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ABSTRACT

Context. Luminous blue variables (LBVs) are evolved massive stars that exhibit instabilities that are not yet understood. Stars can
lose several solar masses during this evolutionary phase. The LBV phenomenon is thus critical to our understanding of the evolution
of the most massive stars.

Aims. The LBV R71 in the Large Magellanic Cloud is presently undergoing an S Doradus outburst, which started in 2005. To better
understand the LBV phenomenon, we determine the fundamental stellar parameters of R71 during its quiescence phase. In addition,
we analyze multiwavelength spectra and photometry obtained during the current outburst.

Methods. We analyzed pre-outburst CASPEC spectra from 1984-1997, EMMI spectra in 2000, UVES spectra in 2002, and FEROS
spectra from 2005 with the radiative transfer code CMFGEN to determine the fundamental stellar parameters of the star. A spectro-
scopic monitoring program with VLT X-shooter since 2012 secured visual to near-infrared spectra throughout the current outburst,
which is well-covered by ASAS and AAVSO photometry. Mid-infrared images and radio data were also obtained.

Results. During quiescence, R71 has an effective temperature of T = 15500 K and a luminosity of log(L./L,) = 5.78. We
determine its mass-loss rate to 4.0 x 10 M, yr~!. We present the spectral energy distribution of R71 from the near-ultraviolet to
the mid-infrared during its present outburst. Semi-regular oscillatory variability in the light curve of the star is observed during the
current outburst. Absorption lines develop a second blue component on a timescale of twice that length. The variability may consist
of one (quasi-)periodic component with P ~ 425/850 d with additional variations superimposed.

Conclusions. R71 is a classical LBV, but this star is at the lower luminosity end of this group. Mid-infrared observations suggest that
we are witnessing dust formation and grain evolution. During its current S Doradus outburst, R71 occupies a region in the HR diagram
at the high-luminosity extension of the Cepheid instability strip and exhibits similar irregular variations as RV Tau variables. LBV's do
not pass the Cepheid instability strip because of core evolution, but they develop comparable cool, low-mass, extended atmospheres
in which convective instabilities may occur. As in the case of RV Tau variables, the occurrence of double absorption lines with an
apparent regular cycle may be due to shocks within the atmosphere and period doubling may explain the factor of two in the lengths

of the photometric and spectroscopic cycles.
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1. Introduction

Luminous blue variables (LBVs), also known as S Doradus vari-
ables, are evolved massive stars that exhibit instabilities that are
not yet understood (Conti 1984, 1997; Humphreys & Davidson
1994; Nota & Lamers 1997, and references therein). They
represent a brief but critical phase in massive star evolution
because several solar masses can be expelled during this stage

* Based on observations collected at ESO’s Very Large Tele-
scope under Prog-IDs: 69.D-0390(D), 289.D-5040(A), 290.D-
5032(A), 091.D-0116(A,B), 092.D-0024(A), 094.D-0266(A, B, C),
096.D-0043(A, B, C), 097.D-0006(A,B), 598.D-0005(A,B) and at
the MPG/ESO 2.2-m Telescope under Prog-IDs: 076.D-0609(A),
078.D-0790(B), 086.D-0997(A, B), 087.D-0946(A), 089.D-0975(A),
094.A-9029(D), 096.A-9039(A), 097.D-0612(A, B), 098.D-0071(A).

Article published by EDP Sciences

(see, e.g., Groh et al. 2014). The LBV phenomenon extends to
luminosities as low as log(L/Ly) ~ 5.2, corresponding to stars
with initial masses of ~20 M. Luminous blue variables experi-
ence outbursts with enhanced mass loss during which they ap-
pear to make transitions in the Hertzsprung-Russell (HR) dia-
gram from their quiescent hot state (T.g ~ 16 000-30 000 K) to
lower temperatures (Teg ~ 8000 K). Their instability could be
responsible for the empirically found upper luminosity bound-
ary above and to the right of which no supergiants are found
(Humphreys & Davidson 1979, 1984). The lowest luminosity
LBVs may have had a red supergiant (RSG) phase prior to be-
coming LBVs.

Generally, LBVs have been considered to be stars in
transition to the Wolf-Rayet stage (e.g., Maeder 1983;
Humphreys & Davidson 1994; Langeretal. 1994). Recent
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observational and theoretical work suggests that some LBVs can
be the immediate progenitors of supernovae (SNe). Some core-
collapse SNe may have been boosted to very high luminosity
when the ejecta shock circumstellar matter expelled during a pre-
vious LBV outburst (Gal-Yam et al. 2007; Gal-Yam & Leonard
2009; Smith et al. 2007, 2008; see Quataert & Shiode 2012, for
an alternative explanation). Groh et al. (2013) showed using stel-
lar evolutionary models that single rotating stars with initial
mass in the range of 20-25 M, have spectra similar to LBVs
before exploding as SNe. This result sets the theoretical ground
for low-luminosity LBVs to be the endpoints of stellar evolu-
tion. Smith (2007) discussed the possibility that the progenitor
of SN 1987A, the blue supergiant Sk —69 202, was in an LBV
phase when exploding. However, Sk —69 202 had a normal B
supergiant spectrum prior to exploding and also had a lower lu-
minosity, i.e., log(L/Lg) ~ 5.01 (Barkat & Wheeler 1989), than
any other confirmed LBV'.

Most of the fundamental questions about the physical cause
of the LBV instability are still unsolved. Outbursts with visual
magnitude variations of 1-2 mag and constant bolometric lu-
minosity are commonly referred to as classical LBV out-
bursts. During giant eruptions, such as PCygni in the 17th
century (e.g., de Groot 1988; Lamers & de Groot 1992) and
n Car in the 1840s (e.g., Davidson & Humphreys 1997, 2012),
the visual magnitude increases by more than 2 mag and the
bolometric luminosity likely increases. The most promising
explanations for the LBV instability mechanism involve radia-
tion pressure instabilities, but also turbulent pressure instabil-
ities, vibrations and dynamical instabilities, and binarity can-
not be ruled out (Humphreys & Davidson 1994, and references
therein). The impact of binarity has especially received much
attention lately (e.g., Justham et al. 2014; Smith & Tombleson
2015; Boflin et al. 2016). There is also a debate on whether the
observed radius change of the photosphere is a pulsation or outer
envelope inflation driven by the Fe opacity bump (Grifener et al.
2012; Sanyal et al. 2015).

The luminous blue variable R71 (=HD 269006) in the Large
Magellanic Cloud (LMC) is presently undergoing an S Doradus
outburst that started in 2005 (Gamen et al. 2009). In 2012, the
star had reached unprecedented visual brightness, accompanied
by remarkable variations in its optical spectrum (Gamen et al.
2012; Mehner et al. 2013). The R71 outburst is well sampled
with multiwavelength spectroscopic and photometric observa-
tions and is excellent for a case study toward a better un-
derstanding of the LBV phenomenon. The star had several
LBV outbursts in the last century. Between 1900 and 1950 the
star experienced two contiguous outbursts (Grindlay et al. 2012;
Walborn et al. 2017). Another outburst was observed between
1970-1977 (Thackeray 1974; Wolf 1975; van Genderen 1979;
Wolf et al. 1981; van Genderen 1982). Currently, R71 reached
V magnitudes of more than one magnitude brighter than dur-
ing these previous outbursts and the event was thus termed “su-
permaximum” by Walborn et al. (2017)?. Because of the scarce
observational coverage of LBV outbursts and their potential

! Alternative progenitor hypotheses for SN 1987A include a merger
model (Podsiadlowski 1992) or an interacting winds model (Chita et al.
2008).

2 Walborn et al. (2017) mentioned an observational gap from the early
1990s to 2000. The CASPEC spectra cover this period well (see
Sect. 2.1). These spectra can be matched with the same CMFGEN
model as the 1984 and 2002 spectra. The star is thus at its mini-
mum phase during this period, albeit at the brighter states of apparent
microvariations.
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importance in massive star evolution this large-amplitude event
calls for special attention.

The initial years of R71’s current outburst were reviewed in
Mehner et al. (2013). The visual light curve of R71 reached its
maximum in 2012 with my;12 = 8.7 mag, which is a brighten-
ing of about 2 mag compared to its quiescent state (Fig. 1). With
small variations, the star has maintained this brightness since and
shows no symptoms of an imminent end of the outburst. Its spec-
trum resembles a late-F supergiant with an unusually low appar-
ent temperature for an LBV outburst of only Teg2012 ~ 6650 K.
The rise in the visual magnitude of R71 and the low effective
temperature are unprecedented for this star.

In this second paper we cover aspects of R71’s current
outburst not discussed in the first paper, such as spectral
and photometric oscillations and the evolution of its ultravi-
olet to mid-infrared spectral energy distribution (SED). We
also settle the debate on its luminosity (Lennon et al. 1993;
Wolf et al. 1981), which has an impact on its evolutionary path
(Humphreys & Davidson 1994). Classical LBVs have My, <
—9.6 mag and have very likely not been RSGs. Less luminous
LBVs have My, = —8 mag to —9 mag, lower temperatures,
smaller amplitudes of their outbursts, and lower mass-loss rates.
There is no strong evidence of a separation between less lumi-
nous and classical LBVs, but see Smith et al. (2004) for a discus-
sion of a potential deficiency of LBVs in the luminosity range
between them.

In Sect. 2 we describe the observations and details of the
CMFGEN radiative transfer modeling and the search for peri-
odicities in the light curve. In Sect. 3 we present the stellar pa-
rameters of R71 during quiescence, its SED, and the oscillations
observed in both the light curve and the spectrum during the cur-
rent outburst. In Sect. 4 we discuss its evolutionary state and the
oscillatory variations. In Sect. 5 we summarize our conclusions.

2. Observations and data analysis
2.1. Spectroscopic data

In 2012 we started a spectroscopic monitoring campaign of the
S Doradus outburst of R71 with X-shooter at the Very Large
Telescope (VLT). X-shooter is a medium-resolution echelle
spectrograph that simultaneously observes the wavelength re-
gion from 3000-24 800 A with three arms (Vernet et al. 2011).
Spectra are obtained with the narrowest available slits of 0”5 in
the UVB arm, 0”4 in the VIS arm, and 0”74 in the NIR arm yield-
ing spectral resolving powers of R ~ 9000—17 000. In addition,
spectra with 5 slits in all three arms provide us with the means
to achieve relative flux calibration, absolute flux calibrations to
10% accuracy, and to investigate the SED. A journal of the ob-
servations is presented in Table B.1.

Table B.1 also lists additional archival spectroscopic ob-
servations of R71 during the years 1984-2015. We obtained
VLT Ultraviolet and Visual Echelle Spectrograph (UVES;
Dekker et al. 2000) observations in 2002 during the quiescent
state of R71 to investigate microvariations over two and a
half months. The spectra cover the wavelength region from
3280-6690 A with spectral resolving power of R ~ 40000.
We obtained MPG ESO 2.2 m Fiber-fed Extended Range Op-
tical Spectrograph (FEROS; Kaufer et al. 1999) observations in
2005-2015 throughout the current outburst starting at its onset.
The FEROS is fed by two fibers with a 2" aperture for simul-
taneous spectra of the target and sky. The wavelength range is
3500-9200 A and the spectral resolving power is R ~ 48 000.
Each spectroscopic data set was reduced with the corresponding
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Fig. 1. Visual light curve of R71 using data from ASAS (triangles; Pojmanski 1997) and AAVSO (squares; www .aavso.org). Epochs at which
spectroscopic observations with UVES, FEROS, and X-shooter are available are indicated. The epochs of WISE and VISIR mid-infrared imaging
observations are also indicated. An oscillation in the light curve is clearly apparent since 2010. Variations with a shorter timescale can be seen in

2007 and 2008 during the onset of the outburst.

ESO pipeline (X-shooter pipeline version 2.8.4, UVES pipeline
version 5.7.0, and FEROS pipeline version 1.0.0). The spectra
were corrected for the instrumental response and atmospheric
extinction but not for interstellar extinction and telluric lines.
La Silla 3.6 m Cassegrain ESO Echelle Spectrograph (CASPEC;
Le Luyer et al. 1979) data from 1984-1997 cover the wave-
length region from 3740-5445 A with spectral resolving power
of R ~ 20000. One La Silla 3.6 m ESO Multi-Mode Instru-
ment (EMMI; Dekker et al. 1986) spectrum from 2000 covers
the wavelength region from 6240-6870 A with spectral resolv-
ing power of R ~ 20 000. We used International Ultraviolet Ex-
plorer (IUE; Macchetto 1976) spectra around 2800 A obtained
during minimum phase in 1981, 1985, and 1986 to confirm the
terminal wind velocity of R71. Enhanced data products of the
Spitzer InfraRed Spectrograph (IRS; Houck et al. 2004) obser-
vations between March 2004 and March 2005 were obtained
from the NASA/IPAC Infrared Science Archive. The mean full
width at half maximum of the extraction profile ranges between
3” and 8”.

In Mehner et al. (2013), we used the [Fell] emission lines
in the 2002 UVES spectra to determine the systemic velocity of
R71 to vgys = 192 + 3 km s~'. All radial velocities stated in this
paper are relative to the systemic velocity.

2.2. Photometric data

The available photometry during the current outburst of R71
is exceptional. No other LBV outburst has been recorded with
such a high temporal cadence and duration. Figure 1 shows the
visual light curve of R71 since 2000 indicating the epochs of
spectroscopic observations and recent mid-infrared imaging ob-
servations. The V-band photometry was retrieved from the All
Sky Automated Survey (ASAS; Pojmanski 1997) and from the
American Association of Variable Star Observers (AAVSO?).
The V-band photometry from AAVSO has been acquired
since July 2012 with a frequency of 1-2 days at the Remote
Observatory Atacama Desert (ROAD; Hambsch 2012) with an
Orion Optics, UK Optimized Dall Kirkham 406/6.8 telescope
and a FLI 16803 CCD camera and Astrodon Photometric V and

3 www.aavso.org

I¢ filters. Twilight sky-flat images were used for flat-field correc-
tions. The reduction was performed with the MAXIM DL pro-
gram* and magnitudes were determined with the LesvePhotom-
etry program’. The magnitude error is about 0.02 mag.

Figure 2 shows the SED of R71 from the near-ultraviolet
to the infrared. Photometry during the quiescent phase of
the star was retrieved from many catalogs using VIZIER
(Ochsenbein et al. 2000). In the mid-infrared, we complemented
this data set by observations during the current outburst ob-
tained with the upgraded VLT spectrometer and imager for
the mid-infrared (VISIR; Lagage et al. 2004; Kaufl et al. 2015;
Kerber et al. 2016) and with the Wide-field Infrared Survey Ex-
plorer (WISE). The WISE observations of R71 occurred be-
tween April and November 2010 and the magnitudes were re-
trieved from the AIIWISE Data Release (Cutri et al. 2013).

R71 was observed with VISIR in standard imaging mode
with perpendicular nodding several times between 14 August
and 19 October 2016. Three epochs in the PAH2_2 (11.9 um) fil-
ter were obtained on 14 August 2016 with 30 min on source ex-
posure time, on 18 August 2016 with 53 min, and on 5 Septem-
ber 2016 with 21 min. Another epoch in the Q1 filter (17.7 um)
on August 17 2016 yields 10 min on source exposure. Finally, on
October 10 2016, the star was observed in the filters: M-BAND
(4.8 um; 20 min), PAH1 (8.6 um; 5 min), SIV (10.5 ym; 2 min),
SIV_2 (10.8 um; 2 min), PAH2 (11.3 um; 2 min), NEII (12.8 um;
2min), NEII_1 (12.3 yum; 2 min), and Q2 (18.7 um; 2 min). All
observations were carried out at an airmass of 1.5 or higher,
which negatively affected the image quality. For flux calibration,
the science observations were either preceded or followed by a
mid-infrared standard star (Cohen et al. 1999), which is the main
source of uncertainty in the resulting photometry. The data re-
duction was performed with a custom made PYTHON pipeline
and flux measurements were obtained using the custom devel-
oped IDL software package MIRPHOT (Asmus et al. 2014). The
photometry was determined using both classical aperture pho-
tometry with an aperture of 1" and Gaussian fitting to the point
source. The difference between these two methods gives an es-
timate of the measurement uncertainty. The systematic flux cal-
ibration uncertainty is about 10% if only one flux standard was

4 http://www.cyanogen. com
> http://www.dppobservatory.net
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Fig. 2. Near-ultraviolet to mid-infrared SED of R71. Literature values of the quiescent state of R71 are retrieved from VIZIER (black squares).
The best-fit, reddened CMFGEN model for the quiescent state of R71 is shown (blue curve), as well as the October 2016 X-shooter spectrum
during outburst (gray curve) and the synthetic U- to K-band photometry (red circles). The 2016 VISIR M- to Q2-band photometry (green circles)
and 2010 WISE photometry (orange circles) complement the SED during the current LBV outburst of R71 to the mid-infrared. Comparison to
Spitzer/IRS spectra in 2004-2005 suggests that the dust in the outermost regions has cooled down in the last decade (purple curve).

Table 1. Mid-infrared flux densities of R71 obtained from VISIR ob-
servations between 14 August and 19 October 2016.

The data were reduced separately for each central fre-
quency (5.5 and 9 GHz) with the MIRIAD package (Sault et al.

1995). The data reduction process consisted in flagging bad

Filter Wavelength  Flux density  Error flux density ~ data and calculating bandpass corrections and complex gain so-
(um) (mly) (mJy) lutions. The calibrated visibilities were imported in the Com-

M-BAND“ 4.82 430 39 mon Astronomy Software Applications (CASA) package v5.0.0
PAHI1 8.59 159 26 (McMullin et al. 2007) and imaged with the task tclean. A nat-
SIV? 10.49 245 20 ural weighting scheme for the visibilities was adopted to pre-
SIV 2 10.77 687 135 serve the sensitivity. For the deconvolution of the dirty image,
PAH? 11.25 363 54 the algorithm of Hogbom (1974) was used. Table 2 summarizes
PAH2 2 11.88 375 32 the properties of the cleaned radio maps. The rms noise in the
Nell 1 12.27 612 146 residual maps is less than a factor of two larger than the theo-
Nell¢ 12.81 293 46 retical noise, meaning that the sensitivity is mostly limited by
Ql 17.65 2948 338 statistical noise. R71 is not detected. Upper limits on the flux
Q2 18.72 3625 600 density at the radio frequencies are provided in the last column

Notes. @ The individual measurements and conversion factor are all
consistent with each other; we exclude a calibration problem. > The
source detection is very faint; only aperture photometry can be per-
formed. © The source detection is very faint; the flux is uncertain.

obtained. The resulting mid-infrared spectral flux densities from
the 2016 VISIR images of R71 are listed in Table 1.

2.3. Radio data

R71 was observed at radio wavelengths with the Australia Tele-
scope Compact Array at two different epochs in 2014 and 2015;
see Table 2. The observations were performed with the array
in the most extended configuration (6 km) and the Compact
Array Broadband Backend (CABB) “4 cm” receiver. The re-
ceiver bandwidth was split in two 2 GHz sub-bands centered at
5.5GHz and 9 GHz with 2048 x 1 MHz channels in each sub-
band. R71 was observed with 15 min scans on target, alternating
with 2.5 min on the phase calibrator ICRF J052930.0-724528.
The scans were distributed over 12 values of hour angle to
achieve good uv coverage. The total integration times are listed
in Table 2. For bandpass and flux calibrations, observations of
ICRF J193925.0-634245 were performed on each date.
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of Table 2.

2.4. CMFGEN radiative transfer modeling

The stellar winds of LBVs can be so dense that many emis-
sion lines form in the wind and veil the underlying photospheric
spectrum. The radiation emitted by the stellar surface interacts
with the optically thick, dense wind, making the analysis of the
emerging stellar spectrum challenging. In addition to tempera-
ture, luminosity, and effective gravity, other quantities such as
mass-loss rate, microturbulence, and wind acceleration law af-
fect the morphology of the spectrum. Complex radiative transfer
models, which include the necessary physics to study the radi-
ation transport across the atmosphere and wind, are needed to
obtain realistic parameters.

We analyzed pre-outburst spectra of R71 with atmosphere
models computed with the radiative transfer code CMFGEN
(version 5 May 17, Hillier & Miller 1998). The CMFGEN code
comprises the state of the art in non-local thermodynamic equi-
librium (non-LTE) radiative transfer and has been successfully
applied to several LBVs (e.g., Hillier et al. 2001; Groh et al.
2006, 2009, 2011; Clark et al. 2009, 2012; Georgiev et al. 2011).
In CMFGEN, each model is defined by the effective tempera-
ture, luminosity, mass-loss rate, wind volume filling factor, wind
terminal velocity, effective gravity (or stellar mass), and abun-
dances. For a review on the essential properties of the code and
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Table 2. Summary of ATCA radio observations and radio map properties.

Date Frequency Integrationtime Synthesized beam Position angle Largest angular scale ~ RMS noise F
(GHz) (min) HPBW (arcsec) (deg) (arcsec) (uJybeam™")  (uly)
2014 Feb. 14-16 5.5 135 2.33x1.76 -12.2 100 13 <39
2014 Feb. 14-16 9.0 135 1.35 x 1.17 -18.5 50 26 <78
2015 Mar. 24 5.5 180 2.05 x 1.79 -3.6 50 8 <24
2015 Mar. 24 9.0 180 1.49 x 1.32 -12.8 30 9 <27

Notes. Project ID: C1973. @ R71 is not detected. Upper limits on the flux density at the radio frequencies.

the basics of spectroscopic analysis of massive stars using pho-
tospheric and wind diagnostics, see, for example, Groh (2011)
and Martins (2011). The following diagnostics were used to find
the best-fitting stellar model for R71:

— Effective temperature. The effective temperature is obtained
using the ionization balance of different ionization stages of
the same chemical species. The best line diagnostic for R71
and our spectral coverage is the Si ionization balance using
the lines Sill A6347; Simr 444553, 4568, 4575; and Si1v
144089, 4116. We also use the Mgl 414481, 6343 lines.
For both elements, we assume LMC abundance. LMC abun-
dances are scaled to the solar abundances from Asplund et al.
(2009), assuming Z, = 0.014 and Z; pc = 0.006 (Yusof et al.
2013).

— Luminosity and extinction. The bolometric luminosity and
extinction are obtained self-consistently by fitting CMF-
GEN model atmosphere spectra to the observed optical to
near-infrared SED during the quiescence phase of the star.
The distance to the LMC is well-determined and the er-
rors associated with this method depend largely on the
quality of the photometry. We adopted a distance to the
LMC of 49.97 + 0.19 (statistical) £1.11 (systematic) kpc
(Pietrzynski et al. 2013). We iteratively matched the colors
and fluxes of the JHK photometry to those synthesized from
reddened CMFGEN models. Because the extinction in the
near-infrared is low, we avoid large uncertainties in the lumi-
nosity, which may arise from an uncertain ratio of extinction
to reddening Ry. To uncover a potential unusual extinction
curve toward R71, we also determine the ratio of extinction
to reddening (Sect. 3.2).

— Gravity and mass. The wings of the hydrogen Balmer and
Paschen lines are the main diagnostics for the gravity, log g.

— Mass-loss rate and clumping. Wind clumping has a sig-
nificant impact on obtaining the mass-loss rates of mas-
sive stars (Hillier 1991; Fullerton et al. 2006; Puls et al.
2008; Sundqvist & Owocki 2013; Sundqvist et al. 2014).
The CMFGEN code allows for the presence of clumping us-
ing a volume-filling approach, assuming that material is un-
clumped close to the star and reaches maximum clumpiness
at large distances. In principle, the mass-loss rate and clump-
ing could be constrained from the emission strengths and
electron scattering wings of recombination lines such as Ha
and higher Balmer lines. However, we lack precise response
curves for the pre-outburst spectroscopic data and thus can-
not constrain the clumping. We therefore use a volume-
filling factor of f = 1 (p = fp, where p is the homoge-
neous unclumped wind density). The mass-loss rate scales
with M = const. \/7 Accordingly, the derived mass-loss
rates are upper limits.

— Surface abundance. It is essential to determine the abun-
dance of He and CNO elements to constrain the history
and evolutionary state of R71. LBVs show usually an

overabundance of He and N, and a depletion of H, C, and
O. The He abundance is determined from the non-diffuse
HeT lines at 143965, 4121, and 4713 A, but also taking
into account other helium lines. C and N abundances are
derived using the numerous C and N lines present in the
optical range; these include N 11 113995, 4601-4643, 5667—
5711,6482; NI 114196, 4216, 4511, 4515, 4523, 4602,
4907; C1I 144267, 6578, 6583; and C 111 114070, 4153-56—
63, 4326, 5305, 6205. The O abundance is estimated us-
ing O1 AA7772-7775. We only determine the abundances of
H, He, and CNO. For all other elements we assume LMC
abundances. As above for the effective temperature, solar
abundances are from Asplund et al. (2009) and the LMC
abundances are scaled to the solar abundances, assuming
ZO =0.014 and ZLMC = 0.006.

— Microturbulence. Line broadening reflects the effects of both
rotation and turbulence. Microturbulence, v, can have a
considerable effect on the abundances. We constrain v us-
ing the Silll lines at 14560 A. A large effect can be observed
for the He I 2116678, 7065 lines, where, with lower microtur-
bulence, the red line wings move blueward.

— Wind terminal velocity. We determine a lower limit to the
terminal velocity, v, in optical spectra using the velocity of
the maximum absorption of hydrogen and helium lines. We
validated this estimation using the metallic resonance line
Mg 11 2803 in IUE spectra obtained in 1981, 1985, and 1986
during quiescent state.

2.5. Search for periodicities in the light curve

The AAVSO V-band light curve during the outburst of R71
(since 2012) was analyzed to search for periodicities using
the Lomb-Scargle technique (Lomb 1976; Scargle 1982). The
Lomb-Scargle periodogram is a commonly used statistical tool
designed to detect periodic signals in unevenly spaced observa-
tions. A heuristic was used to determine the frequency range and
grid spacing, resulting in a period range of ~0.2-20000 d and
grid spacing of 0.00010893 d~!. The analysis was performed us-
ing the astropy.stats.LombScargle package.

We generated 1000 simulated light curves via a bootstrap
technique. Bootstrapping involves sampling with replacement
from the original data set. Magnitude—time data pairs are se-
lected at random from the original light curve with multiple se-
lections possible. Multiple selections of the same pairs are then
discarded, leaving us with light curves made up of 63% of the
original data. Lomb-Scargle analysis was performed on each of
these light curves in the same manner as on the original light
curve.

3. Results

3.1. Current S Doradus outburst of R71

We analyzed changes in the near-ultraviolet to mid-infrared
brightness of R71 during its current S Doradus outburst. We
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also compared several spectral features between 1984 and 2017.
The spectra until 2005 cover the quiescence phase of R71; see
Fig. 1. Small variations in the line profiles occur during qui-
escence phase due to microvariations, which are also observed
in the photometry, but the spectra closely resemble each other.
At the time of the 2005 FEROS spectrum, the current outburst
commenced but without major changes in the spectrum yet. The
2007 FEROS spectrum is a snapshot of the transitional phase
between the quiescent and eruptive state. The FEROS spectra
since 2011 and the X-shooter spectra since 2012 show R71 in
outburst, when the visual magnitude had reached its maximum
visual brightness.

3.1.1. Spectral energy distribution

Figure 2 compares the pre-outburst near-ultraviolet to mid-
infrared SED of R71 with its SED during the current S Doradus
outburst. During the outburst, the spectral energy density of R71
increases dramatically from about 3500 A to 67 um. Blueward
of 3500 A, the star becomes fainter. This is the usual behavior
seen in S Doradus outbursts, i.e., the flux at ultraviolet wave-
lengths is reprocessed to longer wavelengths as the effective tem-
perature of the photosphere decreases. The bolometric luminos-
ity likely remains constant.

Redward of about 7 um, where the mid-infrared excess from
surrounding cold dust dominates, lower flux is observed in 2010
and 2016 compared to 2004-2005. This suggests cooling of the
dust in the outermost regions. The VISIR and WISE observa-
tions suggest that the emission bump around 10 ym has disap-
peared. This indicates that grain evolution is occurring and that
we are possibly seeing grain growth (e.g., Kessler-Silacci et al.
2006).

In M band (14.82 um) we find an increase of hot dust emis-
sion between the WISE observations in 2010 and the VISIR im-
ages in 2016. Since the individual measurements and conversion
factor for the VISIR observations are consistent with each other,
we exclude a calibration problem. The increase in M band may
thus be the result of newly formed dust caused by the current out-
burst. In this case, we expect an increase at longer wavelengths
in the next years. Two of the VISIR photometric points (SIV_2,
NEII_1) exhibit significantly higher fluxes than other simultane-
ously recorded filters at nearby wavelengths. As the same cal-
ibrator stars are used and their cross-calibration is consistent,
calibration issues can be excluded. Future low-resolution VISIR
spectra would resolve the issue.

With respect to the oscillatory variations discussed in
Sect. 3.1.3 we find that during the brighter phases in V the color
V — I is smaller, i.e., the star becomes bluer. Synthetic photome-
try of the X-shooter spectra with wide 5" slits confirms this for
all wavelengths. The V — I color varies by about +0.065 mag
from the average value V — I = 0.558 mag. This results in
temperature variations of about 500 K between the (local) min-
ima and maxima (changes in spectral type between F5 and F9;
Pecaut & Mamajek 2013). The associated radius variation is less
than 10%.

3.1.2. Hydrogen and helium lines

Figure 3 shows a time series of hydrogen and helium lines from
1984 t0 2017. Ha changed from a P Cyg profile with broad emis-
sion wings to a prominent double-peaked profile by 2011. In
2007 extra emission compared to the continuum is observed
indicating an increased mass-loss rate. A strong blueshifted
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absorption component at v ~ —120 km s~! is present since
November 2014. One could debate if this may have been caused
by a shell ejection or a time-dependent wind, perhaps triggered
by the bistability mechanism (Groh & Vink 2011). Assuming
that the extra He emission observed in 2007 may have been the
signature of a mass-ejection event, a corresponding shell of ma-
terial may now be at about 250 au. The helium absorption lines
disappear as the star becomes cooler. There is no evidence of
He 11 emission during its quiescent state, which could have indi-
cated a wind-wind interaction with a potential close companion.

3.1.3. Oscillatory variations in the light curve and spectrum

During the current outburst of R71, oscillatory variations are ob-
served in its optical light curve and spectrum (Figs. 1, 4, and 6).
These variations were also mentioned by Walborn et al. (2017),
who determined a periodicity of 445 +40 d. The light curve dur-
ing outburst shows crudely sinusoidal variations between fainter
and brighter states. In Sect. 3.1.1 we already described the V — 1
color variations during these oscillations; from the color varia-
tions we infer temperature variations of about 500 K and radius
variation of less than 10%. In 2007 and 2008, when the bright-
ness of the star was increasing, the variations are observed but
with shorter timescales.

Figure 5 shows the Lomb-Scargle periodogram of the
V-band light curve of the star from 2012-2017. The periodogram
reveals strong peaks at frequencies corresponding to periods of
about 0.2 d, 0.5 d, 1.0 d, and 425 d. The three shortest peri-
ods correspond to the duration of the observation, the nightly
cadence, and half of the nightly cadence. Lomb-Scargle analysis
was performed on 1000 bootstrapped light curves in the same
manner as on the original light curve. In all instances, a period
at 425 d was recovered, indicating that this value is robust and
significant at a 23-sigma level. While the light curve and this
analysis indicate pseudo-steady oscillations, these are to some
extent chaotic, which points toward a phenomenon within the
extended atmosphere. A quantitative estimate of the period er-
ror is not possible and would be meaningless to some extent, as
we cannot distinguish between a random error and systematic
evolution of the period during the time span of the observations.

Spectroscopic variations manifest themselves in that absorp-
tion lines vary between single and double on a timescale of about
850 d, i.e., twice the length of the photometric cycle. The un-
certainty of the spectroscopic cycle length is about 50 d, which
is limited by the sparsity of spectroscopic epochs. The spectro-
scopic variation can best be observed in the many FeI absorp-
tion lines (Fig. 4). The bluer of the two absorption lines is at a
velocity of about —70 km s~!. The right panel of Figs. 4 and 6
correlate the radial velocity of the blue wing of the FeT absorp-
tion with the V-band magnitude of the star. Three spectroscopic
cycles have been observed since 2011. The spectra in 2011 have
two absorption components, which become single by June 2012.
In November 2012, the second absorption component reappears
and then disappears again by November 2014, etc. The cycle
length is twice as long as the photometric cycle, hinting at pe-
riod doubling; see Sect. 4.2.

3.1.4. Low-excition emission nebula and dust shell

In 2012, many low-excitation metal emission lines appeared and
became stronger (Mehner et al. 2013; see also the FeT line indi-
cated in the middle panel of Fig. 3). Mehner et al. (2013) pro-
posed that these lines indicate the presence of a neutral nebula
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Fig. 3. Left and middle panel (common vertical timescale): Hé and He in R71 from 1984 to 2017. The Ha P Cyg profile changed to an inverse
double-peaked symmetric profile during the outburst. Until 2007, the star is hot and increased line emission implies an increased amount of
circumstellar material. An absorption component close to system velocity dominates the profile during the outburst phase and several absorption
components trace the line-of-sight structure. An example of a low-excitation emission FeI line is shown. Right panel: He 11 4686 and He14713 in
R71 from 1984 to 2007. No He Il emission is present. The continuum is normalized to unity, velocities are in the R71 rest frame.

with an expansion velocity on the order of a few km s™!, likely
ejected during the current outburst. However, it now seems more
likely that these emission lines are due to dynamical processes
in the extended envelope. This is supported by the evolution ob-
served in metal lines such as Fe II from P Cyg profiles to inverse
P Cyg profiles (Walborn et al. 2017), which has also been seen
for the LBV S Doradus (Wolf & Stahl 1990).

Before the current eruption R71 already showed neb-
ular lines, such as [N (Stahl & Wolf 1986), and strong
mid-infrared radiation (Glass 1984; Wolf & Zickgraf 1986;
Voors et al. 1999), which are evidence of a dust shell, but Weis
(2003) found no extended optical nebula in the HST/WFPC2 im-
age of R71 obtained in 1998. If R71 formed an optical LBV neb-
ula during its 1970s outburst, it is either extremely faint or very
small (<0.5”). Guha Niyogi et al. (2014) extensively discussed
the infrared spectral features of R71 and derived dust shell pa-
rameters, composition, and mass. They modeled the optical-to-
infrared SED of R71 and derived an outer radius of the dust shell
of 6 x 10* au (1.2” on sky). In case of a mass ejection event in
2007, the resulting shell would be at a distance of about 250 au
from the star (5 mas on sky at the distance of the LMC) and
thus would only be detectable with high-angular resolution tech-
niques such as interferometry (see Fig. 1 in Beltran & de Wit
2016).

The mid-infrared VISIR images suffer from bad image qual-
ity, mainly because of the high airmass, but also because of large
seeing values during the observations, making the detection of
a small nebula difficult. The best image quality was achieved in

the PAH2_2 image on 2016-08-18 and in Q1 on 2016-08-17. In
both images the source has a featureless roundish extent with a
FWHM of ~1” (in agreement with the outer dust radius of 1.2
derived by Guha Niyogi et al. 2014). Because of the uncertainty
in image degradation with airmass due to a degraded chopping
performance of the telescope, this value should be regarded as an
upper limit to the true size of the object. No evidence of further
extended emission is found in any of the images.

The IRS spectra in 2004 and 2005 (Fig. 2) show that the 8—
12 ym wavelength range is dominated by a strong silicate emis-
sion feature, demonstrating the presence of an optically thin or
clumpy dust shell heated by the star. A weaker corresponding sil-
icate feature is present at 18 ym and polycyclic aromatic hydro-
carbon (PAH) emission is visible at 6.3 um, 7.7 ym, and 11.3 ym.
Evolution of these mid-infrared features indicates that we are
witnessing grain evolution; see Sect. 3.1.1.

The LBV nebulae are often ionized and free-free emission
is observed at radio wavelengths. Successful observations of ex-
tended LBV nebulae in the LMC with ATCA have been reported
(Agliozzo et al. 2012). However, R71 is not detected in 2014—
2015 ATCA radio maps. To explain this non-detection, we de-
rive the radius Ry of the Stromgren sphere for ionized hydro-
gen in a nebula surrounding R71 during the quiescent phase
(as the ionizing source). We adopt an ultraviolet photon flux
of log(Nyy) ~ 45.5 (the value for a B3 supergiant; Panagia
1973) and assume a typical electron density of 100 cm™ for an
LBV nebula. This results in Ry = 0.2 pc (0.9” on sky). A simi-
lar HII region, in thermal equilibrium with electron temperature
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~

of T, 10°-10* K, produces flux densities on the order of
1 mJy at 9 GHz and would be detected with ATCA. We deduce
that the ionized region in the ejecta of R71 must thus be much
smaller than <0.35” to escape detection with the achieved sen-
sitivities. For higher electron densities the ionized region would
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Fig. 6. R71 V-band magnitude (black squares) and radial velocities of
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corresponding to the peak in the periodogram, is superposed in red. The
photometric cycle is half the length of the spectroscopic cycle with some
chaotic behavior. This may hint at period doubling; see Sect. 4.2.

be even smaller, but brighter. For sufficiently high electron den-
sities (=5 x 10*ecm™), it is possible that hydrogen recombined
since the beginning of the outburst.
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Fig. 7. R71 V-band magnitude (black squares) folded in phase space
with a cycle of 425 d. A sinusoidal curve with a period of 425 d is
shown in red. Cycle a) corresponds to MJID 57 417-57 844, cycle b) to
MID 56 990-57417, cycle c) to MID 56 564-56 990, and cycle d) to
MID 56 135-56 564.

3.2. Extinction and reddening toward R71

The extinction and reddening toward an object depend on the
wavelength, the amount of dust along the line of sight, and the
dust grain sizes and composition. The value of the ratio of ex-
tinction to reddening Ry = Ay/E(B — V) implies the size of
the dust grains. The Galactic interstellar dust in the line of sight
to the LMC does not significantly affect the spectrum of R71
(Fitzpatrick 1986) and its spectral classification can thus be used
to measure the amount of reddening and extinction.

We used B- to R-band photometry from Ducati (2002), J-
to K-band photometry from Cutri et al. (2003), and for the true
magnitudes of the star in these filters we synthesized photom-
etry from our best-fit unreddened CMFGEN model. Figure 8
shows the linear fit to the extinction curve resulting in Ry =
4.1 + 0.5, which is higher than the average of Ry = 3.4 for the
LMC (Gordon et al. 2003). However, the extinction curve sug-
gests that there is no abnormal reddening. We lack precise si-
multaneous multiwavelength photometry of the quiescent state
of the star to confidently determine the Ry value and thus as-
sume the average LMC value. However, a value of Ry different
from average may not be unexpected for a star that has under-
gone several S Doradus phases accompanied by high mass-loss
(Lennon et al. 1993; Voors et al. 1999). Unusual grain size and
dust distribution have, for example, also been observed for  Car
(Mitchell & Robinson 1986; Hillier & Allen 1992) and AG Car
(Groh et al. 2009).

The process to derive the reddening and extinction toward
R71 is iterative, as mentioned in Sect. 2.4. Figure 9 shows
that our best-fit CMFGEN model spectrum reddened by E(B —
V) = 0.18 mag and Ry = 3.4 according to the Fitzpatrick
law (Fitzpatrick 1999) matches the observed photometry best.

R71

Ry=4.1%05

2.5
1% (1/)

Fig. 8. Linear fit to the extinction curve of R71. B- to R-band photom-
etry were taken from Ducati (2002) and J- to K-band photometry from
Cutri et al. (2003). For the true magnitudes of the star in these filters, we
synthesized photometry from our best-fit unreddened CMFGEN model
(gray curve in Fig. 9). The resulting ratio of extinction to reddening is
Ry =4.1+0.5.
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Fig. 9. Best-fit CMFGEN atmosphere model compared to the optical-
to-near-infrared photometry of R71. The best match with the photom-
etry (green squares, retrieved from VIZIER) is found for E(B — V) =
0.18 mag. The three outliers at wavelengths blueward of 5000 A are
ignored since these most likely correspond to photometry obtained in
phases where the star is not at its quiescent state.

This results in an extinction value of Ay = 0.6 + 0.1 mag.
An extinction value of Ay = 0.6 mag is similar to that found
by Lennon et al. (1993), who derived Ay = 0.63 mag, and
much higher than the values found by Wolfetal. (1981)
and van Genderen et al. (1988), who derived Ay = 0.15 mag
and Ay = 0.37 mag, respectively. These authors assumed much
smaller reddening values and thus found lower effective temper-
atures and lower luminosities; this is not consistent with our CM-
FGEN models of the spectra during quiescence. This has impli-
cations for the luminosity of the star and thus its evolutionary
past; see Sect. 4.1.

3.3. Fundamental stellar wind parameters in quiescence
state

We used pre-outburst spectra obtained in 1984-2005 and
CMFGEN atmosphere modeling to determine the classical
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Fig. 10. Best-fit model via CMFGEN compared to the UVES spectrum obtained on 23 July 2002. The blue marks indicate hydrogen lines. The

unfitted emission lines are nebular [Fe 11] lines.

stellar parameters of R71. The modeling criteria are described in
Sect. 2.4. Small spectral variations, such as the strength of hydro-
gen lines, can be observed in this data set. However, for simplic-
ity and lack of simultaneous photometry for each spectral epoch,
we determine the average of the fundamental stellar parameters
over the time span of the quiescent state of the star. During the
outburst, R71 has effective temperatures of 6000—6500 K and is
too cool to be modeled with the (hot star wind) code CMFGEN.

Figure 10 shows the 2002 UVES spectrum compared to our
best-fit CMFGEN model. The other spectral epochs and their
comparison with the model are in Appendix A (Figs. A.1to A.3).
Derived stellar parameters for quiescent state of R71 are listed in
Table 3. We find an effective temperature of T = 15500 =
500 K and a stellar luminosity of log(L/Ls) = 5.78 = 0.02
(Myor = —9.65 mag). We use the blue edge of the Ha PCyg
absorption and other Balmer lines as a proxy for the wind ter-
minal velocity. Since the absorption is not well defined and
filled in with extra emission this measurement gives only a
lower limit of v, = 190 km s~!. From the metallic resonance
line Mg 11 2803, observed in ultraviolet IUE spectra obtained in
1981, 1985, and 1986, when the star was in a quiescent state,
we determine a terminal velocity of v, = 203 + 2 km s~!.
An additional higher velocity component is observed, which ex-
tends to ve, = 281 + 7 km s~'. The gravity is estimated to be
log(g/[cgs]) = 1.80 and the stellar mass to 27 M. A mass-loss
rate of 4.0 X 107® M, yr™! for a clumping factor equal to 1 fits
the hydrogen lines well. However, extended emission from sur-
rounding material is apparent in the spectra and not all hydrogen
and helium lines are matched equally well.

3.4. Surface chemical abundances

We determine abundances of H, He, and the CNO elements
as described in Sect. 2.4. Table 4 provides an overview of the
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Table 3. Fundamental stellar parameters of R71 during the quiescent
phase of the star (from our best-fit CMFGEN model).

Parameter Value Error
T 15500 K 500 K
T.b 16200 K

log(L./Ls) 5.78 0.02
My -9.65 0.02
M 40%x 1078 Mg yr™'  0.5x 107 M, yr!
log(g/[cgs])¢ 1.80 0.1

M 27 M,

Rphot 107 Ry

R. 98 Ro

Vturb 15kms! Skms!
Voo 190 km s~! 10 kms™!
Ay 0.6 mag 0.1 mag

Notes. @ Parameters labeled “eff”” and “phot” refer to Tross = 2/3.
® Parameters labeled “*” refer to Tross = 20. © Specified at Tross =
2/3.

derived number fraction relative to hydrogen, the mass fraction,
and the ratio to standard LMC abundances. The R71 abundances
imply a strong enrichment of the atmosphere with CNO pro-
cessed material.

We find similar CNO abundances as Lennon et al. (1993).
These authors determined the abundances using CASPEC data,
which only provide a very limited wavelength range from 3740—
5445. In addition to the CASPEC spectra, we use UVES and
FEROS spectra, covering the entire wavelength region from
3280-9200 A. Lennon et al. found number ratios of He/H =
0.43, O/N = 0.14, and C/N = 0.03, while we find number ratios
of He/H = 0.20, O/N = 0.08, and C/N = 0.05. Determining the


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201731829&pdf_id=10

A. Mehner et al.: Oscillatory envelope variability during the S Doradus outburst of R71

Table 4. Surface chemical abundances for R71. Error estimates are on
a 10-20% level. For He the error may be as large as 50%.

Species Number fraction Mass fraction®  Z/Zpmc
(relative to H)
H 1.0 5.5¢-01 0.745
He 0.2 4.4e-01 1.719
C 3.0e-05 2.0e-04 0.204
N 6.0e-04 4.6e-03 16.292
(0] 5.0e-05 4.4e-04 0.180

Notes. Derived from the 1984-2005 pre-outburst spectra. © LMC mass
fraction: H = 7.38e-01, He = 2.56e-01, C = 9.79e-04, N = 2.82e-04,
O =2.45¢-03.

He abundance is difficult and the error bars are large, i.e., we can
fit the spectra using number ratios of He/H between 0.10 and
0.3. We find that a microturbulence of 10-20 km s~! matches
most lines, while the HeT 6678, 7065 lines are best matched
with vy, = 30 km s~!. These values correspond well to liter-
ature values of supergiants: Trundle et al. (2002) determined mi-
croturbulences for M 31 and Galactic supergiants in the range
of 19 km s~! to 35 km s~! and Trundle et al. (2007) find micro-
turbulences in Galactic, LMC, and SMC B-type stars between
Okms™' to20 km s~

4. Discussion
4.1. Evolutionary state

To better understand the LBV instability phenomenon it is im-
portant to interpret the evolutionary state of LBVs and their evo-
lutionary history. In the case of R71, it is crucial to know the lu-
minosity because it may imply different evolutionary paths (see
Sect. 1). However, there is ambiguity in the literature regard-
ing the luminosity of R71 (Wolf et al. 1981; Lennon et al. 1993).
The reason for this uncertainty lies in the different extinction val-
ues and effective temperatures (and thus bolometric corrections)
assumed by different authors (Table 2 in Mehner et al. 2013).
Support for the classification of R71 as a less luminous LBV
came from the fact that its visual light and temperature during the
1970s outburst had much smaller variations than are observed for
the more luminous LBVs (Thackeray 1974; Wolf et al. 1981).
However, the current outburst displays every sign of an out-
burst of a classical LBV and it appears not to be uncommon
that outbursts of the same star can have different magnitudes
(Walborn et al. 2017). The large differences in S Doradus out-
bursts for the same star should be taken into account when dis-
cussing potential causes for the instability. It also renders the
classification scheme based on outburst magnitude futile.

Figure 11 shows the location of R71 in the HR diagram dur-
ing quiescence (determined in this paper) and during its cur-
rent outburst state (determined in Mehner et al. 2013). The four
open red squares indicate literature parameters (Wolf et al. 1981;
van Genderen 1982; van Genderen et al. 1988; Lennon et al.
1993). Their substantial spread across the HR diagram demon-
strates the large errors associated with stellar parameters pub-
lished for LBVs — even when the distance is well known as in
the case of R71. With our CMFGEN atmosphere modeling anal-
ysis we can finally settle the luminosity debate. R71 occupies
the region of classical LBVs in the HR diagram, but at the lower
luminosity end. A previous RSG phase, which in particular com-
position studies support (Voors et al. 1999; van Loon et al. 2010;
Boyer et al. 2010), cannot be ruled out.

R71 has a strong surface enrichment in CNO processed ma-
terial. It is, however, not possible to constrain its evolutionary
state or deduce its evolutionary history based on it. Various (not
well constrained) factors such as mass loss and mixing affect
the evolution of the surface abundances strongly (Meynet et al.
2013) and the correct treatment of convection in stellar evo-
lutionary codes is still uncertain (Georgy et al. 2014). Georgy
et al. showed that the surface chemical abundances of blue super-
giants are very sensitive to the way convection is modeled in the
stellar evolution code (Ledoux criterion versus Schwarzschild
criterion).

Smith & Tombleson (2015) suggested that LBVs are the re-
juvenated mass gainer products of massive star binary evo-
lution, while Humphreys et al. (2016) argued that LBVs are
predominantly the products of single star evolution. R71 is
the most isolated LBV in the LMC from nearby O-type stars
(Smith & Tombleson 2015) and Lennon et al. (2017) computed
its space velocity using the Gaia TGAS proper motion catalog.
Both studies support the case that R71 cannot have evolved as
a single star because it lies too far from massive (OB-type) star
forming complexes to have arrived at its current position during
a lifetime as a single star. In the case of a binary, mass transfer
from this putative companion may have rejuvenated R71. Maybe
its S Doradus outbursts and the oscillatory variability discussed
in Sect. 3.1.3 could be triggered or modulated by this putative
close companion.

4.2. Instabilities in the atmosphere during the S Doradus
outburst

During quiescent state, R71 shows microvariations of Amy ~
0.1 mag on timescales of 14-100 days attributed to large turbu-
lent elements and dynamical instabilities in the photosphere or to
pulsations (van Genderen et al. 1985, 1988, 1997; Lamers et al.
1998). In this paper, we report on larger amplitude and longer
period oscillations in the light curve and spectrum of R71 during
the current outburst. The spectral variations, i.e., the occurrence
of double absorption lines, have a cycle length of about 850 d.
The visual light curve shows sinusoidal variations of ~0.2 mag
with a period of about 425 d, hinting at period doubling. Vari-
ations in the R71 light curve are also seen during the rise in
brightness in 2007 and 2008, but with a shorter timescale. This
is qualitatively in agreement with pulsation because the mean
density of the star was higher then.

R71 falls in the LBV instability strip in the HR diagram dur-
ing its quiescent phase, but does not cross any other known lo-
cation of pulsating variables during its outburst phase; see Fig. 1
in Jeffery & Saio (2016). However, the Cepheid instability strip
may extend to higher luminosities beyond the RV Tau variables
(meshed yellow ellipse in Fig. 11). The much expanded, cool en-
velope during the outburst now engulfs the Fe 11/Fe 11T ionization
zone, which could provide driving through the x-mechanism.

RV Tau variables are pulsating variables (Percy 2007). These
objects are post-asymptotic giant branch stars with masses close
to solar mass and spectral types ranging from early F to early
K. The reasons for their variability are still not entirely clear, but
they are supposedly seated in the outer photospheric layers. They
may be caused by multiple pulsation modes present in the star
or nonlinear or chaotic behavior. Indeed, the photometric and
spectroscopic variations of R71 during outburst are similar to
what is observed in RV Tau variables. The light curves of RV Tau
stars are modulated in an irregular way with period doubling
owing to a resonance between the fundamental mode and first
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Fig. 11. Schematic upper HR diagram of the LMC. The solid gray curve is the upper luminosity boundary for the LMC (Humphreys & Davidson
1979). Confirmed LBVs (black) and candidate LBVs (gray) are shown at their minimum phases (Zickgraf et al. 1986, 1996; van Genderen 2001;
Tubbesing et al. 2002; Evans et al. 2004; Hainich et al. 2014). Blue and red supergiants are indicated with blue and red filled circles (Trundle et al.
2004; Trundle & Lennon 2005; Levesque et al. 2006; Hunter et al. 2008). We show the locations of R71 during its quiescent state and its current
outburst (filled red squares, parameters from this paper, and Mehner et al. 2013). Whether R71 really increased its bolometric luminosity during
the outburst as indicated in this figure requires more detailed modeling beyond the scope of this paper. Previous literature values of the quiescent
state of R71 are also shown (open red squares). The dashed yellow ellipse indicates the extension of the Cepheid instability strip.

overtone (e.g., Takeuti & Petersen 1983; Moskalik & Buchler
1990; Pollard et al. 1996), which may also be the case for
R71. Also, double absorption lines have been observed in
RV Tau stars, attributed to shock waves within the atmosphere
(Gillet et al. 1989). Pulsations at such high stellar luminosities
acting on a small amount of mass in the outer layers, are ex-
pected to be nonlinear, which accounts for the irregular behavior
of the visual light curve.

While RV Tau variables cross the Cepheid instability dur-
ing their evolution (Wallerstein 2002), S Doradus outbursts do
not represent evolutionary transitions in the HR diagram. Dur-
ing outbursts, LBVs only appear to be relocated in the HR dia-
gram, but their true evolutionary status does not change. The in-
ner structure of an LBV in outburst might thus be far away from
an evolutionary equilibrium and any relation to either Cepheid
or RV Tau stars can only be based on phenomenology. It is also
not clear if the phenomena observed for evolved lower mass stars
can be extended to the atmospheres of LBVs during S Doradus
outbursts. However, similar to RV Tau variables, LBVs in out-
burst have very extended, cool, low-mass outer atmospheres.

Maeder (1980) discusses supergiant pulsations with respect
to their amplitude and period distribution across the HR dia-
gram and their potential driving mechanisms. The author shows
the importance of external convective zones present in these
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stars and discusses possibilities for non-radial oscillations result-
ing from either g~ modes in the presence of an extra-restoring
force like rotation or the excitation of g* modes. As stated
by van Genderen et al. (1985), the microvariations of R71 dur-
ing quiescent state fit well into the period—luminosity relation
(Eq. (7) and Fig. 6 in Maeder 1980; a period of about 60 d is
expected). Also, the observed oscillations during the current out-
burst with much larger amplitude and timescale fulfill well the
period—luminosity relation; a period of 780 d is expected com-
pared to the observed 850 d. This suggests oscillations in the
convective outer zones of R71. Other LBVs in outburst show
similar oscillations in their light curve; see the case of R127
(Fig. 1 in Walborn et al. 2017). How the extended atmosphere
of LBVs act in terms of convection and convective instabilities
requires detailed theoretical attention. Under the conditions of
extended LBV atmospheres, the classical xk mechanism could be
very efficient, i.e., minor changes in the temperature could cause
large changes in opacity.

5. Conclusions

R71 was well-observed in recent decades covering its quiescent
phases, its 1970-1977 S Doradus outburst, and its current out-
burst. The available multiwavelength data sets give us a unique
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opportunity to better understand the LBV phenomenon. The cur-
rent S Doradus outburst of R71 has a much larger amplitude
and longer duration than its previous outbursts in the 1970s and
the first half of the 20th century. Consecutive outbursts, within
decades, of the same star can be of rather different magnitude
and a classification scheme of LBVs based on one outburst is
thus insufficient.

We determined the fundamental stellar parameters of R71
using pre-outburst spectra and atmosphere models computed
with CMFGEN. The effective temperature of the star is Teg =
15500 + 500 K and its stellar luminosity is log(L/Ly) = 5.78 +
0.02. R71 is thus at the lower luminosity end of the classi-
cal LBVs during quiescence. Other stellar wind parameters and
abundances are provided in the paper. We also present the en-
tire SED from the ultraviolet to the mid-infrared of the star in
outburst. Mid-infrared observations suggest an increase of hot
dust during the current outbursts and cooling of dust and grain
evolution in the most outer regions.

The visual light curve and spectrum of R71 show oscillations
during the current S Doradus outburst, resembling phenomena
observed in the lower mass RV Tau stars. The occurrence of dou-
ble absorption lines may result from shocks in the atmosphere
and variations in the light curve may hint at period doubling. The
timescale of these variations fit well into the period-luminosity
relation for supergiants (Maeder 1980), which suggests oscilla-
tions in the convective outer zones of R71. Further analysis and
theoretical modeling are required to investigate these oscillations
and also to constrain the mechanisms of the LBV phenomenon
and the evolutionary state of LBVs.
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Appendix A: CMFGEN models
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Fig. A.1. Best-fit model of CMFGEN compared to the CASPEC data from 1984 to 1997. The many emission lines are nebular [Fe I1] and [N 11]

lines. The blue marks indicate hydrogen lines.
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Fig. A.3. Atmosphere models of CMFGEN compared to the FEROS spectra obtained on 2005-12-12.
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Appendix B: Journal of spectroscopic observations

Table B.1. Journal of spectroscopic observations.

Date MJD  Instrument Wavelength range Spectral resolving Total exposure time
(days) (10\) power (s)

1984-08-31 45943  CASPEC 3895-4970 20000 1500
1991-01-29 48285 CASPEC 3920-5445 20000 1200
1995-02-16 49764  CASPEC 3815-5140 20000 3000
1996-01-28 50110 CASPEC 3740-5045 20000 756
1997-01-26 50474  CASPEC 3765-5045 20000 1200
2000-12-06 51884.2 EMMI 6240-6870 20000 600, 1800
2002-07-23 52478.4  UVES! 32804560 40000 360
2002-07-23 524784  UVES 4580-6690 40000 3x110
2002-08-03 524894  UVES 3280-4560 40000 360
2002-08-03 524894  UVES 4580-6690 40000 3x110
2002-08-12 524984  UVES 3280-4560 40000 360
2002-08-12 524984  UVES 4580-6690 40000 3x110
2002-09-04 525214  UVES 32804560 40000 360
2002-09-04 525214  UVES 4580-6690 40000 3x110
2002-09-10 525274  UVES 3280-4560 40000 360
2002-09-10 525274  UVES 4580-6690 40000 3x110
2002-09-18 52535.3 UVES 3280-4560 40000 360
2002-09-18 52535.3 UVES 4580-6690 40000 3x110
2002-09-22 52539.3 UVES 32804560 40000 360
2002-09-22 52539.3 UVES 4580-6690 40000 3x110
2002-09-30 525474  UVES 3280-4560 40000 360
2002-09-30 525474  UVES 4580-6690 40000 3x110
2002-10-06 52553.4  UVES 3280-4560 40000 360
2002-10-06 525534  UVES 4580-6690 40000 3x110
2005-12-12 53716.2  FEROS 3500-9200 48 000 2x450
2007-02-22 54153.2  FEROS 3500-9200 48 000 3 %500
2011-02-13 55605.0 FEROS 3500-9200 48000 900
2011-03-20 55641.0 FEROS 3500-9200 48 000 1800
2011-05-15 55697.0 FEROS 3500-9200 48 000 1800
2012-06-19 560974  FEROS 3500-9200 48000 1800
2014-11-29 56990.1  FEROS 3500-9200 48 000 2x960
2015-10-16 57311.3  FEROS 3500-9200 48 000 2 %500
2012-08-26 56 165.3 X-shooter? 10240-24 800 10000 3x60,2x10
2012-08-26 56165.3 X-shooter 3000-5595 9000 3x120,2x20
2012-08-26 56165.3 X-shooter 5595-10240 17000 3x%x120,2x%20
2012-09-04 56174.3 X-shooter 10240-24 800 10000 3x60,2x10
2012-09-04 56174.3 X-shooter 3000-5595 9000 3x120,2x20
2012-09-04 56174.3 X-shooter 5595-10240 17000 3x%x120,2x%20
2012-11-01 562322 X-shooter 10240-24 800 10000 3x60,2x10
2012-11-01 562322 X-shooter 3000-5595 9000 3x120,2x20
2012-11-01 562322 X-shooter 5595-10240 17000 3x120,2x%20
2013-02-02 56325.0 X-shooter 10240-24 800 10000 3x60,2x10
2013-02-02 56325.0 X-shooter 3000-5595 9000 3x120,2x20
2013-02-02 56325.0 X-shooter 5595-10240 17000 3x120,2x%20
2013-03-01 56352.1 X-shooter 10240-24 800 10000 3x60,2x10
2013-03-01 56352.1 X-shooter 3000-5595 9000 3x120,2x20
2013-03-01 56352.1 X-shooter 5595-10240 17000 3x120,2x%20
2013-08-04 56508.4 X-shooter 10240-24 800 10000 4x%60,2x10
2013-08-04 56508.4 X-shooter 3000-5595 9000 4x120,2x%x20
2013-08-04 56508.4 X-shooter 5595-10240 17000 4x120,2x%x20
2013-09-19 56554.3 X-shooter 10240-24 800 10000 4x%60,2x10
2013-09-19 56554.3 X-shooter 3000-5595 9000 4x120,2x%x20
2013-09-19 56554.3 X-shooter 5595-10240 17 000 4x120,2x%x20
2013-10-24 56589.3 X-shooter 10240-24 800 10000 3x60,2x10

Notes. " UVES slit width: 1”. @ X-shooter slit width: 075/074/0’4 for the UVB/VIS/NIR arms and long exposures, 5”/5"/5" for the short
exposures.
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Date MIJD Instrument Wavelength range  Spectral resolving  Total exposure time
(days) A) power (s)
2013-10-24 56589.3  X-shooter 3000-5595 9000 3x120,2x%20
2013-10-24 56589.3  X-shooter 5595-10240 17000 3x120,2x%20
2013-11-12  56608.1  X-shooter 10240-24 800 10000 3x60,2x10
2013-11-12  56608.1  X-shooter 3000-5595 9000 3x120,2x%20
2013-11-12  56608.1  X-shooter 5595-10240 17 000 3x120,2x%20
2013-12-22 56648.3  X-shooter 10240-24 800 10000 3x60,2x10
2013-12-22  56648.3  X-shooter 3000-5595 9000 3x120,2x%20
2013-12-22 56648.3  X-shooter 5595-10240 17 000 3x120,2x%20
2014-02-01 56689.2  X-shooter 10240-24 800 10000 3x60,2x10
2014-02-01 56689.2  X-shooter 3000-5595 9000 3x120,2x%20
2014-02-01 56689.2  X-shooter 5595-10240 17 000 3x120,2x%20
2014-11-16  56977.1  X-shooter 10240-24 800 10000 3x60,2x10
2014-11-16  56977.1  X-shooter 3000-5595 9000 3x120,2x%20
2014-11-16  56977.1  X-shooter 5595-10240 17 000 3x120,2x%20
2014-12-27 57018.0  X-shooter 10240-24 800 10000 3x60,2x10
2014-12-27 57018.0  X-shooter 3000-5595 9000 3x120,2x%20
2014-12-27 57018.0  X-shooter 5595-10240 17 000 3x120,2x%20
2015-03-02 57083.1  X-shooter 10240-24 800 10000 3x60,2x10
2015-03-02 57083.1  X-shooter 3000-5595 9000 3x120,2x20
2015-03-02 57083.1 X-shooter 5595-10240 17 000 3x120,2x%20
2015-10-15 57310.3  X-shooter 10240-24 800 10000 3x60,2x10
2015-10-15 57310.3  X-shooter 3000-5595 9000 3x120,2x%20
2015-10-15 57310.3  X-shooter 5595-10240 17 000 3x120,2x%20
2015-12-18 57374.3  X-shooter 10240-24 800 10000 3x60,2x10
2015-12-18 57374.3  X-shooter 3000-5595 9000 3x120,2x20
2015-12-18 57374.3  X-shooter 5595-10240 17000 3x120,2x%20
2016-02-19 57437.1  X-shooter 10240-24 800 10000 3x60,2x10
2016-02-19 57437.1  X-shooter 3000-5595 9000 3x120,2x%20
2016-02-19 57437.1 X-shooter 5595-10240 17 000 3x120,2x%20
2016-04-06 57484.0 X-shooter 10240-24 800 10000 4x60,2x10
2016-04-06 57484.0 X-shooter 3000-5595 9000 4x120,2x%x20
2016-04-06 57484.0 X-shooter 5595-10240 17 000 4x120,2x%20
2016-08-03 57603.4  X-shooter 10240-24 800 10000 4x60,2x10
2016-08-03 57603.4  X-shooter 3000-5595 9000 4x120,2%20
2016-08-03 57603.4  X-shooter 5595-10240 17 000 4x120,2x%20
2016-10-06 57667.4  X-shooter 10240-24 800 10000 4x60,2x10
2016-10-06 57667.4  X-shooter 3000-5595 9000 4x120,2x%20
2016-10-06 57667.4  X-shooter 5595-10240 17 000 4x120,2x%20
2017-01-02 57755.3  X-shooter 10240-24 800 10000 4x60,2x10
2017-01-02 57755.3  X-shooter 3000-5595 9000 4x120,2x%x20
2017-01-02 57755.3  X-shooter 5595-10240 17 000 4x120,2x%20
2017-04-04 57847.0 X-shooter 10240-24 800 10000 4x60,2x10
2017-04-04 57847.0 X-shooter 3000-5595 9000 4x120,2x%20
2017-04-04 57847.0 X-shooter 5595-10240 17000 4x120,2x%20
2017-08-03  57968.3  X-shooter 10240-24 800 10000 8x60,4x10
2017-08-03  57968.3  X-shooter 3000-5595 9000 8% 120, 4 %20
2017-08-03  57968.3  X-shooter 5595-10240 17000 8% 120, 4 x 20
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