibly, the
saturation limit for the ASAS-SN cameras is around 10th magnitude;
however, corrections are done to the photometry automatically for
brighter sources, such as GG Car. Occasionally, the correction of the
data fails, and therefore spurious data need to be removed manually.
ASAS-SN data are also affected by the phase of the moon; we model
this as a sinusoidal effect in brightness with a period of 29.51d, and
this model is subtracted from the data.’

2.2 Global Jet Watch spectroscopy

The Global Jet Watch (GJW) has been collecting mid-resolution
(R 4000) optical spectroscopic data on a variety of objects,
including GG Car which it has been observing since early 2015.
GJW is an array of five telescopes, separated in longitude, which
take optical spectra from  5800—8400 A. The spectra are reduced
with a bespoke data-reduction pipeline making use of dark and
flat-field calibration exposures, and the wavelengths are calcu-
lated using Thorium Krypton calibration frames. The spectra are
barycentric corrected using heliocentric velocities calculated with
the barycorrpy package (Kanodia & Wright 2018). In this study,
all spectra are normalized by the local continuum.

GJW'’s wavelength range is particularly well suited to study a
number of GG Car’s emission features, such as the dominant H-alpha
lineat6563 A, He 1 lines at 5875, 6678, and 7065 A, and an abundance
of permitted Sin and Fe i1 emission lines. Our observations of GG
Car have exposure times of either 100, 1000, or 3000s. This range
of exposure times is optimized for observing the bright H-alpha
line, with the 100-s exposures, and the metal and He 1 lines, which
require at least 1000-s exposures to achieve acceptable signal-to-
noise. Table 2 lists the number of observations at each exposure
time and Fig. Al in the appendix displays the distribution of these
observations over the orbital period of the binary.

LFor further examples in failures of ASAS-SN flux correction due to
saturation, see fig. 9 in Kochanek et al. (2017) and example 5 in http://www.as
tronomy.ohio-state.edu/ assassin/public/examples.shtml. Example 2 of the
same web page shows the effect of the phase of the Moon on the photometry.
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2.3 FEROS spectroscopy

The Fiber-fed Extended Range Optical Spectrograph (FEROS,
Kaufer et al. 1999) is a high-resolution echelle spectrograph, located
at the European Southern Observatory (ESO) at La Silla, Chile.
Before 2002 October, the spectrograph was used with the ESO 1.52-
m telescope; since then it has been used with the 2.2m MPG/ESO
telescope. FEROS has a wavelength range of 3600-9200 A and
R 48000. The FEROS spectra used in this study have been reduced
by ESO using the standard FEROS reduction pipeline.

The publicly available FEROS data of GG Car span three epochs:
1998 December, 2015 May, and 2015 November. Table Al lists
the exact dates and times of the observations. The FEROS data
do not have satisfactory phase coverage to undertake time-series
analysis, as is shown in Fig. A2 in the appendices. However, the high-
spectral resolution observations may be used to complement the high-
temporal resolution GJW data by revealing the fine structure of the
emission lines’ profiles, and thereby revealing the formation regions
of the lines, allowing us to choose unblended lines to investigate, and
allowing us to make estimates of the terminal wind velocity.

3 REVISED LUMINOSITY AND MASS OF THE
B[E] SUPERGIANT PRIMARY OF GG CAR

Gaia’s Data Release 2 (Prusti etal. 2016; Brown et al. 2018) published
a parallax to GG Car of 0.2997 £ 0.0303 mas; using the Uniform
Distance Prior method of Luri et al. (2018) to convert parallax to
a distance, this indicates a distance to GG Car of 3.4*3] kpc and a
distance modulus of 12.66233; mag.

We show in Section 6.2.3 that the photometric variations at the
orbital period are due to luminosity increases at periastron due to
mass transfer between the components, and in Section 6.1, we show
that the luminosity of the secondary is expected to be negligible
compared to the primary. Therefore, we assume that the V-band
brightness of the system when it is at photometric minimum, at
apastron, is solely dominated by the intrinsic brightness of the
B[e]SG primary. We therefore assign the primary an intrinsic V-
band brightness of my = 8.8 = 0.1 mag (Fig. 3). We can find the
absolute V-band magnitude of the primary, My, by

d

My =my —5lo)g —— —Ay=my —u—Ay, 2

v v g 10pc v v —H v 2
where d is the distance to GG Car in parsecs, Ay is the interstellar
extinction in the V-band, and [ is the distance modulus.

Ay and the B — V excess, Eg — v, are proportional to each other,
such that

Av

Ry = , 3

V=g ®)
where Ry is the ratio of absolute to relative extinction. It is often
assumed that within the Galaxy Ry 3.2; however, Ry is highly
dependent on the properties of the interstellar medium (ISM) along
the line of sight to the target (e.g. Majaess et al. 2016). GG Car’s
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Galactic coordinates (289.133, —00.651) places it within the Galactic
plane, where the ISM densities will be greatest. Furthermore, the star-
forming Carina nebula has often been found to have an anomalously
high Ry (e.g. Feinstein, Marraco & Muzzio 1973; Herbst 1976; Smith
1987; Tapiaetal. 1988; Patriarchi, Morbidelli & Perinotto 2003; Hur,
Sung & Bessell 2012; Majaess et al. 2016) and extinction which can
be significantly more than 5mag in the V-band (e.g. Preibisch et al.
2014; Damiani etal. 2017). In a study of the dependence of Ry on the
Galactic longitude, I, for O-stars, Majaess et al. (2016) found a sharp
peakinRyatl 2907, almost exactly at the Galactic longitude of GG
Car. The cited studies find Ry in the range 4.4—4.8 towards the Carina
region, therefore we adopt Ry = 4.6 = 0.2 for the ISM along the line
of sight to GG Car for our calculation of its primary’s luminosity.
Brandi, Gosset & Swings (1987) and Marchiano et al. (2012) found
Eg—v to be 0.52 = 0.04mag and 0.51 + 0.15mag, respectively;
therefore, we adopt a total visible extinction Ay = 2.35 + 0.21 mag
and find My = —6.21 + 0.44 mag.

We calculate the bolometric correction, BCy, of GG Car to be
—2.21 = 0.20mag, using the Flower (1996) regime for a star of
log (Tesr) = 3.90, which was corrected in Torres (2010), assuming
an effective temperature T = 23000 = 2000 K (Marchiano et al.
2012). Therefore, the bolometric magnitude of the primary My =
My + BCy = —8.42 £ 0.49 mag. The luminosity of the primary can
then be calculated using the relation

L
Mpoi — Mpa, = —2.510g o 4)

where My, is the solar bolometric magnitude, and L is the
solar luminosity. To be consistent with the BCy calculated using
Flower (1996) and Torres (2010), we adopt My, = 4.73mag.
Therefore, the luminosity of the primary of GG Car is log (Lp/L ) =
5.26 + 0.19. This corresponds to L, = 1.8739 < 10°L . The
effective temperature and updated luminosity imply a stellar radius
Rpr = 27*9R . Our determination of L, agrees well with Krtigkova
& Kirticka (2018), who found that the B[e]SGs of the LMC and
the SMC, with their well-defined distances, had remarkably uniform
luminosities of (1.9 +0.4) < 10°L .

The direct observation of the primary star’s mass is precluded by
the thick circumstellar envelope of the system. Therefore, to estimate
the mass of GG Car’s primary, we must compare its position on the
Hertzsprung—Russell (H-R) diagram to stellar evolution models. We
choose to compare its measured luminosity and effective temperature
to the grid of stellar evolution models of Ekstrom et al. (2012), who
calculated stellar evolution tracks for stars with initial masses from
0.8 to 120M at a solar metallicity of Z=0.014; this is similar
to the observed metallicity towards the Carina region (Spina et al.
2017). The models were calculated for both initially rotating and
non-rotating stellar models, with the rotating stellar models having an
initial rotational velocity 0.4 v, where vy is the critical breakup
velocity of the star. Fig. 1, top two panels, displays the position of GG
Car’s primary in the H-R diagram, along with the evolutionary tracks
at solar metallicity for a suitable range of initial masses of Ekstrom
etal. (2012), in the rotating (right-hand panel) and non-rotating (left-
hand panel) cases. From its position on the H-R diagram relative
to the evolutionary tracks, we can estimate the initial mass of the
primary. We estimate 20M < Mjnit < 32M , where My is the
initial mass of the primary of GG Car. The bottom two panels of Fig. 1
display the evolution of the mass of the stars in the Ekstrom et al.
(2012) models and the current Teg of the primary of GG Car; from
the initial mass estimate from the top two panels and the evolution
of the mass together, we can deduce that 20M < Mpoyw <28M
where My, is the current mass of the primary star in GG Car. We
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Figure 1. Stellar evolutionary models of luminosity, L, and stellar mass,
Mnow, against effective temperature, Tesr, of Ekstrom et al. (2012) for varying
initial stellar mass, Minit. The left-hand panels show the tracks for the non-
rotating cases, and the right-hand panels show the rotating cases. The position
of GG Car on the H-R diagram is denoted by a black point. The Tef of the
primary of GG Car is denoted by the grey, vertical line in the Mpoy panels.
Only data where the ratio of the abundances of the Carbon isotopes 12C/13C
> 5 are plotted. The legend in the bottom right-hand panel gives Mipj; for the
tracks in all panels.

Table 3. Gaiadistance, d, and stellar parameters of the primary
in GG Car, where My, is the mass of the primary, Tess is the
effective temperature of the primary, Ly is the luminosity of
the primary, and Ry is the radius of the primary. Tess is taken
from Marchiano et al. (2012).

d 34107 kpe

Mor 24+4M

Tefr 23000 = 2000 K

Lpr 18139 < 105L
9

Ror 2779R

therefore deduce the primary star’s mass My, = 24 =4M , and list
the updated stellar parameters in Table 3. It must be noted that this
deduced mass is model dependent using the single-star evolution
models of Ekstrém et al. (2012), and that if there has been significant
binary interaction in GG Car’s history that the primary has regained
thermal equilibrium (see Section 6.3).

4 THE VARIABILITY OF GG CAR ALONG THE
ORBITAL PERIOD

4.1 Photometric variability

Fig. 2 displays the V-band photometry of GG Car from ASAS, ASAS-
SN, and OMC. The variability is dominated by the 31-d period of
the binary, as can be seen in the bottom panel. There is also some
longer term variability present in the data, and noticeable scatter
along the light curve. As these are mostly ground-based experiments
within much larger monitoring programmes, these data have, at best,
only a few observations per day.

Fig. 3 displays the V-band photometry of GG Car folded by the
orbital period using the orbital ephemeris of equation (1), which
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