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ABSTRACT

Context. The mass-loss mechanism of cool massive evolved stars is poorly understood. The proximity of Betelgeuse makes it an
appealing target to study its atmosphere, map the shape of its envelope, and follow the structure of its wind from the photosphere out
to the interstellar medium.

Aims. A link is suspected between the powerful convective motions in Betelgeuse and its mass loss. We aim to constrain the spatial
structure and temporal evolution of the convective pattern on the photosphere and to search for evidence of this link.

Methods. We report new interferometric observations in the infrared H-band using the VLTI/PIONIER instrument. We monitored the
photosphere of Betelgeuse between 2012 January and 2014 November to look for evolutions that may trigger the outflow.

Results. Our interferometric observations at low spatial frequencies are compatible with the presence of a hot spot on the photosphere
that has a characteristic width of one stellar radius. It appears to be superposed on the smaller scale convective pattern. In the higher
spatial frequency domain, we observe a significant difference between the observations and the predictions of 3D hydrodynamical
simulations.

Conclusions. We bring new evidence for the presence of a convective pattern in the photosphere of red supergiants. The inferred
hot spot is probably the top of a giant convection cell although an asymmetric extension of the star cannot be excluded by these
interferometric observations alone. The properties of the observed surface features show a stronger contrast and inhomogeneity as
predicted by 3D radiative hydrodynamical simulations. We propose that the large observed feature is modifying the signature of the

convective pattern at the surface of the star in a way that simulations cannot reproduce.

Key words. stars: individual: Betelgeuse — stars: imaging — supergiants — stars: mass-loss — infrared: stars —

techniques: interferometric

1. Introduction

Evolved stars are important contributors to the enrichment of the
interstellar medium in heavy elements and dust, and more gener-
ally to the chemical evolution of the Universe. In starburst galax-
ies or galaxies at large look-back times, red supergiants (RSG)
are usually expected to be the main source of dust.

* Based on observations made with ESO telescopes at Paranal
Observatory, under ESO programs 288.D-5035(A), 090.D-0548(A),
092.D-0366(A), 092.D-0366(B) and 094.D-0869 (A).

Article published by EDP Sciences

Thanks to its proximity (=197 pc, Harper et al. 2008),
Betelgeuse (a Ori, HD 39801, HR 2061) has one of the largest
apparent photospheric diameters (42 milliarcseconds (mas) in
the infrared K-band, Montarges et al. 2014), converting to an ex-
tremely large linear radius of the order of 1000 R,,. It is a M2Iab
prototypical RSG, with a mass estimated between 11.6*30 Mo,
(Neilson et al. 2011) and 15-20 M, (Dolan et al. 2008). These
favorable observational properties make it one of the best studied
RSG, although its extreme brightness (mx < —4) paradoxically
makes it a difficult target for large telescopes, as it often causes
detector saturation problems.
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Mass loss of these stars remains poorly understood. In par-
ticular, the process triggering the outflow is unknown as they do
not experience flares or pulsations that are large enough. RSG
are semi-regular variable. Many of them have one or two pho-
tometric and/or radial velocity periods (Kiss et al. 2006; Yang
& Jiang 2012). The short periods are of a few hundred days and
of a few thousand days for the long secondary period (LSP). In
the case of Betelgeuse, these periods are respectively of ~400
and ~2100 days (Stothers 2010). The short period is assumed
to correspond to radial amplitude pulsations, whereas the na-
ture of the LSP remains unexplained. Stothers (2010) suggests
that it could be linked to giant convection cell turnover. Arroyo-
Torres et al. (2015) show that the pulsation models cannot ac-
count for the extension of the molecular layers of RSG and,
thus, that pulsations cannot be responsible for the mass loss. In
particular, the particle velocity does not meet the escape veloc-
ity (~65-90 kms™! in the case of a non-rotating Betelgeuse).
Josselin & Plez (2007) obtained spectroscopic observations of a
sample of RSGs and concluded that radiative pressure on molec-
ular lines, together with convection that decreases the effective
gravity, could initiate the mass loss. However, the presence of
a weak magnetic field on Betelgeuse (Auriere et al. 2010) may
play a role in the mass-loss mechanism of that kind of star, e.g.
through the dissipation of Alfvén waves: Airapetian et al. (2000)
developed a 2.5 MHD (magnetohydrodynamics) code that re-
produces the terminal wind velocity and the measured mass-loss
rate of Betelgeuse. This indicates that Alvén waves can actually
drive the outflow of massive cool evolved stars.

Kervella et al. (2009, hereafter Paper I), obtained adaptive
optics (AO) images of Betelgeuse with the NACO (Nasmyth
Adaptive Optics System coupled with the CONICA camera)
instrument at the VLT (Very Large Telescope) in the spec-
tral range 1.04-2.17 um. They revealed the presence of sev-
eral “plumes” that extend up to a radius of six times the pho-
tosphere, most probably of a gaseous nature and containing the
CN molecule. In the Ks-band (4 = 2.2 um), Mennesson et al.
(2011) also measured a significant resolved emission around
Betelgeuse (astrophysical null depth of 8.1 x 1072 + 4 x 107%)
using the Palomar Fiber Nuller instrument. Diffraction-limited
VLT/VISIR (VLT Imager and Spectrometer for mid Infrared)
observations (Kervella et al. 2011, hereafter Paper II), in the ther-
mal infrared domain (7.8—19.5 ym) uncovered a large, clumpy
circumstellar nebula, most likely made of O-rich dust that
formed from the material expelled by Betelgeuse. Finally, us-
ing the recently commissioned SPHERE (Spectro-Polarimetric
High-contrast Exoplanet REsearch) instrument at the VLT in the
visible, Kervella et al. (2016, hereafter Paper III), managed to re-
solve the apparent disk of Betelgeuse. In narrow band filters, the
intensity images revealed a departure from spherical symmetry.
The polarized signal indicates the possible presence of dust very
close to the star (less than one stellar radius) in the northeastern
quadrant. These observations suggest that the mass loss of the
star is episodic and non-spherical.

A convective pattern was identified on Betelgeuse
(Chiavassa et al. 2010), as well as bright spots on the
photosphere (Haubois et al. 2009). Using the Berkley Infrared
Spatial Interferometer (ISI) between 2006 and 2010, Ravi
et al. (2011) monitored the circumstellar environment of this
star at 11.5 um. For some epoch they observed, they detected
bright point sources on the layer they modeled at an optical
depth of one. However, Arroyo-Torres et al. (2015) showed
that 3D radiative hydrodynamical simulations cannot account
for the molecular extension of the atmosphere of RSG. Only a
few interferometric snapshots of RSG have been obtained up
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until now, sampling a very limited spatial frequency range and
sometimes only one azimuthal direction. These observations
were interpreted using various kinds of models (see e.g. Burns
et al. 1997; Young et al. 2000; Perrin et al. 2004; Haubois
et al. 2006). Image reconstructions were also performed using
observations with a sufficiently dense (u,v) coverage (Roddier
& Roddier 1985; Haubois et al. 2009). Taking advantage of the
four-telescope beam combiner PIONIER (Precision Integrated-
Optics Near-infrared Imaging ExpeRiment) at the Very Large
Telescope Interferometer (VLTI), we obtained multi-directional
(u,v) coverage with four epochs of observations (Sect. 2). This
homogeneous dataset enabled us to monitor the photosphere of
a RSG for the first time. We present a classical model-based
analysis of these new data (Sect. 3) and a comparison of the
data with numerical radiative-hydrodynamic (RHD) simulations
(Sect. 4).

2. Observations

The European Southern Observatory’s VLTI (Haguenauer et al.
2010) has been operating on top of the Cerro Paranal, in
Northern Chile, since March 2001. We observed Betelgeuse and
its associated calibrators on the nights of 2012 January 31, 2013
February 09, 2014 January 11, 2014 February 01, and 2014
November 21 (local time) using the VLTI equipped with the
PIONIER instrument (Le Bouquin et al. 2011). The log of the
observations is presented in Table 1. PIONIER is an innovative
interferometric beam-combiner that relies on an integrated op-
tics component (Benisty et al. 2009) for the recombination of
the light beams. It saw first light at the VLTI in 2010, and was
installed as a visitor instrument until Spring 2015 (starting in
P96, PIONIER is now offered as a facility instrument). We used
the high spectral resolution of the dispersion unit, that produces
seven spectral channels across the H-band (with a spectral reso-
lution of approximately 40) for the 2012 and 2013 observations.
For the 2014 observations, we used the same spectral resolution,
reading only the three central pixels of the detector.

We used the four auxiliary telescopes (ATs, 1.8 m aper-
ture) installed on the A1-B2-C1-D0 and A1-G1-KO0-J3 baseline
quadruplets. These AT configurations were the most compact
and the more extended offered by ESO at that time, with base-
line lengths (measured on the ground) between 11.3 and 35.8 m,
for the first, and between 80.0 and 153.0 m, for the second. The
resulting (u,v) coverage is presented in Fig. 1. The raw data
were processed using the publicly available PIONIER pipeline
(Le Bouquin et al. 2011) to produce six squared visibilities %)
and four independent closure phase (CP) values per observa-
tion, for each spectral channel. Uncertainties on uncalibrated ob-
servables are computed from the statistical dispersion over the
100 scans inside each ~30 s exposure. The uncertainty on the
transfer function is then added quadratically.

To avoid detector saturation caused by the high brightness of
Betelgeuse, we lowered the incoming flux. In 2012, diaphragms
were used in the beams. During this run, we observed the first
zero of the visibility function at two different spatial frequencies
depending on the observed (u, v) direction (i.e. depending on the
baseline). To exclude an effect of the diaphragms on the coher-
ence of the beam, we inserted a neutral density in front of the de-
tector in 2013. In 2014, following an update of the instrument’s
software, we used the ability to read only the three central pixels
of the seven available with the large dispersion. This allows the
length of the reading time to be reduced.

The choice of the calibrator star to monitor the interfer-
ometric transfer function of the instrument is complicated by
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Table 1. Log of the PIONIER observations of Betelgeuse and its
calibrators.

uUT Star Configuration
2012 Feb.-01 ~ 01:07  Sirius A A1-B2-C1-DO
01:17  Sirius A A1-B2-C1-DO
01:53  Betelgeuse A1-B2-C1-DO
02:10  Sirius A A1-B2-C1-DO
02:34  Betelgeuse A1-B2-C1-DO
03:08  Sirius A A1-B2-C1-DO
03:20  Sirius A A1-B2-C1-DO
03:36  Betelgeuse  A1-B2-C1-DO
03:50  Sirius A A1-B2-C1-DO
04:05 Betelgeuse A1-B2-C1-DO
2013 Feb.-10  00:25 b Ori A1-B2-C1-DO
00:51 Betelgeuse  A1-B2-C1-DO
01:09 LTT 11688 A1-B2-C1-DO
01:27 Betelgeuse  A1-B2-C1-DO
01:45 b Ori A1-B2-C1-DO
02:05 Betelgeuse A1-B2-C1-DO
02:28 LTT 11688 A1-B2-C1-DO
02:47 Betelgeuse A1-B2-C1-DO
03:08 b Ori A1-B2-C1-DO
03:19 Betelgeuse A1-B2-C1-DO
03:37 56 Ori A1-B2-C1-DO
2014 Jan.-12  01:55 LTT 11688 A1-B2-C1-DO
02:18 Betelgeuse  A1-B2-C1-DO
02:32 b Ori A1-B2-C1-DO
02:46  Betelgeuse  A1-B2-C1-DO
02:57 56 Ori A1-B2-C1-DO
03:09 Betelgeuse A1-B2-C1-D0O
03:20 LTT 11688 A1-B2-C1-DO
2014 Feb.-02  03:04 b Ori A1-G1-K0-J3
03:20 Betelgeuse  A1-G1-K0-J3
03:34 LTT 11688 A1-G1-K0-J3
2014 Nov.-22  04:32 LTT 11688 A1-B2-C1-DO
05:00 Betelgeuse A1-B2-C1-D0O
05:57 Betelgeuse A1-B2-C1-DO
06:19 LTT 11688 Al1-B2-C1-DO
06:32  Betelgeuse A1-B2-C1-DO
06:46 56 Ori A1-B2-C1-DO
06:59  Betelgeuse A1-B2-C1-DO
07:15 LTT 11688 Al1-B2-C1-DO
07:44 Betelgeuse A1-B2-C1-DO
07:57 b Ori A1-B2-C1-DO
08:08 Betelgeuse A1-B2-C1-DO
08:22 LTT 11688 A1-B2-C1-DO
08:37 Betelgeuse A1-B2-C1-DO
08:54 56 Ori A1-B2-C1-DO

the extreme brightness of Betelgeuse. Following Ohnaka et al.
(2009, 2011), we chose to rely on Sirius A on 2012 January,
as its brightness is comparable to that of Betelgeuse in the
H-band (my = —1.4, vs. my = —4.0), resulting in a similar
signal-to-noise ratio with the same PIONIER setup. Owing to its
much higher effective temperature, Sirius A has a comparatively
small angular diameter of 6 p = 6.039 + 0.019 mas (Kervella
et al. 2003), which results in a high fringe visibility on the se-
lected baselines, and a good quality transfer function calibration.
Moreover, Sirius A is not expected to have significant surface
features, and is therefore also a good choice in terms of clo-
sure phase calibration. However, in 2012, the instrument team
learned that the transfer function of PIONIER is sky position de-
pendent. As a result, considering the unusual first lobe shape of
our data (Fig. 1) and the distance between Betelgeuse and Sirius
A on the sky (~27°), we decided to choose closer calibrators for
the 2013 February, 2014 January, February, and November runs.

Table 2. List of calibrators.

Name Angular dist. Diameter Ref.
from @ Ori (°)  (mas)

Sirius A 27 6.039+0.019 1

56 Ori 6 2.38 +£0.044 2

b Ori 7 1.78 £ 0.13 3

LTT 11688 5 2.08 +0.15 3

Notes. Angular distances were measured using Aladin.

References. (1) Kervella et al. (2003); (2) Bordé et al. (2002);
(3) Bonneau et al. (2006, 2011)

Stars at 7° or less from Betelgeuse were used: 56 Ori, b Ori, and
LTT 11688 (Table 2).

The data of the 2014 February 02 on the extended configu-
ration of the ATs of the VLTI probed a high spatial frequency
domain (from 151 to 330 arcsec™!, meaning from the 6th to the
15th lobe of visibility). The weather conditions were not good
enough (dust in the atmosphere, seeing >1"") to obtain reliable
data. Therefore, we did not consider these data any further.

Considering the spectral resolution of the PIONIER instru-
ment, we use all the spectral elements together in the present
work, as a “pseudo-continuum”.

3. Low spatial frequencies: analytical model fitting
3.1. Doubling of the first lobe

Our data present an unusual azimuthal dependence of the spatial
frequency at which the first zero of the visibility function occurs
(Fig. 1, left column). During our four epochs of observations,
we changed the settings of the instrument. In particular, we used
three different features to avoid detector saturation (diaphragms,
neutral density, and acquisition of three spectral channels, in-
stead of seven). The separated first zeros remain. Thus it sup-
ports the theory that this is not an instrumental artifact but a real
characteristic of the star.

This kind of feature indicates that the star does not appear as
a disk for the interferometer, as its angular diameter depends on
the observed direction on the plane of the sky. Therefore, usual
uniform disk (UD) or limb-darkened disk (LDD) models cannot
reproduce this data. An elliptical model would seem appropriate.
However, the strong closure phase signal (Fig. 1, right column)
excludes this kind of model without asymmetries, since its clo-
sure phases are at 0° or 180°.

3.2. Limb-darkened disk and Gaussian hot spot
3.2.1. Model definition

As indicated in Sect. 3.1, the first lobe of the visibility function
does not have the same extension that depends on the position
angle (PA). Chiavassa et al. (2009, 2010) have already shown
that huge and bright convection cells could create some disper-
sion of the spatial frequency at which the first zero of the visi-
bility function occurs when considered as a function of the PA
(as high as 5% on both the first zero position and on the determi-
nation of the stellar radii). As these structures were previously
observed on Betelgeuse at smaller scales (Buscher et al. 1990;
Wilson et al. 1992, 1997; Tuthill et al. 1997; Young et al. 2000;
Haubois et al. 2009), we decided to use a model that combines a
stellar disk and a single bright spot.
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Recent interferometric observations of Betelgeuse (Ohnaka
et al. 2009, 2011; Montarges et al. 2014) were analyzed using
a power-law LDD model (Hestroffer 1997). Therefore, to com-
pare our results, we used the same model for the photosphere
and a single 2D symmetrical Gaussian for the bright hotspot.
The center of this hotspot is located at the coordinates (Xcener,
Yeenter) TESpectively, in right ascension and declination, relative
to the center of the stellar disk. The size of this Gaussian spot is
given by its full width at half maximum (FWHM). The relative
weight of both structures are wpp and wgpe, Which are defined
so that

ey

Given the linearity of the Fourier transform, the model visibility
is

WLDD t+ Wspot = 1.

Vimodel = wLpp VDD + wspotVspot~ (2
VLpp is given by
Jy(x)
Vi ,v) =T 1 . 3
Lop(u,v) =T'(v + )(x/Z)V 3

with x = 7l pp Vu? +v%, v = a/2 + 1, a being the limb-
darkening parameter, J, is the first species Bessel function of
order v, and I the Euler function. The complex visibility of the
hot spot is then

2
Vepor(u,v) = exp [—@]

X exp [_Ziﬂ'(uxcenler + Uycenler)] 4
with f = Vu? + v? and o = FWHM/(2/21In(2)).

We note that, with this model, light distribution is allowed to
extend beyond the stellar disk as the Gaussian spot has an infinite
extension. For hotspots near the center of the disk this has little
consequence, but it is not negligible when the feature is close to
the limb of the star.

3.2.2. Model fitting

The model has six parameters: 6 pp the limb-darkened disk di-
ameter, arpp the limb darkening power law exponent, wgpo,
Xcenter> Yeenter, and the FWHM. To fit the data, we need an ini-
tial guess for these parameters. This task is made complex by
the strong indeterminacy of the apparent diameter that is caused
by the presence of the Gaussian spot (variations of the first lobe
of the visibility function).

Therefore, we decided to fit our model in two steps. First
we explored the parameter space by using y> maps, and then we
performed a regular fit using the least-squares method.

We fitted both the squared visibilities and the closure phases
for spatial frequencies lower than 51 arcsec™!, selecting the base-
lines and triplets that sample only the first and second lobes to
avoid contamination by small scale structures. The x> maps were
computed by using a grid of spot positions (Xcenter Ycenter) With a
2 mas step between —25 and 25 mas, relative to the center of the
star. We excluded positions with the hotspot outside the star. On
each cell of the grid, we fitted 6 pp, @ pp, and wgpe. The initial
guesses for the star were the LDD parameters from Montarges
et al. (2014), which are the closest value we have in time in the
near infrared, even though they used K-band observations. The
Wspor Was initially set at 0.2. The maps were computed for spot

Table 3. LDD and Gaussian hotspot model fitting for the spatial fre-

quencies lower than 51 arcsec™'.

Parameter Jan. 2012 Feb. 2013 Jan. 2014
6.pp (mas) 4294 +£0.50 43.73+0.50 44.06 +0.59
a1LpD 0.15 +0.06 0.19 = 0.07 0.23 +0.09
Wapot 0.13+£0.03 0.08 = 0.02 0.22 +£0.08
Xeenter (INAS) 17.07+£222 1976 £2.02 16.24+5.25
Yeenter (MAS) —-598+242 -T746+242 240+5.25
FWHM (mas) 21.76 £2.02 18.42+242 2948 +6.26
P 29 31 29
o(x¥)/V2d.of. 46 33 30

Notes. The last line corresponds to the standard deviation of the y? di-
vided by the square root of twice the number of degree of freedom.

Table 4. LDD and 2 Gaussian hotspots model-fitting for the whole spa-
tial frequency range of the 2014 November epoch.

Parameters Best-fit values

6.pp (mas) 43.15+0.50

aLDD 0.14 £ 0.09

Wspotl 0.10 £ 0.07

Xcenterl (mas) _2155 + 626
Yeenterl (mas) 6.52 +6.46
FWHM o (mas)  24.62 + 8.08

Wspot2 (698 + 256) x 1073
Xeenter2 (MAs) 13.36 + 1.41

Ycenter2 (mas) —-19.07 + 1.41
FWHM o (mas) — 4.00 x 107* ti:g(z)xm%

P 70
cOA/V2dof. 97

Notes. The last line corresponds to the standard deviation of the y2,
divided by the square root of twice the number of degree of freedom.

FWHM fixed at 6, 10, 15, 20, and 25 mas and, for each FWHM,
we selected the cell offering the minimum y?. For each epoch
we then used the corresponding parameters as initial guesses for
our fit on all six parameters.

3.2.3. Results

The results of the model-fitting are presented in Table 3 and on
Fig. 1. In the following, we use > for the reduced x>. The error
bars were estimated using

®)

For the 2014 November epoch, it was not possible to converge
on an unique solution: two different positions of the Gaussian
hotspot gave nearly the same {>. We tried to fit a two-spot model
on this particular epoch by using the ambiguous derived posi-
tions as initial guesses. The fitting procedure converged toward
a resolved hotspot plus a non-resolved one. Therefore, we per-
formed this fitting process again, using the whole spatial fre-
quency range. The results of this fit are presented in Table 4 and
in the lowest row of Fig. 1.

The best-fit LDD and hotspot model reproduce the data. The
¥ has its value between 29 and 31 for the first three epochs. By
fitting only the spatial frequencies below 51 arcsec™!, we man-
age to reproduce the visibilities up to 90 arcsec™!, and part of the
closure phases up to 110 arcsec™! (Fig. 1).

Fitting the two-spot model on the other epochs gave bad re-
sults: either the two-spot solution was not significantly better (x>

X (param + o) = 2)([2nin.
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Fig. 2. Evolution of the near infrared diameter of Betelgeuse over the
past two decades. The IRMA measurement comes from Dyck et al.
(1992), IOTA from Perrin et al. (2004) in K-band and Haubois et al.
(2009) in H-band, the two AMBER high-resolution K-band measure-
ments from Ohnaka et al. (2009, 2011), the AMBER K-medium reso-
lution and broadband from Montarges et al. (2014) and the PIONIER
H-band measurements are from the present work.

not lower, the shape of the observables not well reproduced, par-
ticularly for the first lobe of the visibility function), or wpe con-
verged to zero.

The spotty model also gives an LDD diameter and an LD pa-
rameter which are typical for the much observed star Betelgeuse.
This was not the case for the LDD disk model alone. Figure 2
represents the archival near-infrared LDD diameter measured
on Betelgeuse for the last two decades. Our values are in the
same range as previous measurements (46.1 + 0.2 mas from
Dyck et al. 1992; 43.76 + 0.12 mas from Perrin et al. 2004;
44.31 + 0.12 mas from Haubois et al. 2009; 43.6 mas from
Chiavassa et al. 2009; 43.56 + 0.06 mas from Ohnaka et al. 2009;
42.49 +0.06 mas from Ohnaka et al. 2011; and 42.28 +0.43 mas
for the K continuum, and 45.07+0.48 mas for the whole K-band,
both from Montarges et al. 2014).

The best-fit models for the four epochs give y* values greater
than one and the standard deviation of the y? is much greater
than the square root of twice the number of degree of freedom.
However, the shape of the derived squared visibilities and clo-
sure phases reproduce the observed data well. This comes from
the chosen model. Indeed, we decided to consider symmetric
Gaussian hotspots. The shape of this structure is certainly more
complex than the structure we adopted and, as a consequence,
it must have an effect on the observables, particularly the clo-
sure phases. We could have used an elliptical gaussian to sim-
ply mimic this supposed behavior, but this would have added
two variables in a very degenerated parameter space and led to
larger uncertainties on the best-fitted model. Moreover the solu-
tion would certainly not have been unique, as only a few changes
in the high spatial frequency domain in the Fourier space would
have been sufficient to improve the fit, without significantly al-
tering the resulting direct image. This seems characteristic of a
sparse sampling of the uv plane for a largely resolved object.

The main obstacle is that we cannot derive the star diameter
with an independent process: the larger hotspot has a direct effect
on the first lobe of the visibility function, usually used for this
process.

Haubois et al. (2009) fitted their data with two hotspots. The
largest one remains two times smaller than ours. Their positions
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Fig. 3. Intensity maps derived from the best fitted LDD and Gaussian
hotspot model. North is up and East to the left.

on the stellar disk are different, which is to be expected as their
observations took place in 2005. Indeed, according to radiative-
hydrodynamics simulations, bright and large convective cells be-
ing seen in the near infrared evolve on a timescale of years (the
simulations explore several years of stellar evolution and, in the
produced images, we directly see that large and bright hotspots
take at least a year to evolve significantly). We note that neither
these authors nor we observe a counterpart to the chromospheric
bright spot detected by Uitenbroek et al. (1998) and tentatively
identified as the southern pole of the star. This difference was
addressed by Dupree (2011): the formation of the infrared and
ultraviolet structures are certainly very different.

We would like to emphasize that it is the four-telescope (u, v)
coverage of PIONIER that allowed us to sample two directions
almost orthogonal in the Fourier plane. Without this, the dis-
placement of the spatial frequency at which the first null of the
visibility function occurs would probably have been interpreted
as an increase of the stellar diameter.

4. Radiative-hydrodynamics simulations

Radiative-hydrodynamics simulations have been previously
used to interpret the interferometric observations of Betelgeuse
in the optical domain, H, and K-band (Chiavassa et al. 2010)
and in the K-band (Montarges et al. 2014). The visibilities were
reproduced up to 120 arcsec™.

We used RHD simulations computed with the CO°BOLD
code (COnservative COde for the COmputation of
COmpressible COnvection in a BOx of L Dimensions, L = 2, 3,
Freytag et al. 2012). This code solves the coupled equations of
compressible hydrodynamics and non-local radiation transport.
The main characteristics of the four simulations we used are
summarized in Table 5, and they are also described in details
in Chiavassa et al. (2011a). Rotation is not included in these
models.

We used several hundreds of snapshots of those simulations,
each one representing the temporal evolving convection pattern
on the stellar surface. Intensity maps are computed using the 3D
pure-LTE transfer code Optim3D (Chiavassa et al. 2009). For
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Table 5. Characteristics of the four RHD simulations model used to analyze our VLTI/PIONIER data of Betelgeuse (Chiavassa et al. 2011a).

Model Simulated  Grid Mo L Test R, logg Opacity
relaxed (grid (M) (Lo) (K) (Ro) approx.
time (yr) points)
st35gm03n07 5.0 2353 12 91932+ 1400 3487+12 830.0+2.0 -0.335+0.002 gray
st35gm03n13 7.0 235° 12 89477 + 857 3430 £ 8 846.0+1.1 —-0.354+0.001 non-gray
st36gm00n04 6.4 255° 6 24211 369 3663 £ 14 386.2+04 0.023 +0.001 gray
st36gm00n15 3.0 4013 6 24233 + 535 3710 £20 376.7+0.5 0.047 +0.001 gray
Table 6. Best-fitted RHD simulations to the four epochs of Table 7. Offset position and displacement of the photocenter of

VLTI/PIONIER data.

Epoch Name b

2012-01  dst36g00n04 906
2013-02  dst35gm03n07 682
2014-01  dst36g00n04 391
2014-11  dst35gm03n07 679

1

Notes. Only spatial frequencies greater than 51 arcsec™ were consid-

ered. Only the visibilities are fitted.

each epoch, we computed intensity maps in the spectral chan-
nels of PIONIER at the desired spectral resolution. Following
Chiavassa et al. (2009, 2010) and Montarges et al. (2014), and
since we do not know the orientation of the simulation relatively
to the star on the plane of the sky, we rotated each intensity im-
age around its center, over 18 positions between 0° and 180°.
We then scaled the star to the apparent size, as derived from our
LDD and Gaussian hotspot model (Tables 3 and 4). To obtain the
interferometric observables, we computed the Fourier transform
of these images and derived the visibility and the closure phase
at the (u, v) points that we sampled with our observations.

We compared these values to our visibilities by considering
only spatial frequencies greater than 51 arcsec™', i.e., the domain
not affected by the hotspot we had observed. The results of these
fits are summarized in Table 6 and the observables are repre-
sented in Fig. 4. While the visibilities are quite well reproduced,
this is not the case for the closure phases. For this observable,
even the shape is not similar.

In the past, RHD simulations fitted the interferometric ob-
servables of Betelgeuse well (Chiavassa et al. 2009, 2010;
Montarges et al. 2014) but this is not the case for our four epochs
of VLTI/PIONIER observations that monitor the H-band photo-
sphere. Considering that this is also the first time that a large
persistent hotspot has been observed (Sect. 3.2), we propose that
this large feature is modifying the signature of the convective
pattern at the surface of the star in a way the RHD simulation
cannot reproduce. The regular convective pattern may still be
present on the photosphere, but with a different activity. The in-
terferometric signal is dominated by the large hotspot.

5. Discussion
5.1. Photocenter displacement

The presence of a non-centered hotspot on the photosphere of
Betelgeuse is displacing its photocenter. We computed its posi-
tion numerically from the intensity maps that were derived from
our LDD and Gaussian hotspot model (Sect. 3.2). The value are
presented in Table 7.

The value we derived corresponds to ~10% of the parallax
of Betelgeuse (Harper et al. 2008). Particularly between January
and November 2014, the displacement reaches 3.41 mas. This

Betelgeuse, taking into consideration our LDD and Gaussian hotspot
model (Sect. 3.2).

Epoch ARA (mas) ADec (mas) Ar (mas)
2012-01  -0.87 -0.29 0.91
2013-02 -0.43 -0.13 0.45
2014-01 -2.19 0.44 2.23
2014-11  1.22 0.47 1.31

value is more than six times larger than the photocenter displace-
ment that was caused by related convective surface structures
in the optical, where the contrast is up to five times greater
(Chiavassa et al. 2011b). This is further evidence that there is
an ingredient missing in RHD simulations.

Until now, such a large hotspot has only been observed on
Betelgeuse but the routine operation of the multi-baseline inter-
ferometer should allow more observations of multiple position
angles of the first two lobes of the visibility function of nearby
red supergiants.

5.2. Convection and mass loss

Giant convective cells were predicted on RSG by Schwarzschild
(1975) and have been numerically reproduced in RHD simu-
lations (Chiavassa et al. 2009, 2010, 2011a). Josselin & Plez
(2007) propose that such structures could be at the origin of
mass loss by lowering the effective gravity of the star, in con-
junction with radiative pressure on molecular lines. The recon-
structed high-dynamic range image of Haubois et al. (2009) in
the H-band from IOTA interferometric data already showed the
presence of two bright spots that were identified as the tops of
convective cells by Chiavassa et al. (2010) using RHD simula-
tion. However, RHD simulations cannot reproduce the observed
VLTI/PIONIER low-frequency data (i.e., very large structures)
with, in particular, very high and “fast” variable (about 1 yr) sur-
face contrast. This indicates that there is a physical ingredient
missing in the RHD simulations.

In our four epochs of observations, the contribution of the
hotspot to the total flux equals respectively 7%, 3%, 19%, and
6%. These values are in agreement with previous observations
on Betelgeuse and other stars of Haubois et al. (2009), Kiss et al.
(2010) and predictions from Schwarzschild (1975). This high
level of brightness is a strong argument in favor of the hypothesis
for the triggering the mass loss with convection by a combination
of a lowering of the effective gravity, thanks to convection, and
of radiative pressure on molecular lines (Josselin & Plez 2007).

It is particularly interesting to notice that in the intensity im-
ages (Fig. 3), part of the flux is coming from outside the stellar
disk owing to the Gaussian nature and edge position of the best-
fitted hotspot. It is this particular feature which is causing the
characteristic shape of the visibility curve at low spatial frequen-
cies. This can be interpreted in two different ways: we could be
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Fig. 4. Comparison of the squared visibilities (leff) and closure phases (right) of the VLTI/PIONIER data in black and the best snapshot of the
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were considered. Only the visibilities are fitted. The four
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observing a convective cell at the limb of the star, making the star
appear larger in this single direction (see, e.g. the simulations of
Chiavassa et al. 2011a; Freytag et al. 2012, with smaller limb
convective cells). This contribution outside of the disk could also
be a plume that is emerging from the photosphere, which is thus
a stronger mass loss event. Both interpretations do not exclude
each other since a limb-located convective cell could actually
trigger a plume. In Paper III, VLT/SPHERE visible polarimet-
ric observations with ZIMPOL (Zurich imaging polarimeter) re-
vealed an arc located 3 R, northeast from the star. It was iden-
tified as an incomplete dust shell. As we do not know when the
hotspot we detected appeared, we cannot infer if these two fea-
tures are related but this hypothesis cannot be excluded. In ad-
dition, we must not forget that we do not have dynamic infor-
mation and that, depending on the velocity field of the event,
an important part of the material may fall back onto the pho-
tosphere. Ohnaka et al. (2009, 2011) observed both upwards
and downwards motions of CO in the MOLsphere of the star
at 1.3 stellar radii.

Of course we cannot exclude other phenomena that might
cause the star to appear elongated in one particular direction.
Without contemporaneous imagery of the very close circumstel-
lar environment near the infrared photosphere, it is impossible
to completely disentangle alternate hypotheses. The recently in-
stalled instrument VLT/SPHERE (Beuzit et al. 2008) is already
providing this kind of near infrared observations. However, for
almost the last 20 yr of interferometric observations in the near
infrared, using various instruments and (u, v) plane sampling,
the Betelgeuse LDD diameter variation did not exceed 3 mas
(Fig. 2). Moreover, our simple model of a Gaussian hotspot on
an LDD reproduces both the visibilities and closure phase, at low
spatial frequencies, the latter being mostly sensitive to asymme-
tries. Therefore, we consider that the departure from the disk
structure for the near-infrared photosphere is unlikely.

5.3. Counterpart in the AAVSO observations

Betelgeuse has been regularly observed by the members of the
American Association of Variable Star Observers (AAVSO).
Using the VSTAR' program, we downloaded and analyzed
their visual observations between 1995 and 2014. With custom
Python routines, we removed outlying points using the sigma-
clipping technique. Then, we averaged the data over bins of
ten days.

To estimate the period of the light curve, we made use of
the implementation of the date-compensated discrete Fourier
transform (DCDFT) algorithm in VSTAR. Our VLTI/PIONIER
observations were obtained between January 2012 and
November 2014. Therefore, we considered the AAVSO data
that was obtained before, and after January 2012 separately. It
is impossible to determine when the bright spot appeared, but
Ohnaka et al. (2009, 2011) and Montarges et al. (2014) did not
observe this feature in their datasets that cover the January 2008
to January 2011 epoch. For the epoch before 2012, we derive a
main period of 423.59 + 39 d and of 422.01 + 88 d after 2012.
The presence of the large hotspot seems not to affect the main ra-
dial pulsation period. We could not see an influence on the long
secondary period (LSP) of 2100 days (Stothers 2010), which is
supposed to be caused by the convective cells’ turnover time, as
our observations cover less than 1100 days.

' Freely available online at
https://www.aavso.org/vstar-overview

5.4. Comparison with TBL/Narval spectropolarimetric
observations

Betelgeuse was observed at the Telescope Bernard Lyot (TBL)
between November 2013 and April 2015 with the spectropo-
larimeter Narval (Auriere et al. 2016). The linear polarization
in spectral lines is ten times stronger than circular polarization,
this latter being due to the Zeeman effect. It is clear that this
linear polarization originates from the depolarization of the con-
tinuum, itself linearly polarized by Rayleigh scattering. Indeed,
it is necessary to first polarize the continuum, and then to de-
polarize it through the absorption of a polarized photon and the
re-emission of an unpolarized one. Any other source of contin-
uum polarization that, as Mie scattering, may take place farther
away, will not affect the observed line (de-)polarization.

Even if depolarization does take place, the azimuthal
symmetry of the stellar disk may cancel it out in the observed
profiles. The actual observation of a depolarization signal is in-
terpreted as a breaking of this symmetry owing to brightness in-
homogeneities in Betelgeuse: namely bright spots. The shape of
the linearly polarized signal thus depends on the position of such
bright spots over the disk of Betelgeuse. The authors proposed
an analytical model to map these spots over the disk (with an
ambiguity of 180° in the position angle). From the shape (dou-
ble Gaussian) of the linearly polarized signal, two spots are in-
ferred. Depending on the different observation dates, the location
of both spots is found to change. Indeed, before October 2014
the spots are located on the eastern limb for the brightest and on
the southwestern limb for the other, while in October 2014 the
signal evolves with an apparent merging of the spots. To ensure
continuity for the latter snapshots, the authors decided to choose
the solution with the brightest spot on the southeastern limb and
the other still on the southwestern limb. However, taking the in-
trinsic 180° ambiguity on the PA for each spot into considera-
tion, the solution with a bright spot in the north-west quadrant is
also valid and might match the evolution of the interferometric
signal that we observed between January and November 2014
(Tables 3 and 4, and Fig. 3).

6. Conclusion

We observed the nearby RSG Betelgeuse with the four-telescope
instrument VLTI/PIONIER during four epochs in January 2012,
February 2013, January 2014, and November 2014. In each
dataset, by considering the first lobe of the visibility function, we
observe that the star does not seem to have the same diameter,
depending on the sampled direction on the plane of the sky. An
LD elliptical model could not account for the closure phase sig-
nal. On the contrary, an LDD and Gaussian hotspot model con-
verge on a solution that reproduces both observables and is con-
sistent with spectropolarimetric observations with TBL/Narval
(Auriere et al. 2016).

We propose that this large structure may be part of the pro-
cess that triggers the mass loss in RSG. Indeed, the best-fitted
limb position for the Gaussian hotspot comes with light that
is distributed outside the stellar disk, and it is that allows the
model to reproduce the interferometric observables. The large
hotspot we used to interpret our observations is not predicted by
RHD simulations. Moreover, the presence of this photospheric
feature seems to affect the smaller convective cells by modi-
fying their distribution and characteristic sizes. Currently, 3D
convective simulations do not include rotation or magnetic ef-
fects. These phenomena, or another ingredient, could help to
reproduce the VLTI/PIONIER observations, thus producing the
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missing atmospheric extension of these simulations. This type of
event could be associated with an episodic mass loss as the basis
of the clumpy environment observed in Papers I and II.

The photosphere of Betelgeuse and its CSE should now be
monitored to look for evolution and consequences of this feature.
We expect to find these types of structures on other close RSG.
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